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RESUMEN  

En 2015, el American College of Medical Genetics and Genomics y la Association for Molecular 
Pathology desarrollaron unas guías describiendo criterios para clasificar la patogenicidad de 
variaciones genómicas en enfermedades mendelianas. En el criterio PS3-BS3 se evalúan 
consecuencias genómicas, proteómicas y metabólicas de las variaciones, evidencia 
proporcionada por estudios funcionales. Sin embargo, esta evidencia únicamente está 
disponible en literatura científica, lo que dificulta la extracción de conocimiento y 
automatización de la evaluación del criterio.  

Por este motivo, este Trabajo de Fin de Grado tiene como objetivo diseñar y desarrollar una 
fuente de información de estudios funcionales que permita automatizar la evaluación del 
criterio PS3-BS3 de las guías ACMG/AMP 2015. Como caso de estudio, este trabajo se centra 
en estudios asociados a cardiopatías familiares, enfermedades heredables de causa genética 
que afectan al corazón.   

Primeramente, se analiza la información necesaria para evaluar el cumplimento del criterio 
PS3-BS3 y se realiza un modelo conceptual para guiar la identificación de esta información en 
la literatura y estructurar el conocimiento extraído. A continuación, se realiza un curado 
manual de la literatura reportando estudios funcionales sobre 35 genes, seleccionados por 
expertos clínicos, asociados con las cardiopatías familiares. Finalmente, a partir de la 
información extraída, se genera la fuente de información. Como caso de uso se plantea una 
automatización de evaluación del criterio a partir de un VCF dado, validándola con VCF reales 
de pacientes de cardiología del Hospital General Universitario de Alicante.    

De esta manera, en este Trabajo de Fin de Grado se proponen las herramientas necesarias 
para la evaluación del criterio PS3-BS3 de las guías ACMG/AMP 2015, de forma que pueda 
aplicarse como herramienta de ayuda al diagnóstico clínico.  

 

Palabras clave: Estudios funcionales, guías ACMG-AMP, cardiopatías familiares, variaciones 
genómicas  
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RESUM  

En 2015, el American College of Medical Genetics and Genomics i la Association for Molecular 
Pathology van desenvolupar unes guies descrivint criteris per a la classificació de la 
patogenicitat de variacions genòmiques en malalties mendelianes. En el criteri PS3-BS3 
s’avaluen les conseqüències genòmiques, proteòmiques i metabòliques de les variacions, 
evidència proporcionada per estudis funcionals. Malgrat això, aquesta evidència està 
disponible únicament en literatura científica, el que dificulta l’extracció de coneixement i 
automatització de l’avaluació del criteri.   

Per aquest motiu, aquest Treball de Fi de Grau té com objectiu dissenyar i desenvolupar una 
font d’informació d’estudis funcionals que permeten automatitzar l’avaluació del criteri PS3-
BS3 de les guies ACMG/AMP 2015. Com a cas d’estudi, aquest treball es centrarà en estudis 
associats a cardiopaties familiars, malalties heretables de causa genètica que afecten al cor.  

Primerament, s’analitza la informació necessària per a avaluar el compliment del criteri PS3-
BS3 i es realitza un model conceptual per a guiar la identificació d’aquesta informació a la 
literatura i estructurar el coneixement extret. A continuació, es realitza un curat manual de la 
literatura, reportant estudis funcionals de 35 gens, seleccionats per experts clínics, associats 
amb cardiopaties familiars. Finalment, a partir de la informació extreta, es genera la font 
d’informació. Com a cas d’ús, es planteja una automatització d’avaluació del criteri partint d’un 
VCF, validant-la amb VCF reals de pacients de cardiologia de l’Hospital General Universitari 
d’Alacant.   

D’aquesta manera, en aquest Treball de Fi de Grau es proposen les ferramentes necessàries 
per a l’avaluació del criteri PS3-BS3 de les guies ACMG/AMP 2015, de forma que poden aplicar-
se com a ferramenta d’ajuda al diagnòstic clínic.   

Paraules clau: Estudis funcionals, guies ACMG-AMP, cardiopaties familiars, variacions 
genòmiques  

Títol: Disseny i desenvolupament d’una font de dades sobre estudis funcionals associats al 

criteri PS3/BS3 de les guies ACMG-AMP 2015 i aplicació en cardiopaties familiars.   
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ABSTRACT  

In 2015, the American College of Medical Genetics and Genomics and the Association for 
Molecular Pathology defined a set of guidelines and criteria to classify the pathogenicity of 
genomic variants in mendelian diseases. The PS3-BS3 criterion evaluates the variants’ genomic, 
proteomic, and metabolic consequences from evidence provided by functional studies. 
However, such evidence is only available in scientific literature, which complicates the 
knowledge extraction and the automatization of the criterion evaluation.   

Therefore, the objective of this Final Degree Thesis is to design and develop an information 
resource of functional studies that allows the automatization of the PS3-BS3 criterion 
evaluation as defined by the ACMG/AMP 2015 Guidelines. As a case study, this work will focus 
on hereditary heart diseases, defined as hereditary genetically caused pathologies which affect 
the heart.  

Firstly, the information required to evaluate the PS3-BS3 criterion fulfillment was analyzed, 
and a conceptual model was built to guide the identification of said information in literature 
resources and structure the extracted knowledge. Next, a manual curation of literature was 
conducted, reporting functional studies on 35 genes selected by experts which were 
associated with the diseases considered. Finally, with the extracted information, the 
information resource was generated. As a case of use, a proposal for the automatization of the 
criterion evaluation given an VCF was developed and then validated with real-life VCF from 
cardiology patients provided by Hospital General Universitario de Alicante.  

By this process, the present Final Degree Thesis proposes the necessary tools for the 
evaluation of the ACMG/AMP 2015 Guidelines PS3-BS3 criterion in a way that could be 
implemented as a diagnostic decision support tool.  

Keywords: Functional studies, ACMG-AMP guidelines, hereditary heart diseases, genomic 
variations  

Title: Design and development of a functional studies data resource related to the PS3/BS3 
criteria from the 2015 ACMG-AMP guidelines and its application for hereditary heart diseases.  
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1. INTRODUCCIÓN 

La medicina de precisión es un campo en crecimiento constante, pero de gran complejidad. Una de 

las actividades fundamentales es la interpretación de variaciones genéticas para determinar sus 

efectos y consecuencias clínicas. Con el propósito de facilitar esta interpretación y evaluación, en 

este Trabajo de Fin de Grado se va a diseñar y desarrollar una fuente de información de los estudios 

funcionales realizados sobre variaciones genéticas asociadas a cardiopatías familiares. Esta fuente 

recopilará los datos genómicos disponibles y los estructurará a partir de un modelo conceptual, de 

forma que se pueda automatizar la evaluación del denominado criterio PS3/BS3 de las Guías ACMG-

AMP 2015.  

Por tanto, en este capítulo se describirá, primero, el contexto de la medicina de precisión y la 

interpretación de variaciones genéticas. Seguidamente, se tratarán los conceptos clave del trabajo 

asociados a dicha interpretación; en concreto, las Guías ACMG/AMP, los criterios PS3/BS3, los 

estudios funcionales (y su relación con los criterios) y el contexto clínico seleccionado de 

cardiopatías familiares.  Finalmente, se definirá la estructura que seguirá esta memoria. 

1.1. Medicina de Precisión 

El estudio del ADN humano está en progreso constante y, como resultado, se están generando 

cantidades ingentes de información en el ámbito genómico que cuentan con un gran potencial para 

la aplicación clínica. En el uso de esta información se basa la medicina de precisión, que se define 

como la prevención, el diagnóstico o el tratamiento de una enfermedad en función de la genética de 

cada paciente (Hurtado, 2022). De esta manera, la medicina de precisión busca, a partir del perfil 

genético de un individuo, conocer la presencia o predisposición a cualquier enfermedad.  

Como es de esperar, este campo presenta una gran complejidad. Una de las causas principales es la 

variabilidad genética entre individuos. Esta variabilidad se asocia a uno de los conceptos genómicos 

fundamentales para la medicina de precisión, las variaciones genéticas. Las variaciones genéticas son 

cambios en la secuencia de elementos básicos (nucleótidos) del ADN y son los que nos diferencia 

como individuos, pues cada ser humano cuenta con, aproximadamente, entre 2100 y 2500 

variaciones en su ADN (Auton et al., 2015). El ADN codifica todas las proteínas del cuerpo, por lo que 

estos cambios genéticos conllevan consecuencias de gravedades varias, ya que pueden ser 

totalmente inocuos, sin afectar a las proteínas resultantes, o ser causantes directos de enfermedad 

como consecuencia de provocar proteínas defectuosas. Este último caso es lo que se denomina una 

variación patogénica, y resulta, concretamente, en las enfermedades conocidas como mendelianas, 

patologías hereditarias causadas por una única variación genética. Por tanto, en el ámbito de la 

medicina de precisión, se crea una importante necesidad de investigación del efecto de estas 

alteraciones genéticas para poder explotar este conocimiento de cara a la aplicación clínica.  

El proceso de determinar el efecto de una variación en el desarrollo de enfermedad se conoce como 

interpretación. Es un proceso complejo, que requiere analizar y comparar una gran variedad de 

información genómica. A esto, se suma la heterogeneidad de esta información, su dispersión en 

múltiples fuentes, junto con una considerable variabilidad de la calidad de datos y de terminologías 

empleadas. Dicha heterogeneidad hace evidente la necesidad de una estandarización de la calidad y 

terminología para facilitar el desarrollo e interpretación de las investigaciones. 
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Buscando dar soporte al proceso de interpretación, se han realizado esfuerzos por definir estándares 

como las Guías ACMG-AMP, que se explican en la siguiente sección, y que constituyen el punto de 

partida de este trabajo. 

1.2. Guías ACMG/AMP  

Para revisar las técnicas de interpretación de variaciones genéticas, en 2013 se creó un grupo de 

trabajo formado por miembros del American College of Medical Genomics and Genomics y de la 

Association for Molecular Pathology. Tras su investigación, publicaron en 2015 las Guías ACMG-AMP 

(Richards et al., 2015). Estas recomendaciones son un conjunto de criterios para evaluar la 

patogenicidad, es decir, la capacidad de causar enfermedad, de variaciones asociadas a 

enfermedades mendelianas en función de la evidencia disponible en diferentes bases de datos y en 

literatura científica. De esta manera, estas guías tratan de proporcionar a todos los expertos una 

base común para determinar si una variación es potencialmente la causa de una enfermedad 

específica.  

Sin embargo, es importante destacar que el papel de las variaciones genéticas no es una cuestión 

binaria. Una variación puede considerarse patogénica o benigna con mayor o menor confianza según 

la gravedad de su efecto y las condiciones en las que se ha dado. Por ejemplo, una sustitución de un 

nucleótido puede no alterar el aminoácido (elementos unidad que forman la proteína) resultante y, 

por tanto, no afectar al funcionamiento de la proteína, o, en cambio, puede provocar la aparición de 

un codón de parada1 que provoca una proteína incompleta y defectuosa.  Para permitir una 

interpretación común de esta escala de patogenicidad, las Guías ACMG-AMP 2015 proponen un 

estándar de clasificación de las variaciones en cinco categorías de significancia clínica:  

• Patogénica. Causante de enfermedad con probabilidad > 95%. 

• Probablemente patogénica. Causante de enfermedad con probabilidad > 90%. 

• Benigna. No causante de enfermedad con probabilidad superior > 95%. 

• Probablemente benigna. No causante de enfermedad con probabilidad > 90%.  

• Significado incierto. Evidencia conflictiva o insuficiente.  

A la hora de realizar esta clasificación, se evalúan veintiocho criterios, 16 de patogenicidad y 12 de 

benignidad, cada uno de los cuales evalúa distintos tipos de información sobre las variaciones. Según 

el tipo de información, cada criterio tendrá un peso “muy fuerte”, “moderado” o “de apoyo” en la 

clasificación de la variación. Finalmente, según las combinaciones de la evaluación de estos criterios, 

se podrá clasificar la variación siguiendo unas normas específicas dictadas en las guías. 

Concretamente, este Trabajo de Fin de Grado se focalizará en el criterio PS3 y su contraparte, el 

criterio BS3. Estos dos criterios evalúan un tipo de análisis concreto: los denominados estudios 

funcionales. Por tanto, las siguientes subsecciones se dedicarán a definir los dos criterios y los 

estudios funcionales. 

 
1 Codón de parada: conjunto de nucleótidos que, en lugar de dar lugar a un aminoácido, detiene el proceso de 
transformación del ARN a proteína. 
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1.2.1. Criterios PS3 y BS3 

Los criterios PS3 y BS3 son criterios complementarios que se centran en la evidencia proveniente de 

estudios funcionales (detallados en la subsección 1.2.2) y que forman parte del conjunto de criterios 

que proporcionan una fuerte evidencia de patogenicidad (PS3) y benignidad (BS3) de las Guías 

ACMG/AMP.  

Por una parte, el criterio PS3 abarca los estudios funcionales bien establecidos, de tipo in vitro 

(realizado en un laboratorio) o in vivo (realizado en el interior de un organismo vivo), que apoyan el 

efecto dañino de un gen o de un producto de un gen. Análogamente, el criterio BS3 concierne a los 

estudios funcionales bien establecidos, in vitro o in vivo, que no muestran ningún efecto dañino en 

la funcionalidad de las proteínas o el splicing – corte y empalme de las zonas codificantes del ARN 

para formar el precursor de la proteína – del ARN (Brnich et al., 2020). Adicionalmente, las Guías 

ACMG/AMP notan que el término de “estudios bien establecidos” hace referencia a aquellos 

estudios que han sido validados y cuya reproducibilidad y robustez en un laboratorio de diagnóstico 

clínico han sido demostradas. 

La gran influencia de estos criterios se debe a la importancia de la información funcional. Conocer 

con certeza el efecto de una variación genética en los mecanismos biológicos marca una diferencia 

considerable al clasificar dicha variación. Es decir, una demostración experimental de que una 

variación es definitivamente benigna o patogénica es un resultado irrefutable, teniendo en cuenta la 

complejidad asociada. En consecuencia, estos criterios también son una herramienta importante en 

la reclasificación de variaciones de significado incierto. Este hecho se muestra claramente en un 

estudio realizado para cuantificar el potencial de la información funcional para la reclasificación de 

variaciones (Brnich et al., 2018), donde se calculó que al incluir datos funcionales se podían 

reclasificar el 94% de las variaciones según las normas teóricas establecidas por las Guías 

ACMG/AMP 2015, o el 76% si se aplicaba la ponderación Bayesiana de Tavtigian et al., 2018 que 

permite modelar cuántas pruebas son necesarias para superar criterios conflictivos (Brnich et al., 

2018). 

El impacto de ambos criterios es evidente, y su evaluación depende de la información funcional 

disponible, la cual se extrae de los estudios funcionales que definiremos en la siguiente sección y 

que caracterizaremos en la sección 5.1. 

1.2.2. Introducción a los estudios funcionales 

La genómica funcional tiene como objetivo desarrollar y aplicar enfoques experimentales para 

evaluar la función de los genes combinando metodologías experimentales con el análisis estadístico 

y computacional de los datos  (Hieter & Boguski, 1997). En esta rama, surgen los denominados 

estudios funcionales, un tipo de estudios que se realizan para determinar las consecuencias 

funcionales de las variaciones genéticas (Rodenburg, 2018). Engloba los experimentos realizados 

para determinar cómo los genes contribuyen a procesos biológicos y son una forma de definir el 

mecanismo molecular por el que una variación tiene las consecuencias que tiene, sean benignas 

(inocua) o patogénicas (causante de enfermedad).   

Este tipo de análisis puede realizarse de múltiples formas. Por una parte, hay distintos niveles 

moleculares en los que se puede realizar el experimento, ya sea genómico (estudia la estructuración 

del genoma y cromosomas), ADN (estudia secuencias de nucleótidos), ARN (el producto intermedio 
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entre ADN y proteína), proteínas (estudia la proteína resultante) o metabolitos (sustancias de 

procesos biológicos). Por otro lado, el enfoque es distinto según el método experimental empleado. 

Al nivel más general, podemos distinguir entre experimentos in vivo (realizado en el interior de un 

organismo vivo), ex vivo (realizado en una muestra proveniente de un organismo vivo) o in vitro 

(realizado en un laboratorio), incluso in silico (modelo o simulación computacional).  A nivel más 

específico, existe una mayor variedad de tipos de experimento. Los enfoques más comunes son 

experimentos de rescate (introducir un gen o proteína funcional para comprobar si puede 

restablecer la función normal), edición genética mediante la herramienta CRISPR/Cas9, 

biomarcadores (aspectos o elementos biológicos que se estudian para detectar anormalidades en 

sistemas biológicos), iPSCs (células madre pluripotentes inducidas, es decir, células que han sido 

reconvertidas a célula madre), o modelos con microorganismos o animales (Rodenburg, 2018). 

La existencia de diferentes formas de realizar los estudios funcionales causa una gran 

heterogeneidad en la información generada por estos estudios. Esto dificulta la evaluación de la 

información proporcionada por estos estudios durante el proceso de interpretación, dada la 

diferencia en características como el tipo de variación genética, el contexto del experimento, el tipo 

de experimento y varios aspectos de su realización. Dada la complejidad que supone la variedad de 

factores, se dedicará la sección 5.1 para detallar estas características y la problemática asociada. 

Al trabajar en un contexto de medicina de precisión, el conocimiento extraído de los estudios 

funcionales se destina al ámbito clínico. Sin embargo, hay incontables enfermedades para las 

pueden realizarse estudios funcionales, por lo que la cantidad de artículos que pueden existir, cada 

uno con sus características individuales, es inmensa. En consecuencia, para este Trabajo de Fin de 

Grado se ha realizado una selección de enfermedades para acotar el rango de estudios a analizar, 

como describiremos en la siguiente sección.  

1.3. Cardiopatías Familiares 

Las guías ACMG-AMP se centran en enfermedades mendelianas, según lo comentado en la sección 

1.2. Las enfermedades mendelianas comprenden un conjunto de patologías muy amplio. Tomando 

como referencia la información registrada en OMIM2 (Online Mendelian Inheritance in Man®, Johns 

Hopkins University), un conocido compendio público de genes humanos y fenotipos3, a día 29 de 

mayo 2023 se han identificado 7375 enfermedades mendelianas asociadas a una base molecular 

conocida.  

Abarcar el estudio de un número tan elevado de enfermedades en este trabajo es inviable. Por este 

motivo, este Trabajo de Fin de Grado se focaliza en el estudio de las cardiopatías familiares que 

comprenden patologías hereditarias del corazón y vasos arteriales Estas condiciones se caracterizan 

por estar asociadas a la muerte súbita, además de presentar una complejidad de efectos y síntomas 

que dificulta un diagnóstico preciso. Existen varios tipos de cardiopatías familiares, como 

miocardiopatías que afectan al músculo cardíaco, canalopatías que alteran las propiedades eléctricas 

 
2 URL de referencia en OMIM: https://www.omim.org/statistics/geneMap  
3 Fenotipo: característica de un organismo, que es anormal a nivel clínico, y que está asociada a una 
determinada enfermedad (Scheuermann et al., 2009). 

https://www.omim.org/statistics/geneMap
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del corazón, aortopatías, y enfermedades sistémicas y enfermedades raras con afectación cardíaca 

(Sociedad Española de Cardiología, n.d.). 

Se ha seleccionado este grupo de enfermedades debido a que son objeto de estudio en los 

proyectos CardioVal (AP INBIO, 2021)4 y OGMIOS (PROS UPV, 2021)5, los cuales se están llevando a 

cabo en el grupo de investigación en el que se está desarrollando este Trabajo de Fin de Grado. De 

esta manera, el listado completo de las patologías estudiadas es el siguiente: Miocardiopatía 

Hipertrófica (HCM), Miocardiopatía Dilatada (DCM), Miocardiopatía Restrictiva (RCM), 

Miocardiopatía No Compactada, Miocardiopatía Arritmogénica (ARVC), Síndrome de QT Largo 

(LQTS), Síndrome de QT Corto (SQTS), Síndrome de Brugada (BrS), Taquicardia Ventricular 

Polimórfica Catecolaminérgica (CPVT), Síndrome de Marfan (MS) y Síndrome de Loeys-Dietz (LDS).  

1.4. Estructura del trabajo 

En esta sección se sintetiza la estructura de la presente memoria de Trabajo de Fin de Grado, con 

una breve descripción de los nueve capítulos:  

- Capítulo 1. Introducción. Presentación del marco contextual del Trabajo de Fin de Grado y la 

motivación que lo impulsa. 

- Capítulo 2. Objetivos. Definición del objetivo principal y subobjetivos del Trabajo de Fin de 

Grado, junto a las preguntas de investigación asociadas. 

- Capítulo 3. Estado del Arte. Revisión de herramientas existentes para la interpretación de 

estudios funcionales sobre variaciones genéticas y posibles mejoras. 

- Capítulo 4. Metodología. Descripción de la metodología Design Science en la que se ha 

basado el desarrollo de este Trabajo de Fin de Grado. 

- Capítulo 5. Investigación del problema. Primera etapa del Design Science dedicada a la 

caracterización y problemática de los estudios funcionales, seguido de la propuesta de una 

solución mediante modelado conceptual. 

- Capítulo 6. Diseño y desarrollo de la fuente de información. Segunda etapa del Design 

Science que abarca el diseño de la estructura de la fuente de información, la selección de 

fuentes, la extracción de la información y su introducción en la fuente de información. 

- Capítulo 7. Resultados. Se ha analizado la fuente de información resultante y se ha llevado a 

cabo un caso de uso con datos de pacientes reales. 

- Capítulo 8. Conclusiones y trabajos futuros. Presentación de las conclusiones del Trabajo de 

Fin de Grado acorde a los objetivos y preguntas de investigación planteados en el Capítulo 2 

y las potenciales investigaciones futuras en base a este Trabajo de Fin de Grado. 

- Capítulo 9. Bibliografía. Listado de referencias y bibliografía del Trabajo de Fin de Grado. 

  

 
4 Proyecto del Grupo PROS en colaboración con IIS La Fe de Valencia enfocado al diseño y desarrollo de un 
prototipo basado en Inteligencia Artificial Explicable para la gestión de información genética relacionada con el 
riesgo de sufrir muerte súbita de origen cardiaco. 
5 Proyecto del Grupo PROS en colaboración con IIS La Fe de Valencia, INCLIVA, ISABIAL y BIONOS para 
desarrollar un sistema inteligente de apoyo a la toma de decisiones clínicas en medicina de precisión. 
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2. OBJETIVOS 

El objetivo de este Trabajo de Fin de Grado es el diseño y desarrollo de una fuente de información de 

estudios funcionales sobre variaciones genómicas asociadas a cardiopatías familiares. Este objetivo 

principal se ha dividido en tres subobjetivos más específicos, cada uno de ellos guiado por una serie 

de preguntas de investigación (PI):  

 

Objetivo 1. Investigación del problema  

PI1- ¿Qué es un estudio funcional?  

PI2 - ¿Cuáles son las problemáticas asociadas al uso de los estudios funcionales?  

PI3- ¿Existe algún modelo que nos permita representar la información asociada a estudios 

funcionales? 

PI4- ¿Es necesario introducir mejoras a este modelo conceptual? 

 

Objetivo 2. Diseño y desarrollo de la fuente de información  

PI1- ¿Cómo se estructurará la fuente de información a partir de la información relevante de 

los estudios funcionales? 

P12- ¿Cuáles son los estudios funcionales de interés para las cardiopatías familiares?  

PI3- ¿Cómo se va a obtener la información de los estudios funcionales? 

PI4- ¿Se puede estandarizar la información extraída? 

 

Objetivo 3. Caso de uso 

PI1- ¿Qué resultados se han obtenido en el diseño y desarrollo de la fuente de información? 

PI2- ¿Cómo se puede comprobar la utilidad de esta fuente de información?  

PI3- ¿La fuente de información cumple los objetivos esperados? 

PI4- ¿Cuáles son los fallos, limitaciones, y mejoras identificadas? 
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3. ESTADO DEL ARTE 

Antes de abordar los tres objetivos detallados en el capítulo previo, se ha realizado una revisión de 

los proyectos existentes con relación a los estudios funcionales y las Guías ACMG/AMP. Se han 

revisado el tipo de herramientas y recursos disponibles que incluyen datos funcionales para 

determinar si hay proyectos similares a este Trabajo de Fin de Grado.  

3.1.  Bases de datos existentes 

Solo se han descubierto dos herramientas que recopilen información funcional: el Repositorio de 

Datos Funcionales (FDR, en adelante), y un conjunto de artículos de oncología llamado Hi Set.   

Una de estas es el Repositorio de Datos Funcionales en la que está trabajando actualmente el grupo 

Clinical Genome Resource, conocido como ClinGen y dedicado a ser un recurso que defina la 

relevancia clínica de genes y variaciones para la investigación y medicina de precisión6. En concreto, 

el FDR se ha creado para integrar la significancia clínica (clasificación descrita en la sección 1.2), 

datos estadísticos y el impacto funcional de variaciones genéticas. Para los datos estructurales (p. ej. 

tipo de variación, gen al que pertenece o localización) y los datos estadísticos de variaciones, emplea 

la información disponible en bases de datos públicas, referenciando dichas plataformas. Para la 

significancia clínica y el impacto funcional, la información se incorpora a medida que se extrae 

manualmente por usuarios externos o por los Paneles de Expertos en Curación de Variaciones 

(VCEP) del propio grupo a partir de estudios funcionales. Una vez introducida la información sobre 

una variación, los usuarios pueden consultarla a través de una interfaz web que está actualmente en 

desarrollo. El repositorio es parte de un proyecto del grupo para crear una Interfaz de Curación de 

Variaciones (VCI) que permita aplicar los criterios de las Guías ACMG/AMP y clasificar las variaciones 

de forma acorde (Preston et al., 2022). 

Cabe destacar, que el FDR está en desarrollo, por lo que no constituye un recurso totalmente 

estable. No existe ninguna publicación sobre el repositorio, por lo que se cuenta con información 

limitada sobre el mismo y las conclusiones expuestas se han definido a partir de la información 

disponible sobre su estructuración y contenido en otras publicaciones (Preston et al., 2022) y su 

primera versión web de interfaz de usuario7. 

La otra herramienta que se ha encontrado es una recopilación de estudios funcionales denominada 

Hi Set, un conjunto de 22 artículos que se utilizó en un estudio para la reclasificación de variaciones 

de significado incierto del gen BRCA1, el cual está asociado a cáncer de mama y cáncer de ovario. Los 

22 artículos fueron considerados “bien establecidos” por los investigadores, y fueron seleccionados 

por dos factores: el estudio de más de 10 variaciones, y una sensibilidad y especificidad mayor del 

80%, calculada mediante la comparación con un panel de variaciones de referencia proveniente de 

las bases de datos ENIGMA y ClinVar  (Lyra et al., 2021).  

 
6 URL del grupo ClinGen: https://www.clinicalgenome.org/  
7 Functional Data Repository UI: https://ldh.genome.network/fdr/ui/  

https://www.clinicalgenome.org/
https://ldh.genome.network/fdr/ui/
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3.2. Mejoras respecto al estado del arte  

Las dos herramientas descritas en la sección previa muestran diferencias marcadas con la idea de 

este Trabajo de Fin de Grado. Por ello, se hablará de estas diferencias y se describirá la novedad que 

supone la propuesta original. 

En primer lugar, ambas herramientas presentan una diferencia en cuanto al enfoque clínico. El FDR 

pretende abarcar cualquier enfermedad que tenga un panel de expertos asignado en ClinGen. La 

cantidad de variaciones que ClinGen contiene con información funcional asociada es reducida, al 

igual que la cantidad de enfermedades asociadas. En cuanto al Hi Set, este conjunto se centra en 

oncología, concretamente en cáncer de mama y cáncer de ovario. Ante la falta de información 

funcional asociada a cardiopatías familiares, este trabajo aportará nuevos datos curados para varias 

patologías y genes. 

En segundo lugar, la accesibilidad y presentación de la información es muy diferente en ambos. En el 

caso del FDR son dos aspectos incompletos. Por ejemplo, para buscar por variación hay que emplear 

un identificador creado por el grupo ClinGen, no está disponible la búsqueda por genes y los 

resultados solo están disponibles en formato *.json, por lo que no pueden visualizarse los datos 

directamente, sino que dependerá del usuario y el visualizador que este tenga disponible. En cuanto 

al Hi Set, la información sobre los artículos está proporcionada en un documento *.xlsx, donde la 

información está partida en varias hojas, con los datos referentes al contenido de los artículos 

separados de la variación a la que están asociados. Dada la complejidad que ha supuesto poder 

encontrar la información en ambos recursos, se pretende que la fuente de información resultante de 

este trabajo sea fácil de acceder y consultar en caso necesario. 

En tercer lugar, se han comparado los procesos de selección y validación de los artículos. Del FDR no 

hay información suficiente para determinar su metodología. Para el Hi Set solo se consideran 

estudios que analizan más de 10 variaciones, por lo que estudios de un número menor de 

variaciones que sean válidos y estén bien establecidos quedan excluidos del conjunto. Para el 

desarrollo de este trabajo, se pretende incluir cualquier artículo que describa un estudio funcional, 

independientemente de la cantidad de variaciones que estudie. De esta manera, al evitar este tipo 

de limitación, la información resultante de este trabajo se puede considerar completa y relevante.  

Finalmente, ninguna de las herramientas cuenta con una representación conceptual del dominio en 

la que basar la estructuración de su información. En contraste, este Trabajo de Fin de Grado 

pretende abordar la asociación de la información que se extraiga de artículos empleando un modelo 

conceptual. Este tipo de modelo proporcionan una perspectiva comprensiva y fácilmente expandible 

del dominio, puesto que se basa en definir los conceptos clave de un campo y representar las 

relaciones entre ellos. De esta manera, la representación de la información se ajusta mejor a la 

realidad del dominio, asegurando su precisión y utilidad.  
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4. METODOLOGÍA 

El presente Trabajo de Fin de Grado se ha realizado siguiendo la metodología de investigación 

Design Science tal y como fue planteada por Roel Wieringa para los sistemas de información 

(Wieringa, 2014). Así, el procedimiento general de la metodología consiste en el diseño e 

investigación de artefactos de un contexto determinado en respuesta a su problemática asociada. 

En este caso, se puede definir el artefacto como el diseño y desarrollo de una fuente de información 

de estudios funcionales y el contexto correspondiente es la interpretación de variaciones genómicas, 

en este caso ciñéndonos a las recomendaciones de las guías ACMG-AMP y al domino de las 

cardiopatías familiares.  

La propuesta de Wieringa distingue dos tipos de procedimientos a seguir según el tipo de problema. 

Por un lado, para los problemas prácticos plantea un ciclo de diseño, o ciclo de ingeniería, que 

considera el impacto en el mundo real tomando en cuenta las necesidades de los usuarios. Por otro 

lado, para problemas de conocimiento, define un ciclo empírico, o ciclo experimental, que busca 

obtener un mayor entendimiento del mundo real sin necesariamente crear una nueva solución. En 

base a los objetivos definidos previamente de este Trabajo de Fin de Grado, se reconoce que es un 

problema práctico. Como tal, se siguió el ciclo de diseño, el cual consta de cinco etapas:  

1. Investigación del problema: caracterización del problema mediante el planteamiento y 

respuesta de preguntas en relación con el marco conceptual del problema, las necesidades 

de los usuarios, las mejoras que se pueden realizar y cómo realizarlas.  

2. Diseño de la solución: especificación de requisitos y elementos de la solución propuesta. 

3. Validación de la solución: evaluación de la solución diseñada para comprobar si abarca 

correctamente la problemática y cumple lo establecido en la etapa de investigación.  

4. Implementación de la solución: aplicación de la solución a la problemática real.  

5. Evaluación de la implementación: análisis de la implementación para comprobar si se ha 

resuelto el problema de manera satisfactoria.  

Con este Trabajo de Fin de Grado se han abordado las primeras dos etapas del ciclo, puesto que son 

las etapas realmente dedicadas al diseño de la solución. Para la validación necesitaríamos contar con 

la revisión y aprobación por parte de un experto externo, por lo que, como alternativa, se ha 

desarrollado un caso de uso para comprobar la utilidad de la solución diseñada con datos reales. Las 

últimas dos etapas, en cambio, serían más apropiadas para entornos industriales donde se desarrolla 

un producto a gran escala que debe ser evaluado para asegurar un correcto funcionamiento. 

Teniendo esto en cuenta, la aplicación del procedimiento queda reflejado en los subobjetivos del 

capítulo 2 de esta memoria y en la Figura 1.  
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En adelante, se reflejarán las tres etapas en el desarrollo del trabajo mediante capítulos dedicados a 

cada una. La primera parte, la investigación, cubrirá el contexto de los estudios funcionales, 

definiendo la problemática de heterogeneidad de información y cómo interpretarla y sintetizarla de 

forma precisa. Seguidamente, para la segunda etapa se definirá la estructura de la fuente de 

información, y se realizará la búsqueda, extracción y presentación de dicha información. Finalmente, 

se hará uso de la fuente de información resultante en el caso de uso, empleando datos VCF 

anotados de pacientes reales, y se revisará el cumplimiento de los objetivos y las limitaciones 

encontradas.  

  

Figura 1. Representación del Ciclo de Diseño, adaptado a partir de la metodología del Design 
Science, que se ha seguido en este Trabajo de Fin de Grado 
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5. INVESTIGACIÓN DEL PROBLEMA  

Acorde a la primera etapa de la metodología del Design Science, este capítulo describirá el problema 

práctico que se va a tratar en este Trabajo de Fin de Grado. Para ello, se proporcionará una 

descripción general del concepto de estudio funcional para determinar, a continuación, la 

problemática asociada a estos estudios y, por otra parte, cuál es la información relevante de los 

mismos. Una vez caracterizados los estudios funcionales, se describirá la solución de modelado 

conceptual propuesta que conformará la base para la siguiente etapa del ciclo de diseño.  

5.1. Estudios funcionales: Caracterización y problemática 

En este Trabajo de Fin de Grado, se ha definido un estudio funcional como un experimento realizado 

para determinar cómo los genes contribuyen a procesos biológicos, buscando definir el mecanismo 

molecular por el que un cambio en la secuencia del ADN provoca la presencia o predisposición a una 

enfermedad.  

Tal y como se describió en la introducción a los estudios funcionales, existe una amplia variedad de 

estudios funcionales, cada uno con sus propias particularidades y aspectos a evaluar para 

determinar su precisión y relevancia.  Por ello, el criterio PS3/BS3 de las guías ACMG/AMP busca 

guiar este análisis de relevancia de los estudios, definiendo una serie de criterios para determinar su 

fiabilidad; sin embargo, se proporciona poco detalle en las guías sobre cómo aplicar estos criterios 

de forma precisa.   

Lo que proponen las guías ACMG/AMP es la evaluación de los estudios funcionales en base al 

procedimiento experimental, considerando tres características principales que describen 

brevemente como se expone a continuación: la validez del estudio según lo bien que refleje el 

ambiente biológico, la reproducibilidad del experimento realizado, que incluye la información que 

permita la reproducción del experimento a compañeros de la comunidad científica, y  la robustez del 

estudio, que se asocia a la integridad de la muestra e incluye datos como el método y momento de 

adquisición, el almacenaje y transporte (Richards et al., 2015).  

Ante la falta de detalles, surge un problema de variabilidad, puesto que cada experto que evalúa un 

estudio lo hace de forma distinta. Por tanto, para interpretar la información de los estudios de forma 

precisa, es necesario un análisis más profundo. A raíz de esto, en 2019, el grupo ClinGen realizó un 

estudio comparativo para revisar el proceso de evaluación de los estudios, para comprobar las 

diferencias de interpretación entre expertos (Kanavy et al., 2019). Se estudió la evaluación realizada 

por seis Paneles de Expertos (VCEP), cada uno asignado a una enfermedad distinta. Los resultados 

reafirmaron la necesidad de una estandarización de la evaluación. En base a esto, el subgrupo de 

Interpretación de Variaciones Secuenciales de ClinGen desarrolló en 2020 una seria de 

recomendaciones y un modelo provisional (Figura 2) para la aplicación del criterio PS3/BS3 (Brnich et 

al., 2020). Se revisaron los puntos relevantes en la interpretación como las consecuencias 

moleculares, la terminología y el uso de controles. A partir de estos se plantearon las cinco 

recomendaciones finales descritas a continuación: 

i) Las muestras no artificiales provenientes de un paciente deben ser evaluadas con mayor 

rigor dada la variabilidad de la genética individual. 
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ii) El peso de los resultados obtenidos de muestras generadas en organismos modelo 

estará ajustado en función del rigor y reproducibilidad de los métodos empleados. 

iii) Aunque es preferible la mínima edición o manipulación que pueda causar situaciones no 

naturales, como la sobreexpresión de proteínas, no es excluyente de ser un estudio bien 

establecido. Se deberá considerar si la situación está justificada y controlada 

correctamente en el estudio. 

iv) Para unificar la terminología de interpretación, se deberían emplear los términos 

“funcionalmente normal” y “funcionalmente anormal” para describir los resultados. 

v) La entidad que ha realizado el estudio no debe influir en el cumplimiento del criterio. La 

validación se hará puramente según los parámetros que se consideren. 

Adicionalmente, el grupo planteó un proceso, mostrado en el árbol de decisión de la Figura 2, para 

comprobar si el criterio es aplicable, y en caso afirmativo, qué peso deberá tener la evidencia a la 

hora de interpretar la información. Así, este proceso consta de cuatro pasos siendo 1) definir el 

mecanismo biológico de la enfermedad, 2) comprobar que el experimento se considera un estudio 

funcional y modela el mecanismo de enfermedad, 3) validar el experimento realizado en base a las 

métricas de validación, 4) utilizar los resultados para la interpretación de variaciones.  

 

Con estos estudios, se demuestra la complejidad de la interpretación de variaciones. Existe una 

variabilidad de numerosos factores, lo cual influye en el enfoque de las investigaciones y en la 

interpretación de resultados. Más gravemente, la problemática principal es que la información 

funcional se encuentra dispersa en distintas fuentes y bases de datos de forma heterogénea, como 

consecuencia de la variabilidad mencionada y debido a que los esfuerzos de estandarización son un 

Figura 2. Árbol de decisión para la evaluación de información funcional según las métricas de validación 
definidas por el grupo ClinGen (Brnich et al., 2020). 
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suceso reciente.  Es por esto por lo que el objetivo de este Trabajo de Fin de Grado es realizar una 

recopilación de la información funcional disponible sobre variaciones, de forma que se genere un 

recurso que sirva de referencia y permita una clasificación de variaciones eficiente.  

Empleando las tentativas del grupo ClinGen como referencia, se pueden identificar los campos de 

información relevantes que se necesitan para evaluar un estudio funcional. La siguiente cuestión 

para desarrollar una fuente de información es poder estructurar la caracterización de los estudios 

funcionales de forma adecuada. Se ha considerado que la herramienta más indicada es el modelado 

conceptual, por lo que, en las siguientes secciones, se va a definir este sistema, justificando su uso 

en este Trabajo de Fin de Grado, y se describirá su aplicación para el diseño y desarrollo de la fuente 

de información.  

5.2. Modelado conceptual 

El dominio genómico en el cual se enfoca este Trabajo de Fin de Grado es un perfecto ejemplo de un 

dominio de gran complejidad, por lo que para representarlo de forma precisa es importante utilizar 

un sistema apropiado. A la hora de trabajar en un problema complejo, el método más efectivo es 

descomponerlo en conceptos simples y comprender cómo estos están conectados. Es justamente 

esto lo que permite el modelado conceptual, por lo que supone la herramienta perfecta para 

caracterizar el campo genómico. 

Por definición, un modelo conceptual es una representación de un sistema mediante el cual se 

definen la estructuración y relaciones de los datos de un dominio determinado (Bornberg-Bauer & 

Paton, 2002). Esto permite crear una visión holística del campo donde los conceptos fundamentales 

y sus relaciones quedan claramente reflejados.  

Ha habido varias aproximaciones en la comunidad científica de desarrollar modelos conceptuales 

que describan diferentes aspectos del genoma humano, como la relación genoma-fenotipo a nivel 

genético, proteico y metabólico (Paton et al., 2000), las estructuras e interacciones de las proteínas 

(Ram & Wei, 2004) y metadatos de datos genómicos (Bernasconi et al., 2017). Sin embargo, todos 

estos proyectos están acotados en áreas específicas de la genómica, por lo que no se representa el 

ámbito genómico en toda su complejidad. Con el propósito de enfrentar esta problemática, el grupo 

PROS, perteneciente al Instituto VRAIN de la UPV, ha desarrollado un Modelo Conceptual del 

Genoma Humano (CSHG). Iniciado en 2016 (Reyes Román et al., 2016), abarca los conceptos claves 

en relación con la medicina de precisión. Al igual que el conocimiento genómico, está en constante 

evolución (García S. et al., 2020; Reyes Román, 2018), adaptando las secciones existentes e 

integrando nuevas secciones según los avances y descubrimientos científicos.  

5.2.1. CSHG 

El objetivo de este modelo conceptual es proporcionar una perspectiva holística del genoma 

humano para facilitar la comprensión del genoma humano (García S. et al., 2020). En este Trabajo de 

Fin de Grado, será la base donde se definirán inicialmente los parámetros a evaluar en los estudios 

funcionales y servirá de referencia para el diseño de la fuente de información.  

Actualmente, el CSHG abarca varias dimensiones del contexto genómico mediante cinco secciones o 

vistas principales:  
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1. Vista Estructural, donde se representa los componentes fundamentales del ADN, mostrando 

su organización y estructura. 

2. Vista de Transcripción, en la que se modela el proceso y elementos de transcripción del ADN 

a proteínas. 

3. Vista de Variación, donde se detallan las posibles variaciones que puedan darse en la 

secuencia de ADN. 

4. Vista de Bibliografía, que proporciona información sobre las fuentes y referencias 

bibliográficas asociadas a las entidades incluidas en el CSHG.  

5. Vista de Rutas metabólicas, en la que se representan los elementos de los procesos 

biológicos celulares. 

Estas vistas son el esqueleto del CSHG, y cuentan con numerosas conexiones entre ellas que 

permiten la descripción completa de datos del genoma humano. Tomando esta base, en este 

Trabajo de Fin de Grado se ha ampliado el modelo conceptual existente para incluir e integrar toda 

la información relativa a los estudios funcionales y conocer el impacto funcional de una variación 

genética. Los estudios funcionales supondrán una nueva entidad que irá embebida en esas 

conexiones, sobre todo entre las vistas de variación y bibliografía. De esta manera, en el siguiente 

capítulo, relativa a la etapa de diseño y desarrollo de la fuente de información, se describirá la 

adición de la nueva sección, cuya estructura será la inspiración para el diseño de la fuente de 

información de estudios funcionales. 

  



Diseño y desarrollo de una fuente de datos sobre estudios funcionales asociados al criterio PS3/BS3 
de las guías ACMG-AMP 2015 y aplicación en cardiopatías familiares 

 
 

15 
 

6. DISEÑO Y DESARROLLO DE LA FUENTE DE INFORMACIÓN 

Una vez realizada la investigación del problema, se ha avanzado a la segunda etapa del Design 

Science. Este capítulo abordará el diseño de la fuente de información, explicando la ampliación del 

CSHG para estructurar la información relevante, y cómo se ha adaptado dicha estructura para la 

fuente de información. Se continuará con el desarrollo de la fuente de información, detallando la 

búsqueda de los artículos, los criterios de selección y la extracción de información de estos. Por 

último, se describirá la revisión y estandarización de la información extraída. 

6.1. Diseño de la fuente de información 

A lo largo de la presente memoria, se ha estudiado la complejidad que presenta interpretar 

variaciones a partir de estudios funcionales. La problemática principal descrita – la falta de un 

recurso de estudios funcionales – se va a abordar en este Trabajo de Fin de Grado generando una 

fuente de información funcional para variaciones asociadas a cardiopatías familiares. De esta 

manera, la evaluación de los criterios PS3/BS3, que requieren esta información funcional de las 

variaciones, se podrá realizar de forma eficiente.  

El primer paso para diseñar la fuente de información ha sido identificar la información relevante de 

los estudios, lo cual se ha realizado a partir de la caracterización realizada previamente, tomando 

como base las métricas y parámetros destacados en las publicaciones del grupo ClinGen (Brnich et 

al., 2020; Kanavy et al., 2019). A continuación, se ha estructurado la información relevante mediante 

el modelado conceptual, realizando una ampliación del CSHG para incluir esta nueva entidad. En las 

secciones siguientes se explicará esta ampliación y, seguidamente, se describirá cómo se adaptará 

esa estructura para construir la fuente de información. 

6.1.1. Ampliación del CSHG 

Para determinar la información relevante, se han considerado dos referencias. Por una parte, se han 

analizado los ejemplos de interpretación proporcionados en el estudio comparativo de ClinGen 

(Kanavy et al., 2019), realizados por sus Paneles de Expertos en Curación de Variaciones (VCEP). La 

mayor influencia ha sido la labor realizada por el panel asignado a evaluar estudios sobre 

miocardiopatía hereditaria asociada al gen MYH7, dado que esta enfermedad se incluye en las 

estudiadas en este trabajo. Por otra parte, se han incluido las métricas del proceso de validación 

propuesto por Brnich et al., 2020, (Figura 2), las cuales fueron seleccionadas por ClinGen porque 

permiten valorar las diferencias entre un mismo experimento realizado en distintos laboratorios, 

permitiendo evaluar la validez de los estudios. Se ha prestado especial atención a los parámetros del 

tercer paso – evaluación de validez de estudios – puesto que el cuarto paso está enfocado a aplicar 

la interpretación, tarea que queda en mano de los expertos de interpretación de variaciones. 

Una vez definidos los parámetros necesarios, se tiene la información necesaria para evaluar la 

información funcional de los estudios sobre las variaciones investigadas. Esta descomposición de los 

estudios funcionales en elementos fundamentales se ha usado para representar estos estudios con 

modelado conceptual. Puesto que no existía ninguna entidad correspondiente a los estudios 

funcionales, se ha realizado una ampliación del CSHG para introducir el nuevo concepto tal y como 

se representa en la Figura 3. De esta manera, la información funcional se ha integrado en la 

descripción del dominio genómico del CSHG, ampliando su visión holística.  
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La adición se ha llevado a cabo en la vista de Bibliografía, donde encontramos el concepto “estudio” 

(Study). Este concepto es una entidad general al que se introducen varias clases de estudios. Con 

esta estructura, cada clase puede tener su entidad y descripción propia, pero todos los estudios, 

independientemente del tipo, se identifican y referencian de forma homogénea.  

La ampliación realizada ha consistido en la creación de una nueva clase de estudio. Para ello, se ha 

creado una entidad llamada FunctionalStudy, que contiene varios campos, correspondientes a la 

información relevante de los estudios funcionales. Como se puede ver en la Figura 3, la entidad de 

un estudio funcional (FunctionalStudy) está relacionada directamente con la entidad variación 

(Variation), de manera que cada estudio puede describir el impacto de una o varias variaciones. Esta 

descripción la representamos con el campo de FunctionalAssessment, como resultado de la 

asociación de ambas entidades mencionadas, y mostrará el impacto funcional de la variación según 

la información del estudio correspondiente. 

Para definir la estructura interna de los estudios funcionales, la información relevante se ha 

organizado en los once conceptos definidos a continuación: 

1- type: Tipo de estudio realizado. 

2- modelSystem: Tipo de sistema empleado como modelo, pudiendo ser in vitro, in vivo o in 

silico.  

3- experimentalMethod: Método experimental empleado para el estudio. 

4- outcomeEvaluated: Aspecto o parámetro que se ha evaluado a través del experimento.  

5- positiveControls: Cantidad de controles positivos empleados. 

6- negativeControls: Cantidad de controles negativos empleados.  

7- replicates: Cantidad de réplicas o repeticiones realizadas en el experimento. 

8- statisticalAnalysis: Datos del análisis estadístico descrito en el estudio.   

9- validationProcess: Proceso de validación del estudio. 

10- reproducible: Posibilidad de reproducción de los experimentos.  

Figura 3. Diagrama de clases de la ampliación correspondiente a los estudios funcionales (marcados 

en azul) y sus conexiones directas al resto del CSHG.  
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11- robustnessData: Datos que garantizan la robustez del estudio, o la integridad de la muestra, 

como definida en la sección 5.1.   

En cuanto al campo intermedio FunctionalAssessment, se han incluido dos conceptos en su 

estructura: el impacto funcional (es decir, si el cambio ha afectado a la función normal del gen) y el 

OddsPath, un parámetro probabilístico creado por el grupo ClinGen. Dado que este dato solo se 

aplica en el cuarto paso, el cual deben llevarlo a cabo los expertos en interpretación de variaciones, 

no se tendrá en cuenta para la fuente de información. 

6.1.2. Estructura de la fuente de información 

Gracias a la ampliación del CSHG, contamos con la representación holística y completa que 

buscábamos obtener. Puesto que la información está estructurada en muchos campos, se ha 

decidido que el formato de la fuente de información sea una hoja de cálculo de Microsoft Excel 

(*.xlsx), lo cual garantiza una amplia capacidad y facilidad a la hora de consultarla y modificarla.  

La información provendrá de los artículos científicos sobre estudios funcionales de variaciones 

investigadas con relación a cardiopatías familiares. Como un estudio funcional puede tratar más de 

una variación, asignaremos una variación por fila, y los diferentes campos de información se 

corresponderán a las columnas. Dado que el núcleo del trabajo son los estudios funcionales, las 

primeras columnas consistirán en los datos necesarios para identificar el artículo. Seguidamente, 

irán la enfermedad a la que se ha asociado la variación en el artículo, y los datos de la variación. Así, 

los títulos y contenido de estas primeras columnas serán los siguientes:  

- Artículo: título original del artículo. 

- DOI: enlace DOI correspondiente. 

- Disease: cardiopatía familiar a la que se ha asociado la variación. 

- Gene: nombre del gen donde ocurre la variación. 

- Variant: nombre de la variación. 

Tras estos datos, las siguientes once columnas serán los conceptos de definición del FunctionalStudy 

en el modelo conceptual, con el mismo nombre y en el mismo orden que se han listado previamente 

en la sección 6.1.1. Finalmente, la última columna será el impacto funcional (functionalImpact en la 

entidad FunctionalAssessment de la Figura 3), y prescindiremos del parámetro OddsPath como 

hemos explicado en la sección previa. 

Contamos, en total, con 17 campos de información, y cada uno constituye una columna individual en 

la fuente de información. El aspecto completo de la fuente de información puede verse en la Figura 4, 

con ejemplos de la información respectiva. El contenido de las columnas se explicará con mayor 

detalle en la sección 6.2, correspondiente al desarrollo de la fuente de información. 
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6.2. Desarrollo de la fuente de información 

El desarrollo constituye la segunda parte de esta etapa del ciclo de diseño. En este Trabajo de Fin de 

Grado, aquí se abarca la búsqueda, selección y extracción de la información de estudios funcionales 

a partir de artículos disponibles en repositorios públicos de literatura científica. Esta sección 

describirá este proceso detallando las fuentes empleadas, la búsqueda y selección de artículos 

(representada en la Figura 5), cómo se ha enfocado la lectura para la extracción de la información, y, 

finalmente, la revisión y estandarización de la fuente de información una vez completada la lectura 

de artículos. 

Figura 5. Flujo de trabajo completo del desarrollo de la fuente de información. Detalla la búsqueda 
en repositorios de artículos, los filtros y selección aplicados y la extracción de información relevante. 

Figura 4. Capturas de ejemplo de la estructura de la fuente de información 

Eliminación de 
duplicados 
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6.2.1. Primera búsqueda en repositorios 

Los estudios funcionales se basan en distintos tipos de experimentos, como se ha expuesto en la 

sección 1.2.2., por lo que la información está presente en los artículos científicos que relatan la 

investigación realizada. Como se ha expuesto en el capítulo 3 sobre el estado del arte, no existe 

actualmente una fuente que integre datos de estudios funcionales de variaciones genéticas. Como 

consecuencia, el objetivo de este Trabajo es recopilar la información de estudios funcionales a partir 

de la lectura de artículos, concretamente aquellos sobre variaciones asociadas a cardiopatías 

familiares, y guardarla en una fuente de información.  Ante la inmensa cantidad de artículos 

disponibles, se ha realizado una búsqueda y selección específica para poder determinar los artículos 

relevantes de entre todos los documentos disponibles.  

Se ha comenzado por seleccionar los repositorios de artículos donde realizar la búsqueda. Para ello, 

se han realizado búsquedas de artículos sobre estudios funcionales en varios navegadores. De esta 

manera, se han revisado los repositorios o bases de datos existentes y se han valorado según la 

accesibilidad y la cantidad de publicaciones que recogen. Se han determinado dos repositorios 

candidatos, puesto que son los que más artículos científicos revisados recogen: ScienceDirect, cuyo 

alcance es muy amplio, dado que incluye todo tipo de documentos sobre cualquier sector científico, 

y PubMed, el cual se centra en publicaciones biomédicas. Independientemente de sus diferencias, 

ambas bases de datos tienen el reconocimiento de la comunidad científica internacional. Se ha 

observado que ambos contienen una gran cantidad de artículos comunes, pero también se han 

detectado varios que solo han aparecido en uno de los dos repositorios. Por tanto, se ha decidido 

utilizar ambos para asegurar la mayor cobertura de literatura posible. 

El siguiente paso ha sido realizar la búsqueda en cada uno de los repositorios. Ambas bases de datos 

permiten una búsqueda avanzada mediante palabras claves, y comprenden el uso de operadores 

booleanos como AND (permite unir varios términos de búsqueda), OR (permite incluir términos 

alternativos). Adicionalmente, PubMed reconoce el uso del asterisco como delimitador. Es decir, 

actúa como un comodín que permite buscar palabras derivadas. Por ejemplo, la consulta “variaci*” 

retornará tanto los resultados con la palabra “variación” como con la palabra “variaciones”.  

Como palabras clave, se han empleado los términos en inglés, por lo que estudio funcional equivale 

a functional assay o functional study, y cardiopatías familiares equivale a hereditary heart diseases. 

Se han realizado diversas combinaciones de estas palabras, haciendo uso de los operadores, para 

valorar la cantidad de resultados que retorna cada combinación. Tras comparar los resultados, se 

han ejecutado finalmente las siguientes consultas para cada repositorio: 

PubMed: 

(("functional assay"[Title/Abstract]) OR "functional stud*"[Title/Abstract]) AND (cardio*) AND (GEN) 

 

Cómo resultado, esta búsqueda retornará aquellos artículos de PubMed que contengan las palabras 

funnctional assay o functional study/studies en el título y resumen, que estén asociados o contengan 

cualquier palabra que empiece por cardio y que mencionen el gen correspondiente.  

 

ScienceDirect: 

((functional study) OR (functional assay)) AND (cardiomyopathy OR heart) AND GEN 
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Retornará aquellos artículos en ScienceDirect que contengan los términos functional assay o 

functional study junto con cardiomyopathy o heart en el título, resumen o palabras claves 

especificadas por el autor. En la consulta de PubMed, gracias al marcador *, se ha empleado solo el 

término “cardio*”, puesto que abarca una variedad de términos comunes en el ámbito de 

enfermedades de corazón (cardiomyopathy, cardiovascular, cardiologist/s, cardiopathy…). Sin 

embargo, dado que ScienceDirect no reconoce este marcado, para aumentar el alcance de la 

búsqueda se ha incluido la palabra heart, una palabra con altas probabilidades de ser mencionada 

cuando se trata cualquier cardiopatía.  

Se puede observar que ambas consultas terminan con la palabra GEN. Este término será el nombre 

del gen para el que queremos encontrar estudios. Dada la naturaleza de las enfermedades 

mendelianas – causadas por una variación en un gen en concreto – esto permite realizar las 

búsquedas de forma estructurada y enfocada a las cardiopatías familiares que nos interesan. Para 

garantizar la mayor precisión posible, se ha empleado una lista, aportada por expertos clínicos en 

cardiología. Esta lista comprende 456 genes de interés que se han asociado a las cardiopatías 

familiares seleccionadas.  

Para cada uno de estos genes, se han realizado dos consultas, una en cada repositorio, lo que 

supone un total de 912 consultas para recopilar los artículos de interés. Además, para cada una de 

esas consultas, no todos los resultados que se retornaban eran publicaciones que se ajustaran al 

perfil de estudio funcional. Por tanto, a medida que se han realizado las búsquedas, se ha aplicado 

un primer filtrado de resultados (Figura 6): para cada artículo retornado por las consultas, se ha leído 

el resumen y se ha valorado si la investigación descrita se ajusta a la definición de estudio funcional 

(si se estudia el efecto funcional de variaciones genéticas) y si estaba asociado a las cardiopatías 

familiares seleccionadas. Algunos casos presentaban cierta ambigüedad dado que mencionaban el 

estudio de variaciones sin especificar datos de la variación, o mencionaban una de las cardiopatías 

familiares como enfermedad potencialmente asociada sin detallar la evidencia tras estas 

suposiciones. Para poder descartar con mayor certeza, estos artículos se han marcado como 

ambiguos y se han incluido en la lista provisional de artículos relevantes para completar su lectura y 

juzgar definitivamente en base al contenido.  

Figura 6. Ampliación del primer filtro, el cual se ha aplicado tanto en la primera 
como en la segunda búsqueda. 
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6.2.2. Segunda búsqueda y selección final 

Una vez seleccionados los artículos, se han tomado dos artículos aleatorios de la selección para 

anotar la información según la estructura definida en la sección 6.1.1 y comprobar si hace falta 

modificar algún aspecto de la búsqueda. Al leer por completo uno de los primeros artículos, se ha 

visto que no detallaba el estudio funcional, sino que era una revisión de la investigación, por lo que 

se ha sustituido por el artículo del estudio original. Esta publicación sí contiene los datos del estudio 

funcional; sin embargo, no estaba presente en la recopilación realizado, a pesar de constar en 

PubMed, una de las bases de datos que se habían revisado. Comparando el contenido del artículo 

con la consulta realizada, se ha determinado que la ausencia se debe a que el artículo nuevo se 

describe como un análisis funcional (functional analysis), un término diferente que no se incluía en la 

consulta inicial dado que se había considerado un nombre demasiado ambiguo para la búsqueda.  

Antes de continuar la lectura, se ha repetido la búsqueda para algunos de los genes más estudiados 

en cardiopatías familiares (p. ej. RYR2, SCN5A, MYH7) añadiendo el nuevo término. Viendo que en 

múltiples ocasiones las nuevas consultas han añadido publicaciones relevantes para los genes 

comprobados, se ha decidido realizar una segunda búsqueda completa para asegurar que no 

quedaran excluidos posibles artículos de interés. Por tanto, el nuevo formato de consulta queda 

como se muestra a continuación: 

PubMed: 

(("functional assay"[Title/Abstract]) OR "functional stud*"[Title/Abstract] OR "functional 

analysis"[Title/Abstract]) AND (cardio*) AND (GEN) 

 

ScienceDirect: 

((functional study) OR (functional assay) OR (functional analysis) AND (cardiomyopathy OR heart) AND GEN 

 

Aplicando el mismo proceso de selección y descarte descritos para la primera búsqueda (Figura 6), se 

han ido añadiendo nuevos artículos a la lista de publicaciones para la lectura. Finalmente, al 

terminar las consultas, se ha realizado un filtrado de artículos duplicados. Es decir, artículos 

asociados a más de un gen de la lista y que, por tanto, constan más de una vez en la recopilación.  

El número final de artículos seleccionados para la lectura ha sido 236 publicaciones, asociadas a 84 

genes. Dada esta cantidad de artículos, el tiempo necesario para leer y apuntar manualmente la 

información relevante para todos los estudios es muy elevado. Para ajustar el trabajo al tiempo 

disponible, se ha acotado la selección. Para ello, los expertos clínicos han realizado una revisión de la 

lista y han indicado los genes más relevantes para los fenotipos de cardiopatías familiares que se 

quieren estudiar. Tras esta selección de genes, se ha reducido la lista a 35 genes y, en consecuencia, 

se ha reducido la cantidad de artículos asociados a 149 publicaciones (Selección, Figura 5). Una vez 

recopilados los artículos de interés, se puede avanzar a la extracción de los parámetros relevantes.  
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6.2.3. Extracción de información 

De forma resumida, para obtener esta información de los artículos, el proceso seguido ha sido leer 

cada artículo, aplicar un segundo proceso de filtrado y, si sigue considerándose un artículo válido – 

que describe un estudio funcional – anotar las características del estudio según la estructura 

definida en la sección 6.1.2.  Este proceso está representado en la Figura 7.  

 

El segundo filtrado se ha aplicado a lo largo del proceso de lectura. Por una parte, si no se podía 

acceder al texto completo de alguna publicación, se ha descartado el estudio. Luego, de los artículos 

que se habían marcado como ambiguos durante las consultas (descrito en la sección 6.2.1.), se ha 

leído el artículo completo. La mayoría de los artículos marcados como ambiguos han resultado ser 

una revisión de literatura y conocimiento, por lo que no detallaban estudios realizados, sino que 

resumían los datos disponibles sobre las variaciones. Por tanto, no se consideran un estudio 

funcional y han sido descartados.  

En cuanto a los artículos aceptados, se ha procedido a la extracción de información. A la hora de 

incorporar los datos en la fuente de información, se han tomado varias medidas durante la lectura 

para cumplir esta visión. Para explicarlas, recorreremos los campos de información en orden, 

proporcionando ejemplos de cada uno. Cualquier dato que no estuviera disponible en un artículo se 

ha marcado como NA (not available). 

Columna 1. Artículo. Se presenta el nombre del artículo tal y como se presenta en las publicaciones. 

Dado que dentro de un mismo artículo pueden estudiarse varias variaciones, se repetirá el título 

para cada variación. 

Ejemplo: Mutations in Filamin C causes a new form of familial hypertrophic cardiomyopathy 

 

Figura 7. Ampliación del segundo filtro aplicado durante la lectura de los artículos. 

Eliminación de 
duplicados 
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Columna 2. DOI. Contiene el DOI de referencia del artículo en formato de hipervínculo para 

proporcionar un acceso simple a la publicación.  

Ejemplo:  10.1038/ncomms6326 

 

Columna 3. Disease. Se indica el nombre completo de la enfermedad a la que está asociada la 

variación, sin siglas. 

Ejemplo: Hypertrohpic Cardiomyopathy 

 

Columna 4. Gene. Se ha utilizado el nombre del gen que aparece en el artículo. Aunque hay casos en 

los que los genes se identifican por más de un nombre, al estar tratando con los genes más 

relevantes, la heterogeneidad de nombres es mucho menor, dado que son genes altamente 

conocidos y estudiados. 

Ejemplo: FLNC 

 

Columna 5. Variant name. El nombre de la variación se ha anotado tal y como aparece en el artículo.  

Ejemplo: p.V123A 

 

Columna 6. Type (tipo de experimento). Para asegurar una consistencia a lo largo del desarrollo de 

la fuente de información y facilitar su comprensión e interoperabilidad para cualquier uso, se han 

empleado términos ontológicos para definir el tipo de estudio, al igual que en los ejemplos de 

Kanavy et al., 2019. La ventaja de utilizar estos términos es que forman parte de un lenguaje 

estándar (ontología) donde se definen los conceptos de un ámbito y se les asigna un código 

identificativo único. Se ha empleado el buscador de ontologías OSL (https://www.ebi.ac.uk/ols4) del 

grupo EMBL-EBI (https://www.ebi.ac.uk/). Este buscador integra numerosas ontologías, por lo que 

se ha tratado de emplear, mayoritariamente, términos de tres de las más reconocidas: las ontologías 

ECO (evidencia y conclusiones, (Giglio et al., 2019)), BAO (estudios biológicos, (Abeyruwan et al., 

2014)) y OBI (investigaciones biomédicas, (Brinkman et al., 2010)).  

Ejemplo: ECO:0000007. Immunofluorescence evidence, OBI:0000854. Western Blot assay, 

BAO:BAO_0000129. Immunoassay, BAO:BAO_0010252. Protein expression assay 

 

Columna 7. ModelSystem. Originalmente, las definiciones de los criterios PS3 y BS3 hablan de 

estudios in vitro y ex vivo, pero para este trabajo se han incluido los estudios in silico para poder 

valorar la información de este tipo de estudios.  

Ejemplo: In vitro 

 

Columna 8. ExperimentalMethod. Tras leer la sección de métodos, se ha realizado un resumen del 

procedimiento experimental descrito.   

https://doi.org/10.1038/ncomms6326
https://www.ebi.ac.uk/ols4
https://www.ebi.ac.uk/
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Ejemplo: H9C2 rat cardiac myoblasts, neonatal rat cardiac myocytes and C2C12 cell myotubes 

nucleofected with the cDNA clones containing mutations or wild-type FLNC were studied by Western 

Blot, immunofluorescence and confocal microscopy.  

 

Columna 9. OutcomeEvaluated. En base a la descripción de los resultados, se determinó qué 

característica se ha evaluado para analizar la funcionalidad de la variación. 

Ejemplo: Formation of protein aggregates 

 

Columna 10. PositiveControls. Los controles positivos consisten en incluir en el experimento una 

muestra cuyo resultado al someterse a ese experimento sea conocido. Esto permite asegurar que se 

ha realizado correctamente el experimento. Por tanto, se ha anotado el tipo de control. 

Ejemplo: Healthy heart samples 

 

Columna 11. NegativeControls. Los controles negativos son muestras que no se espera que 

produzca un resultado, utilizados para comparar la influencia de factores externos sobre la muestra. 

En caso de haberse usado, se ha anotado el tipo de control. 

Ejemplo: Wild-type 

 

Columna 12. Replicates. Se han considerado las veces que se ha repetido el experimento y para 

cuántas unidades de células, cultivos u organismos. 

Ejemplo: Biological replicates: wild type/mutants. H9C2 rat cardiac myoblasts , neonatal rat cardiac 

myocytes and C2C12 cell myotubes 

 

Columna 13. StatisticalAnalysis. La descripción, tal y como se han descrito en el artículo, de los 

métodos estadísticos empleados para determinar parámetros de significancia estadística, la 

significancia de los resultados y comparaciones de los resultados de distintos experimentos. 

Ejemplo: Data are presented as mean ± SEM. Differences among groups were evaluated by one-way 

ANOVA and Student’s t-test. Statistical analysis was performed using SPSS 20.0. A two-sided p < 0.05 

was considered statistically significant. 

Columna 14. ValidationProcess. Para determinar la validez, se han indicado los parámetros que 

presenta el artículo de entre los controles positivos y negativos, las réplicas, el análisis estadístico, y 

predicciones in silico. 

Ejemplo: Comparison with other functional studies, positive and negative controls, replicates, 

polyphen & SIFT predictions. 

 

Columna 15. Reproducible. Según el nivel de detalle de la sección de métodos, se ha considerado si 

el artículo es reproducible o no.  
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Ejemplo: Yes 

 

Columna 16. RobustnessData. Se ha realizado un resumen de los datos disponibles sobre el origen, 

transporte, tratamiento y almacenaje de las muestras. 

Ejemplo: All participants had provided written informed consent (…), genomic DNA was extracted 

from peripheral blood leukocytes with a Qiagen kit according to the manufacturer’s instructions, Rat 

cardiac myoblast cell line H9C2 was kindly provided by (…). Cells were grown in DMEM supplemented 

with (…). 

 

Columna 17. FunctionalImpact. Se ha clasificado como “funcionalmente normal” o “funcionalmente 

anormal” según las recomendaciones del grupo ClinGen (Brnich et al., 2020), y se ha añadido una 

categoría de “desconocido” ante la ambigüedad de algunos estudios. Se ha incluido también una 

descripción de las consecuencias moleculares para mayor contexto. 

Ejemplo: Functionally abnormal. Significant formation of filamin C aggregates which might impair 

sarcomere function in all types of cells studied. 

  

Durante esta etapa, siguiendo el proceso descrito, se han leído los 149 artículos, de los cuales se han 

descartado 50, tal y como se ha descrito al inicio de esta sección. De las publicaciones aceptadas, se 

ha extraído, para cada una de ellas, la información relevante. De esta manera, se ha rellenado el 

Excel y se ha caracterizado la información funcional para todas las variaciones que han sido sujeto de 

estudio en estos estudios funcionales. Este proceso de extracción ha ocupado la mayor parte de la 

investigación, dado que, dependiendo de la complejidad del artículo, la lectura y extracción de la 

información de un artículo puede durar desde 15 minutos hasta 3 horas. Al realizar este Trabajo de 

Fin de Grado a lo largo del curso lectivo, en su totalidad, la extracción de información ha durado 21 

semanas.  

6.3. Revisión y estandarización 

La última parte del desarrollo ha sido la revisión y estandarización de la fuente de información una 

vez completada la extracción de información para la lista de artículos. A partir de observaciones y 

problemas identificados durante la lectura, se han modificado algunos campos para estandarizarlos 

y ordenar la información de forma comprensible y acorde al modelo CSHG. 

El primer punto que se ha abordado es el nombre de las variaciones. El formato de este difiere en 

función de si la variación se ha investigado a nivel genómico, de ADN o proteico, y según las 

preferencias de los investigadores. Se distinguen cuatro formatos distintos en la fuente de 

información generada: el identificador de dbSNP8, variación en secuencia de ADN codificante (prefijo 

 
8 dbSNP: Base de datos de variaciones del NHI, National Health Institute de EEUU 
(https://www.ncbi.nlm.nih.gov/snp/). 

https://www.ncbi.nlm.nih.gov/snp/
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“c.” según la nomenclatura HGVS9), variación en secuencia de proteína (prefijo “p.”, según la 

nomenclatura HGVS) y variación en secuencia genómica (prefijo “g.”, según la nomenclatura HGVS).  

En las variaciones a nivel de proteína se han realizado dos cambios para estandarizar el formato: 

añadir el prefijo “p.” para casos en los que no se indicaba explícitamente en el artículo, y 

homogeneizar la nomenclatura de los aminoácidos. Para nombrar los aminoácidos, existen dos tipos 

de abreviaciones estándar. Una consiste en un código de tres letras (p. ej. Glu, Gly, His) y la otra 

consiste en un código de una letra (p. ek. E, G, H, respectivamente a los ejemplos anteriores). Dado 

que cada artículo empleaba de forma aleatoria un código u otro, se ha optado por ajustar todos los 

nombres a la abreviación de una letra, dado que suponían la menor cantidad de cambios. 

Por otra parte, aunque todos los formatos que aparecen son conocidos en el ámbito de investigación 

de variaciones, la nomenclatura de la base de datos dbSNP es más limitante, dado que es poco 

intuitivo al no proporcionar ningún dato sobre la variación y requiere conocer o consultar su base de 

datos para identificar la variación. Por tanto, se ha decidido reducir a los tres nombres aceptados por 

la HGVS. Para ello, se ha consultado la base de datos y se ha sustituido manualmente los nombres 

dbSNP con el nombre de la nomenclatura HGVS correspondiente. Los tres tipos de nombres 

resultantes se han separado por columnas (Tabla 1) para mayor claridad.  

Para los controles, para cumplir con el formato integer (valor numérico) definido en el CSHG, se han 

separado en dos columnas: el número de tipos distintos de controles usados y el tipo. De forma 

similar, para las réplicas se han dividido los datos en los dos géneros de réplicas existentes: 

biológicas (cuántas versiones biológicas se han usado en el estudio) y técnicas (repeticiones para 

comprobar el estado de los aparatos empleados). El resultado es el mostrado en la Tabla 2. 

 

positiveControls PosControl negativeControls negControl 
Biological 
replicates 

Technical 
replicates 

replicates 

NA 
Healthy heart 

samples 
1 WT 4 NA 

Biological replicates: 
wild-type/mutants 
H9C2 rat cardiac 

myoblasts , neonatal 
rat cardiac myocytes 

and C2C12 cell 
myotubes 

Tabla 2. Reestructuración de los campos sobre controles y réplicas: “positiveControls” y “negativeControls” 

indican el número de controles, “PosControl“ y “negControl” describen el tipo, “Biological replicates” y 

“Technical replicates” indican el número de réplicas y “replicates” indica el tipo. 

 
9 HGVS: Human Genome Variation Society. Este grupo ha desarrollado una nomenclatura que se ha convertido en 

el estándar para las variaciones (https://varnomen.hgvs.org/). 

Genomic position Variant in transcript (c.) Variant in protein (p.) 

Chr7:g.128854898_128854915del c.7251D1G>A p.A2430V 

Tabla 1. Reestructuración del campo “Variant Name” a tres columnas, con ejemplos de cada formato 

https://varnomen.hgvs.org/
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Una vez realizados estos cambios, se ha dado por finalizado el desarrollo de la fuente de 

información, la cual ha sido concluida tal y como se presenta en el Anexo 1 de este Trabajo de Fin de 

Grado. 
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7. RESULTADOS 

Este capítulo describirá la última etapa del ciclo de diseño seguido en este Trabajo de Fin de Grado. 

Se hará una vista general de los resultados de la extracción de la información y se explicará el caso 

de uso aplicado a la fuente de información resultante, el cual se ha realizado con datos de pacientes 

reales. 

7.1.  Análisis de resultados 

El proceso de desarrollo de la fuente de información ha constado de varias actividades. Primero, se 

han determinado dos repositorios de referencia. Seguidamente, se han seleccionado, en dos 

búsquedas, los artículos de estudios funcionales relevantes a las cardiopatías familiares. Finalmente, 

se ha extraído la información de los artículos. En esta sección, revisaremos estos pasos, mostrando 

los resultados obtenidos tras cada uno.  

Primera búsqueda. Usando las búsquedas avanzadas descritas en la sección 6.2.1., se han realizado 

un total de 912 consultas, de las cuales solo 152 han retornado artículos. En total ha habido 593 

resultados, asociados a 100 genes. Tras el primer filtrado (Figura 6) se han descartado 268 

publicaciones y se ha observado que gran parte de estos rechazados hacían alusión a estudios 

funcionales, pero no hacían un estudio de una variación. La aparición de tantos artículos no 

relacionados directamente con variaciones seguramente haya ocurrido porque el término 

“variación” no está incluido explícitamente en las búsquedas definidas. La razón tras esta decisión es 

que se consideró que la combinación del término “functional assay” y el nombre del gen generaba 

un buen equilibrio en la consulta sin restringir ni generalizar excesivamente. Tras aplicar el filtrado 

de artículos duplicados (asociados a más de un gen), se ha reducido a 180 artículos. 

Segunda búsqueda. Como se ha explicado en la sección 6.2.2, se ha repetido el proceso de 

búsqueda y filtrado con un nuevo término añadido. La cantidad de resultados ha aumentado en un 

120% con respecto a la primera búsqueda, retornando 1306 artículos (Tabla 3). Sin embargo, la 

cantidad de artículos seleccionados ha sido similar a la primera búsqueda y ha incrementado solo en 

un 14,77% (373 artículos). Estos resultados refuerzan la precisión del criterio personal de selección 

de artículos e indican, como se esperaba, que el término “functional analysis” es demasiado general. 

Tras eliminar los duplicados, la lista se ha reducido a 236 artículos, lo cual supone un aumento del 

30% respecto a la primera búsqueda. 

 

 

 

 

 

 

 Primera búsqueda Segunda búsqueda 

Resultados 593 1306 

Artículos seleccionados 
En bruto: 325 
Filtrado: 180 

En bruto: 373 
Filtrado: 236 

% Seleccionado (en 
bruto) 

54,81% 29,21% 

% Descartado (en 
bruto) 

45,19% 70,79% 

Tabla 3. Resumen de resultados en la búsqueda inicial y la segunda búsqueda en bruto (apuntados 

directamente de los resultados de la consulta, sin comprobar los duplicados) y filtrados (tras eliminar 

duplicaciones). 
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Extracción de información. Finalmente, se han leído los artículos asociados a la lista reducida de 35 

genes relevantes, lo cual corresponde a 149 artículos (ver último párrafo de la sección 6.2.2.). Tras el 

segundo filtrado (Figura 7), la cantidad final es de 99 artículos (Tabla 4). De estos, se ha extraído la 

información funcional para cada variación estudiada en estas publicaciones. Como resultado, la 

fuente de información resultante, la cual puede consultarse en el Anexo 1 de esta memoria, describe 

un total de 285 variaciones genéticas que han sido asociadas a la lista de cardiopatías familiares 

seleccionadas.  

 

 

 

En la Figura 8 podemos ver una comparación, para los 35 genes seleccionados, de los artículos que 

había asociados a cada gen y el número de variaciones que se ha apuntado finalmente de cada uno. 

De esta forma, se puede ver cómo ha afectado el segundo filtrado de artículos, habiendo genes de 

los que finalmente no ha habido variaciones que anotar. En contrapartida, las variaciones de los 

artículos se repartían a lo largo de 40 genes, incluyendo algunos que no estaban en la lista 

seleccionada, dado que muchos de los artículos estudiaban más de un gen. Dada la pequeña 

cantidad que suponían (20 variaciones) y para no excluir la información, se han incluido en la fuente 

de información las variaciones de genes que no estaban en la lista.  

Por otra parte, los genes pueden estar asociados a varias cardiopatías a la vez, lo cual puede 

apreciarse en la Figura 9 donde se muestra la cantidad de variaciones recogidas, en la fuente de 

información, de cada gen y la enfermedad a las que están relacionadas. Se puede observar que el 

gen con más variaciones estudiadas es el MYBPC3, y la mayoría están asociadas a la Miocardiopatía 

Hipertrófica (HCM). Le sigue el gen SCN5A, donde la mayoría de las variaciones son con relación al 

 
ANTES DE 

LA LECTURA 
TRAS LA 
LECTURA 

Genes 35 40 

Artículos 149 99 

Tabla 4.  Cantidades finales de genes y artículos tras la lectura, donde se han descartados más artículos (ver 
Filtro 2, Figura 7). 

Figura 8. Comparación de cantidad de artículos asociados a los genes y cantidad de variaciones que 
finalmente se han recogido en la extracción de información. 
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Síndrome de Brugada (BrS). De hecho, este gen, junto con el RYR2, son los que están asociadas a 

más cardiopatías a la vez (cuatro en ambos casos). 

La enfermedad con más variaciones detectadas ha sido la HCM, con 101 variaciones asociadas, 

seguida de la Miocardiopatía Dilatada, una enfermedad bastante similar. Las enfermedades para las 

que menos información se ha extraído han sido el Síndrome de Loeys-Dietz y la Miocardiopatía 

Restrictiva (Tabla 5), y el síndrome de Marfan, que ha sido la única patología para la que no se han 

encontrado estudios funcionales.  
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TTN
VCL

Variaciones

G
en

Variaciones por gen para cada enfermedad

ARVC BrS CPVT DCM HCM No Compactada LDS LQTS RCM SQTS MS

Figura 9. Cantidad de variaciones estudiadas de cada gen y las cardiopatías a las que se han asociado. 
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 ARVC BrS CPVT DCM HCM 
No 

Compactada 
LDS LQTS RCM SQTS MS 

Variaciones 20 52 13 75 101 6 1 55 1 4 0 

Tabla 5. Número de variaciones asociadas a cada enfermedad. 

 

Se ha analizado también la reproducibilidad, donde la mayoría de los estudios se han considerado 

reproducibles (94,74%) dado que se detallaban claramente los procedimientos de laboratorio. 

Finalmente, se ha comprobado el impacto funcional de las variaciones (ver la descripción de la 

columna 17, Sección 6.2.3.) y se ha observado que la mayoría de las variaciones han sido 

consideradas “funcionalmente anormal” (79,65%). Luego un 18,60% han sido consideradas 

“funcionalmente normales” y un 5% se han marcado como “Desconocido”. Por tanto, podemos 

considerar que los estudios recogidos son relevantes, dado que la mayoría determinan 

consecuencias moleculares definidas, y una gran parte seguramente pueda justificar una 

clasificación de patogenicidad.  

Una de las innovaciones de este trabajo ha sido incluir los estudios de tipo in silico (p.ej. 

simulaciones computacionales). Esta clase de experimentos han constituido, aproximadamente, un 

28% de los estudios analizados. La utilidad de la fuente de información, así como la relevancia de los 

análisis in silico, se evaluará mediante un caso de uso, que detallaremos en la siguiente sección.  

 

7.2. Caso de uso con VCF de pacientes reales 

La fuente de información desarrollada recopila la información funcional de un gran número 

variaciones genéticas, y constituye una herramienta con gran potencial para dar soporte a la 

interpretación de variaciones y su clasificación. Al tener una fuente de datos como esta, se puede 

hacer una evaluación funcional de variaciones de forma automática, facilitando la evaluación del 

criterio PS3/BS3 en el ámbito clínico o analítico.  

Con esta aplicación práctica en mente, se ha desarrollado un caso de uso con datos de pacientes 

reales para evaluar la utilidad de la fuente de información que se ha generado. Esta experiencia 

consistirá en comprobar si las variaciones recopiladas en la fuente de información se encuentran en 

los datos de pacientes reales que han sido diagnosticados alguna cardiopatía familiar. A 

continuación, se describirá cómo se ha llevado a cabo la comprobación y los resultados obtenidos.  

7.2.1. Implementación 

Los datos de pacientes han sido proporcionados por el Hospital General Universitario de Alicante, en 

formato VCF (Formato de Llamada de Variación), un tipo de archivo empleado ampliamente en 

bioinformática para almacenar secuencias o variaciones genéticas. Se han recibido los datos de 42 

pacientes que han sido diagnosticados alguna cardiopatía familiar y se ha empleado una versión 

anotada de los VCF, con formato *.csv. Al estar anotados, estos archivos contienen información 

ampliada de las variaciones, incluyendo no solo datos estructurales e identificativos de la variación 

(p. ej. cromosoma, gen, posición), sino también interpretaciones clínicas y predicciones de 

patogenicidad.  
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El objetivo de este experimento es detectar las variaciones de la fuente de información que estén 

presentes en alguno de los 42 ficheros de pacientes. Por tanto, para realizar la comparación de las 

variaciones de forma rápida y efectiva se ha optado por desarrollar un código de Python, el cual se 

presenta en el Anexo 2 de esta memoria. De forma resumida, el proceso seguido ha constado de los 

siguientes pasos: 

1- Crear una versión reducida del VCF anotado para cada paciente que solo incluya las 

variaciones dadas en los mismos genes que están presentes en la fuente de información. 

2- Comparar los nombres de las variaciones de la fuente de información con los nombres de la 

versión reducida del VCF anotado de cada paciente. 

3- Devolver para cada paciente las variaciones que coincidan, mostrando el nombre de la 

variación y su impacto funcional descrito en la fuente de información.  

 

7.2.2. Resultados caso de uso 

Tras ejecutar el código resumido en la sección previa, se han obtenido las coincidencias de 

variaciones presentes en los pacientes. En total, se han detectado 9 variaciones a lo largo de los 42 

pacientes. Aunque es un número reducido, se puede considerar un resultado coherente, dado que, 

frente a los millones de posibles variaciones que pueden presentar los pacientes, la fuente de 

información generada abarca una cantidad muy concreta. Ha habido 6 pacientes en los que no se ha 

detectado ninguna variación de las descritas en la fuente de información. Los otros 36 pacientes han 

mostrado entre 1 – 4 coincidencias, siendo el promedio de coincidencia de 2 variaciones por 

paciente.  

Muchas de las variaciones detectadas se repetían entre los pacientes, lo cual indica que son 

variaciones comunes. Esto concuerda con el conjunto de enfermedades con el que estamos 

trabajando, dado que comparten características, siendo esta una de las razones que dificultan su 

diagnóstico. Para los pacientes con coincidencias, al comparar los diagnósticos de los médicos con la 

enfermedad a la que se han asociado las variaciones en la fuente de información, se ha comprobado 

que muchas no coinciden. Por ejemplo, el Paciente 1 presenta las variaciones p.I962V, p.L1092P y 

p.R1973Q, asociadas a CPTV y Síndrome de Brugada en la fuente de información, pero el diagnóstico 

clínico ha sido Miocardiopatía Hipertrófica (HCM). Dada la similitud entre cardiopatías mencionada, 

una misma variación pueda estar asociada a distintas enfermedades. Por tanto, estos casos en los 

que no coinciden las enfermedades relacionadas no implican que, o bien el diagnóstico del hospital, 

o bien la fuente de información, sean erróneos. Simplemente, no existe actualmente evidencia 

funcional que asocie las variaciones con las enfermedades diagnosticadas.  

Las 9 variaciones de la fuente de información detectadas en los pacientes se resumen en la Tabla 6. 

Analizando la información funcional y la clasificación del VCF, podemos ver que 5 de las variaciones 

se consideran coherentes dado que el carácter de la anotación clínica coincide con el impacto 

funcional determinado en la fuente de información desarrollada. En concreto, todas se clasifican 

como carácter benigno en los VCF anotados y en la fuente de información se determina que son 

funcionalmente normales. Por el contrario, los resultados de las otras 4 variaciones son conflictivos, 

puesto que presentan resultados discordes en el VCF y en la fuente de información. 
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Dos de las variaciones coherentes, p.R1973Q y p.S236G se presentan como “benignas/ posiblemente 

benignas”, por lo que la existencia de un estudio funcional que reitere la benignidad de la variación 

aumentaría la confianza de esta clasificación. Se han revisado los artículos de la fuente de 

información y se ha comprobado que ninguno de los dos se incluye en el perfil de las variaciones en 

ClinVar10,11, la base de datos empleada para la anotación del VCF. Habiendo revisado los artículos 

correspondientes, se considera que la coincidencia de la variación p.R1973Q es un refuerzo a la 

clasificación como benigna. En cuanto a la variación p.S236G, no se puede asegurar con la misma 

confianza que se pudiera añadir al perfil de la variación, dado que el artículo realiza un estudio de 

tipo in silico, el cual no se considera actualmente en los criterios PS3/BS3. Estos análisis consisten en 

 
10 Perfil de variación p.R1973Q: National Center for Biotechnology Information. ClinVar; [VCV000093419.21], 
https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV000093419.21 (accessed July 2, 2023). 
11 Perfil de variación p.S236G: National Center for Biotechnology Information. ClinVar; [VCV000042786.47], 
https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV000042786.47 (accessed July 2, 2023).  

VARIACIÓN GEN FREC. PATOLOGÍA 
IMPACTO 

FUNCIONAL 

CLASIFICACIÓN 

VCF 
COHERENTE NOTAS 

p.I962V SCN10A 20 

Taquicardia 
Ventricular 
Polimórfica 

Catecolaminérgica 
(CPVT) 

Funcionalmente 
normal 

Benigna Sí - 

p.L1092P SCN10A 18 

Taquicardia 
Ventricular 
Polimórfica 

Catecolaminérgica 
(CPVT) 

Funcionalmente 
normal 

Benigna Sí - 

p.R1973Q CACNA1C 1 
Síndrome de Brugada 

(BrS) 
Funcionalmente 

normal 

Benigna/Proba
blemente 
benigna 

Sí - 

p.K263R TNNT2 7 
Miocardiopatía 

Hipertrófica (HCM) 
Funcionalmente 

anormal 

Benigna/Proba
blemente 

benigna 
No 

Método de estudio 
in silico.  

p.S236G MYBPC3 11 
Miocardiopatía 

Hipertrófica (HCM) 
Funcionalmente 

normal 

Benigna/Proba
blemente 
benigna 

Sí - 

p.V158M MYBPC3 8 
Miocardiopatía 

Hipertrófica (HCM) 
Funcionalmente 

anormal 
Benigna No 

Método de estudio 
in silico. 

p.R278C TNNT2 1 
Miocardiopatía 

Hipertrófica (HCM) 

Funcionalmente 

anormal 

Interpretacione
s de 

patogenicidad 
conflictivas  

No 
Estudio incluido en 

perfil ClinVar 

p.G1885E RYR2 1 

Taquicardia 
Ventricular 
Polimórfica 

Catecolaminérgica 
(CPVT) 

Funcionalmente 
anormal 

Benigna No* 

*Efecto benigno en 
solitario. Efecto 

patogénico 
combinada con otra 

mutación. 

p.S509P SCN10A 1 
Síndrome de Brugada 

(BrS) 
Funcionalmente 

normal 
Benigna Sí - 

Tabla 6.  Resumen de las 10 variaciones de la fuente de información identificadas en los pacientes reales. 

https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV000093419.21
https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV000042786.47
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métodos computacionales que emplean predicciones, simulaciones y modelos de las moléculas. Si 

bien tienen ventajas como mayor velocidad y el factor coste-efectividad, se ven limitados por 

aspectos como modelos fijos y una falta de comprensión y flexibilidad para simular el ambiente 

biológico natural.  

Por otra parte, se ha revisado la información funcional extraída sobre las variaciones conflictivas 

para buscar posibles causas de la diferencia de carácter. Se ha observado que dos de las cuatro 

variaciones, p.K263R y p.V158M, se corresponden también a estudios de sistemas in silico, por lo 

que podría considerarse que esta discordia supone un argumento a favor de no incluir los 

experimentos in silico a la hora de evaluar los criterios PS3/BS3. 

Otra de las variaciones que difieren entre los datos funcionales y los datos clínicos es la variación 

p.R278C, cuya interpretación en el VCF es conflictiva. Se ha comprobado la variación en ClinVar12 y 

se ha visto que el artículo correspondiente de la fuente de información está presente en su perfil, 

asociada a tres interpretaciones: dos concluidas como “no especificada”, por lo que no se indicó 

ninguna enfermedad concreta, y una como “miocardiopatía”, lo cual engloba aquellas enfermedades 

donde la función muscular del corazón se ve afectado. Por tanto, teniendo la información funcional 

como justificación, se plantea que de estas tres interpretaciones se podría considerar dominante la 

asociación a miocardiopatías, aunque no se especifique una en concreto. Afinar la condición 

concreta dependerá de futuras investigaciones funcionales. 

Finalmente, la última de las variaciones conflictivas, p.G1885E, es un caso peculiar. En solitario altera 

la actividad normal de la proteína afectada, pero no causa enfermedad, sino que aumenta de forma 

controlada la actividad del proceso biológico en el que participa la proteína, por lo que se 

consideraría una variación benigna. Sin embargo, en combinación con otra variación (p.G1886S) el 

efecto es totalmente contrario y sí podría considerarse patogénica. Dado que no se presenta esta 

otra variación, se puede considerar que la información es coherente. Se ha comprobado también el 

perfil de ClinVar13 para esta variación y se ha confirmado que el artículo de la fuente de información 

está incluido entre sus referencias. 

7.2.3. Limitaciones  

El caso de uso realizado ha dado unos resultados satisfactorios, dado que se han identificado un 

número de variaciones genéticas coherente a partir de la fuente de información que se ha generado 

a lo largo de este Trabajo de Fin de Grado. Sin embargo, hay algunas limitaciones y posibles mejoras 

que quedan pendientes.  

Primero, la inclusión de estudios in silico debe reevaluarse, puesto que, aunque se ha extraído 

información de estos estudios, al aplicarla al caso de uso se han obtenido resultados cuestionables. 

Revisando los datos de estudios in silico que se han incluido en la fuente de información, se ha visto 

que la mayor parte de estos estudios presentan un número escaso de controles y repeticiones. Esta 

falta de variedad podría ser comprensible dado que, al realizarse computacionalmente, hay mayor 

 
12 Perfil de variación p.R278C: National Center for Biotechnology Information. ClinVar; [VCV000012411.56], 
https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV000012411.56 (accessed July 2, 2023). 
13 Perfil de variación p.G1885E: National Center for Biotechnology Information. ClinVar; [VCV000036746.45], 
https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV000036746.45 (accessed July 2, 2023). 

https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV000012411.56
https://www.ncbi.nlm.nih.gov/clinvar/variation/VCV000036746.45
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confianza en que los resultados sean óptimos. Sin embargo, esta falta de repeticiones y controles 

hace dudar la calidad de la evidencia que proporciona el estudio. Por tanto, dada la gran diferencia 

que supone un experimento físico frente a un experimento virtual, una solución posible sería definir 

parámetros y procesos de validación específicos para los estudios in silico. Para ello, haría falta 

realizar una caracterización de los estudios in silico, para conocer sus características, la viabilidad y 

cantidad óptima de controles y repeticiones, y demás consideraciones a tener en cuenta. 

En segundo lugar, una limitación de la fuente de información son los filtros que se han tenido que 

aplicar. La lista de genes era muy extensa, pero para ajustarnos al tiempo disponible, se ha tenido 

que reducir considerablemente. Esto ha causado que, a pesar de que los genes seleccionados son los 

más relevantes, muchos otros que podrían ser interesantes han tenido que excluirse. 

Consecuentemente, podría ser la razón por la que no se han obtenido resultados con relación al 

Síndrome de Marfan y por la que solo se han podido identificar unas pocas variaciones para 

enfermedades menos comunes como el Síndrome de Loeys-Dietz y la Miocardiopatía Restrictiva. 

Con esta última sección se da por concluido el caso de estudio, el cual nos ha permitido comprobar 

la utilidad de la fuente de información y aplicarla de forma práctica en datos de pacientes reales. Se 

ha mostrado también cómo el análisis de la información funcional puede influir de manera 

significativa en la interpretación de variaciones y la complejidad que presenta.  
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8. CONCLUSIONES Y TRABAJOS FUTUROS 

En este Trabajo de Fin de Grado se ha diseñado y desarrollado una fuente de información sobre 

estudios funcionales que permite caracterizar variaciones genéticas asociadas a cardiopatías 

familiares y facilita la evaluación del criterio PS3/BS3 de las Guías ACMG/AMP, uno de los criterios 

con más peso a la hora de interpretar variaciones.  

En base a la metodología del Design Science, se definieron inicialmente unos subobjetivos (capítulo 

2), los cuales se plantearon como preguntas de investigación para guiar el trabajo que se pretendía 

realizar a lo largo de las etapas del ciclo de diseño. De esta manera, se ha llevado a cabo la 

investigación del problema, en la que hemos caracterizado los estudios funcionales, su problemática, 

y el uso de modelado conceptual. Seguidamente, se ha realizado el diseño y desarrollo de la fuente 

de información, donde se ha estructurado la información relevante de los estudios funcionales, se 

han seleccionado los recursos y se ha extraído la información necesaria para completar la fuente de 

información. Adicionalmente, se ha realizado un caso de uso para aplicar la fuente de información 

de forma práctica y comprobar su utilidad en base a datos clínicos reales. 

Habiendo completado todas las etapas, en este capítulo se explicará brevemente cómo se ha 

resuelto cada pregunta de investigación y se comentarán las futuras líneas de trabajo que surgen a 

partir de este Trabajo de Fin de Grado. 

 

8.1. Cumplimiento de objetivos iniciales 

En esta sección resumiremos las respuestas a las preguntas de investigación de los objetivos 

planteados previamente en el segundo capítulo de esta memoria de Trabajo de Fin de Grado. 

 

Objetivo 1. Investigación del problema  

Las respuestas a las preguntas de este primer objetivo se han respondido, principalmente, a lo largo 

del capítulo 5, con soporte de otras secciones para una mejor contextualización. 

PI1- ¿Qué es un estudio funcional?  

Un estudio funcional evalúa el efecto de una variación genética sobre los procesos biológicos. Es 

decir, estos estudios permiten definir las consecuencias moleculares causadas por un cambio 

concreto en un gen y entender cómo se asocia a una enfermedad, tal y como se ha detallado en la 

introducción (sección 1.2.2.) y en la caracterización de los estudios (sección 5.1.).  

PI2 - ¿Cuáles son las problemáticas asociadas al uso de los estudios funcionales?  

La problemática principal es la falta de un recurso que recopile la información funcional determinada 

mediante estudios funcionales. En consecuencia, la información sufre una gran dispersión, además 

de una gran heterogeneidad. Esta última está causada por la variabilidad de estudios y de 

interpretaciones, y por la falta de estándares de evaluación hasta hace poco, como definido en la 

sección 5.1.  

PI3- ¿Existe algún modelo que nos permita representar la información asociada a estudios 

funcionales? 
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Para la representación de información funcional se ha considerado que el mejor método es el 

modelado conceptual dado que permite representar campos complejos como el genómico como se 

ha detallado en la sección 5.2. Concretamente, se ha empleado el Modelo Conceptual del Genoma 

Humano (CSHG), el cual se ha descrito en la sección 5.2.1, para poder integrar la información 

funcional con el resto de los datos genómicos de las variaciones, proporcionando una perspectiva 

holística y precisa.  

PI4- ¿Es necesario introducir mejoras a este modelo conceptual? 

El modelo CSHG no incluía ningún concepto relacionado a la información funcional, por lo que se ha 

realizado una ampliación a la vista de bibliografía, descrita en la sección 5.2.1., para incluir dos 

conceptos nuevos: los estudios funcionales y el impacto funcional resultante de una variación. Esta 

ampliación se ha detallado en la sección 6.1.1., dado que formaba parte del proceso de diseño. 

 

Objetivo 2. Diseño y desarrollo de la fuente de información  

Esta etapa se ha descrito en el capítulo 6 de la memoria, por lo que las respuestas a este segundo 

objetivo han sido resueltas detalladamente en dicho capítulo. 

PI1- ¿Cómo se estructurará la fuente de información a partir de la información relevante de 

los estudios funcionales? 

A partir de los estudios realizados por ClinGen, se ha identificado la información necesaria para 

evaluar los estudios funcionales. Estos conceptos fundamentales han sido la referencia para la 

ampliación del CSHG explicada en la sección 6.1.1., la cual, a su vez, ha servido de base para la 

estructura de la fuente de información, descrita en la sección 6.1.2.  

P12- ¿Cuáles son los estudios funcionales de interés para las cardiopatías familiares?  

La información de estudios funcionales se encuentra dispersa en la literatura científica, por lo que se 

han elegido dos repositorios de publicaciones, PubMed y ScienceDirect, de los que se seleccionarán 

los artículos sobre estudios funcionales relevantes mediante consultas de búsqueda avanzada 

detalladas en las secciones 6.2.1. y 6.2.2.  

PI3- ¿Cómo se va a obtener la información de los estudios funcionales? 

El proceso de extracción de información se ha descrito en la sección 6.2.3., y ha consistido en la 

lectura de los artículos seleccionados a partir de las búsquedas avanzadas en los repositorios, y la 

anotación simultánea de la información relevante en la fuente de información. De esta manera, 

siguiendo las consideraciones descritas en la sección correspondiente, se ha poblado la fuente de 

información con los datos correspondientes. 

PI4- ¿Se puede estandarizar la información extraída? 

Ante la heterogeneidad de la información, se ha revisado a medida que se iba extrayendo para 

determinar las modificaciones que fueran necesarias y, tras la lectura y recopilación de los datos, se 

han unificado las nomenclaturas y se ha reestructurado la fuente de información, como se narra en 

la sección 6.3. 
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Objetivo 3. Caso de uso 

Las respuestas a las preguntas de investigación de este objetivo se encuentran en el capítulo 7, el 

correspondiente al caso de uso que se ha llevado a cabo. 

PI1- ¿Qué resultados se han obtenido en el diseño y desarrollo de la fuente de información? 

Los resultados de las subetapas del diseño y desarrollo se han analizado en la sección 7.1., y el 

resultado final ha sido una fuente de información que recopila, a partir de estudios funcionales, la 

información funcional relevante para casi 300 variaciones asociadas a una lista de cardiopatías 

familiares y que se dan a lo largo de unos 40 genes.  

PI2- ¿Cómo se puede comprobar la utilidad de esta fuente de información?  

Para validar la utilidad de la fuente de información, se ha desarrollado un caso de uso que muestra la 

posible aplicación clínica del recurso generado. Esta prueba, descrita en la sección 7.2.1, ha 

consistido en comprobar, mediante un código de Python, si las variaciones que se han caracterizado 

funcionalmente en la fuente de información están presentes en pacientes reales de cardiopatías 

familiares, empleando los datos VCF proporcionados por los clínicos.  

PI3- ¿La fuente de información cumple los objetivos esperados? 

Los resultados del caso de uso, detallados en la sección 7.2.2., han sido satisfactorios dado que se ha 

identificado un número coherente de variaciones en los pacientes reales a partir de la fuente de 

información que hemos generado con este trabajo, y se han obtenido resultados realistas que han 

dado pie a un análisis crítico de la información.  

PI4- ¿Cuáles son los fallos, limitaciones, y mejoras identificadas? 

Tal y como se explica en la sección 7.2.3., la inclusión de los estudios funcionales realizados in silico 

no parece ser conveniente, dado que ha dado lugar a información que no se ha podido evaluar de 

forma adecuada al estilo de experimento. Otra clara limitación es que este trabajo se ha realizado 

para una cantidad de datos acotada según unas enfermedades y unos genes seleccionados, por lo 

que hay una gran posibilidad de ampliación. 

8.2. Trabajos futuros 

En base a la labor realizada, se han identificado posibles líneas de trabajo que podrían extenderse 

para ampliar este Trabajo de Fin de Grado y su alcance. 

En primer lugar, una de las líneas de trabajo más claras es la ampliación de la fuente de información. 

Se podrían incluir, por ejemplo, los artículos y genes relacionados a cardiopatías familiares que se 

han tenido que excluir de este Trabajo de Fin de Grado. Incluso, a lo largo de un extenso periodo de 

tiempo, se podría ampliar o replicar para otras patologías, aplicando lo que se ha aprendido con el 

desarrollo de la fuente actual, y siguiendo el diseño y desarrollo metodológico propuesto en el 

capítulo 4. 

Además, como se ha comentado en la sección 7.2.3., se podría realizar una caracterización de los 

estudios in silico para determinar parámetros relevantes y desarrollar un sistema de evaluación 

mejor planteado de cara a este tipo de estudios para poder incluirlos como información funcional de 

las variaciones. Análogamente, para el campo de la robustez del estudio (ver listado de conceptos de 
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la sección 6.1.1.), también podría realizarse una caracterización que permita evaluar esta 

característica de forma simple. Actualmente, muchos de los campos de la fuente de datos son un 

párrafo de texto muy extenso dado que la única descripción de las guías era que tratara la integridad 

de las muestras según el origen, manipulación y almacenaje de las muestras. Este campo podría 

condensarse si se definen de forma concisa y correcta los parámetros relevantes de la robustez. 

Otra posible ampliación es diseñar y crear una interfaz de visualización de los datos funcionales. 

Como se ha visto en el caso de uso, la información tiene aplicaciones clínicas inmediatas, por lo que 

hacerla accesible a los usuarios de forma estructurada y estética sería un posible enfoque. Se 

buscaría que los usuarios puedan consultar la fuente de forma simple y eficiente, y podría estar 

dirigida tanto a clínicos como a analistas o demás investigadores. Sin embargo, para ello, habría que 

realizar primero una revisión de los datos que debe recoger y su presentación, para asegurar que la 

información que se publique sea lo más completa y correcta posible. 

Por otra parte, en cuanto al desarrollo de la fuente de información, todo el proceso de selección y 

extracción de información se ha realizado manualmente. Por tanto, podría realizarse una tentativa 

para automatizar estos procesos empleando inteligencia artificial o machine learning para la 

comprensión de textos, aprovechando el proceso definido en este trabajo y el conocimiento 

adquirido durante el desarrollo de este Trabajo para el entrenamiento del sistema. 
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1. OBJETIVOS DEL PRESUPUESTO 

El objetivo del presupuesto es determinar el coste económico del conjunto de actividades que se 

han llevado a cabo en este Trabajo de Fin de Grado. En este caso, para determinar el coste total se 

han de considerar tres partes: el coste del personal, los costes de software utilizados y los costes de 

hardware empleados.  

Para calcular el coste imputable al software y hardware empleados se aplicará la siguiente ecuación:  

𝐶𝑜𝑠𝑡𝑒 𝑖𝑚𝑝𝑢𝑡𝑎𝑏𝑙𝑒 (𝑠𝑖𝑛 𝐼𝑉𝐴) = 𝑡 ∗
𝐶

𝑇
 

 

Siendo t el tiempo de uso del equipo (meses), C el coste del equipo o de la licencia del software 

(euros), y T el tiempo de amortización (meses).  

Con esta base, en la siguiente sección se aporta el presupuesto desglosado en las tres partes 

mencionadas previamente. 

2. PRESUPUESTO DESGLOSADO 

Para desglosar el presupuesto se mostrará el resumen de costes para cada una de las tres partes que 

se aplican en este Trabajo de Fin de Grado: coste personal (Tabla 7), coste de software (Tabla 8) y 

coste de hardware (Tabla 9).  

 El coste de personal se determinará según las horas de trabajo invertidas por el Ingeniero asignado 

al trabajo, junto con las horas dedicadas por los tutores, puesto que no ha habido otro 

asesoramiento. Como coste unitario por hora de cada profesional se han tomado como referencia 

los criterios para elaborar presupuestos de I+D de la Universitat Politècnica de València14, que 

describe cómo calcular el presupuesto del personal en función de su posición. Así, el coste unitario 

para un Ingeniero Biomédico es 24,99 €/h. En cuanto a los tutores, se establecen, para un 

catedrático 51,40 €/h, y para un investigador predoctoral 24,99 €/h. Considerando estos valores y las 

horas de trabajo de cada individuo, se calculan los costes de personal tal y como se muestra en la 

Tabla 7.  

 

 

 

 

 

 

 

 
14 https://wiki.upv.es › Guia_Presupuesto_2018 
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En cuanto al software, en este trabajo de han empleado cuatro programas: el sistema operativo de 

Microsoft Windows versión 11 Pro, una licencia del paquete Microsoft Office para el Hogar y 

Estudiantes, varias bases de datos genómicos y biomédicos (ClinVar, dbSNP, PubMed, ScienceDirect y 

el buscador de ontologías EMBL-EBI), y el entorno JupyterLab, mediante el programa Anaconda, para 

programar en Python. Combinando los costes de licencias de cada uno de estos, y empleando la 

ecuación definida en la sección de objetivos de presupuesto, se han calculado los costes de 

software.  

COSTES DE PERSONAL 

Personal Coste unitario (€/h) Horas Totales (h) Costes Total (€) 

Ingeniero Biomédico: 
Titulado Superior 

24,99 300 7.497 

Tutor: Investigador 
Predoctoral 

51,40 80 4.112 

Cotutor: Catedrático 31,45 45 1.415,25 

Coste Total: 13.042,25 

Tabla 7. Desglose de costes de personal asociados al trabajo realizado 

COSTES DE SOFTWARE 

Programa 
Coste de 

Licencia (€) 
Número de 

licencias 
Periodo de uso 

(meses) 
Duración de la 

Licencia 
Coste 

imputable (€) 

Sistema 
Operativo 
Microsoft 

Windows 11 Pro 

145 1 8 
Indefinida (Uso 

3 años) 
32,22 

Microsoft Office 
Hogar y 

Estudiantes 
149 1 8 

Indefinida (Uso 
3 años) 

33,11 

Bases de datos 0 Acceso Libre 8 - 0 

Anaconda: 
Jupyter Lab 

0 1 8 
Indefinida (Uso 

3 años) 
0 

Coste Total: 65,33 

Tabla 8. Desglose de costes de software asociados al trabajo realizado. 
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Se puede ver en la Tabla 8 que el coste total de software asciende a 65,33 € para las actividades de 

este Trabajo de Fin de Grado. 

Finalmente, los costes de hardware se han calculado de forma análoga a los costes de software. Por 

tanto, se ha empleado la misma ecuación aplicándola al único componente de hardware utilizado, el 

cual ha sido un ordenador portátil Dell Inspiron 14 Plus (7420), con un procesador Intel® CoreTM i7-

12700H (velocidad hasta 4,7 GHz, 14 núcleos), una memoria de 16 GB y capacidad de 

almacenamiento de 512 GB. 

 

COSTES DE HARDWARE 

Programa 
Coste unitario 

(€) 
Unidades 

Periodo de 
amortización 

(meses) 

Periodo de 
uso 

(meses) 

Coste 
imputable (€) 

Ordenador portátil: DELL 
Inspiron 14 Plus 7420 

908,26 1 
36  

(3 años) 
8 201,84 

Coste Total: 201,84 

Tabla 9. Desglose de costes de hardware asociados al trabajo realizado. 

 

Como se puede ver en la Tabla 9, se tiene un coste total de 201,84 € asociados al hardware utilizado 

a lo largo del trabajo. Con esto, en la siguiente sección se detallará el presupuesto total de este 

Trabajo de Fin de Grado. 

 

3. PRESUPUESTO TOTAL 

A partir de la información calculada en las secciones previas, en este apartado se muestra el 

presupuesto total requerido para llevar a cabo este Trabajo de Fin de Grado.  

Con el Presupuesto por Ejecución Material – la suma de los costes de personal, software y hardware 

de la sección previa – se tiene la base a la que se añadirán los Gastos Generales y el Beneficio 

Industrial. Los primeros se corresponden al capital invertido en tareas sin beneficio directo para la 

empresa y se calcula como el 13% del Presupuesto por Ejecución Material. El segundo representa los 

beneficios que obtiene la empresa a partir del proyecto en cuestión, y supondrá una cantidad del 6% 

del Presupuesto por Ejecución Material.  

Seguidamente, se calcula el Presupuesto de Ejecución por Contrata como la suma de los Gastos 

Generales y el Beneficio Industrial. Añadiendo a este el valor del IVA, del 21%, se obtiene el 

Presupuesto Total Neto del presente Trabajo de Fin de Grado como se resume en la Tabla 10.  
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PRESUPUESTO TOTAL 

Coste Total De Personal 13.042,25 € 

Coste Total De Software 65,33 € 

Coste Total De Hardware 201,84 € 

Presupuesto De Ejecución Material 13.309,42 € 

Gastos Generales (13%) 1.730,22 € 

Beneficio Industrial (6%) 798,57 € 

Presupuesto Por Ejecución Por Contrata 15.838,21 € 

IVA 3.326,02 € 

Presupuesto Neto Total 19.164,23 € 

Tabla 10. Presupuestos finales de este Trabajo de Fin de Grado. 

 

Como Presupuesto Total requerido para el desarrollo de este Trabajo de Fin de Grado, siguiendo las 

condiciones descritas en la sección del presupuesto desglosado, se obtiene una cantidad total de 

19.164,23 €.  
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ANEXO 1. FUENTE DE INFORMACIÓN DE ESTUDIOS FUNCIONALES ASOCIADA A CARDIOPATÍAS FAMILIARES. 

 

A R T Í C U L O D O I  D i s e a s e G e n e G e n o m i c  p o s i t i o n  V a r i a n t  i n  t r a n s c r i p t  ( c . ) V a r i a n t  i n  p r o t e i n  ( p . ) t y p e m o d e l S y s t e m   e x p e r i m e n t a l M e t h o d o u t c o m e E v a l u a t e d  p o s i t i v e C o n t r o l s   P o s C o n t r o l n e g a t i v e C o n t r o l s   n e g C o n t r o l B i o l o g i c a l  r e p l i c a t e s   t e c h n i c a l  r e p l i c a t e s  r e p l i c a t e s s t a t i s t i c a l A n a l y s i s   v a l i d a t i o n P r o c e s s   r e p r o d u c i b l e   r o b u s t n e s s D a t a   f u n c t i o n a l I m p a c t 

Whole genome sequencing delineates regulatory, copy number, and cryptic splice variants in early onset cardiomyopathy. 10.1038/s41525-022-00288-y  Hypertrophic  Cardiomyopathy  F L N C N A c . 7 5 6 2 – 2 _ 7 5 8 1 d u p   N A ECO:0001091: knockout phenotypic evidence In vitroIn v i v o RNA sequencing in LV myocardial samples (Qrt-pcr & Western Blots & immunohistochemistry (IHC) analysis), Reporter assays in human induced pluripotent stem cells (MPRA), Zebrafish CRISPR knockouts, Pathogenicity was predicted using scores from at least 5 prediction tools: SIT, PolyPhen2, MutationTaster2, Mutation Assessor, CADD, PROVEAN phylogenetic p-value from the PHAST package, MetaSVM and MetaLR. Functional assessment of regulatory variants: association with myocardial gene expression and Effect on gene transcription using reporter assays to study Cryptic Splice Site Variants, Altered mRNA Splicing and Reduced Protein Abundance 3 Control samples of other CMP patients without variantControl firefly luciferase vector100 oligonucleotides for p o s i t i v e  c o n t r o l s RNA seq LV myocardium: wild-type controls including an autopsy sample from an individual without cardiac disease and Autopsy sample from one or more CMP patients that did not harbor any known pathogenic coding or regulatory variantsReporter assays: 1500 oligonucleot ides for n e g a t i v e RNA seq LV myocardium: wild-type controls including an autopsy sample from an individual without cardiac disease and Autopsy sample from one or more CMP patients that did not harbor any known pathogenic coding or regulatory variantsReporter assays: 1500 oligonucleot ides for n e g a t i v e 3 RNA seq LV myocardium: Three independent experiments were performed per sample with each experiment including three technical replicates per sampleReporter assays: To control for technical variation and to assess biological relevance, each tested allele was represented a minimum of 25 times, each with a unique barcode. Oligonucleotide library was transfected into five biological replicatesAll MPRA assays were performed in five independent biological replicates.All luciferase reporter assays were performed with three biological replicates, each with three t e c h n i c a l  r e p l i c a t e s Biological- RNA seq LV myocardium: - Three independent experiments were performed per sample with each experiment including three technical replicates per sampleReporter assays:- To control for technical variation and to assess biological relevance, each tested allele was represented a minimum of 25 times, each with a unique barcode- Oligonucleotide library was transfected into five biological replicates- All MPRA assays were performed in five independent b i o l o g i c a l  r e p l i c a t e s . Frequencies, Odds ratio, confidence intervals, Student t  (p<0.05), FDR, Statistical analyses were done using R statistical software, Pathway enrichment analysis was performed using g:Profiler with default parameters MPRAAnalyze software using random oligonucleotide sequences as null distribution. Only pathways with an adjusted p-value < 0.05 were considered significant. For functional validation including qRT-PCR, Western blots, and IHC, expression levels were compared between a case harboring a variant versus control samples of other CMP cases that did not harbor this variant. An unpaired two-tailed Student’s t-test was used to determine differences between groups, with a p-value of < 0.05 considered significant . An unpaired two-tailed Student ’s t-test was used to compare luciferase activity of the luciferase reporter gene under the effect of the regulatory variant sequence versus the reference sequence of each regulatory region as wild-type control. A p-value of < 0.05 was considered significant. P-values were calculated using a likelihood ratio test with MPRAAnalyze and an FDR < 0.05 was considered significant. Zebrafish atrial and ventricular sizes and ventricular ejection fraction were compared using an unpaired two-tailed Student ’s t-test to measure significant differences between mutants (nrap and fhod3) and controls (Cas9 and wild-type). A p-value of < 0.05 was considered significant. Controls, stats, replicates, predictors  Y e s A discovery, control, 100000 Genomes Project replication, Australian replication and South east Asian replication cohorts were generated with informed consent of all subjects and approval of their corresponding clinical and ethical institutions. Whole generation sequencing was performed. There was a previous work of CMP gene selection and annotation and classification of protein-coding variants in known CMP genes. Protein-coding LoF variants in new candidate CMP genes were found and studied, along with regulatory variants associated with CMP genes. Functional validation of effect on myocardial gene and protein expression: RNA sequencing (RNAseq) was performed in LV myocardial samples to validate the effect of pathogenic LoF variants, CNVs, and high-risk regulatory variants on target gene expression using Illumina HiSeq 2500 platform at TCAG. Total RNA was extracted from samples using the RNeasy Mini kit (QIAGEN, Canada). The raw sequence data was filtered and aligned to the human genome browser UCSC hg19 using Tophat, sequencing data were mapped to the human transcriptome using HISAT2, and the gene expression level was quantified u sing StringTie. Fold-differences in mRNA expression were determined by comparing variant and average values to assess the impact of the identified variants on gene expression. To confirm these differences in mRNA expression levels, relative mRNA expression was determined using qRT -PCR. Total RNA was extracted from LV myocardium, cDNA synthesis was performed, specific oligonucleotide primers were designed, and qRT-PCR was conducted using a SYBR Green-based detection system. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a housekeeping gene for normalization. To investigate whether changes in mRNA expression corresponded to changes in protein expression, Western blot analysis was performed. LV tissue samples were homogenized, lysed, and separated using SDS-PAGE. The proteins of interest were detected using specific antibodies. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a loading control. The relative protein abundance was quantified using ImageJ software. For immunohistochemistry an alysis, formalin-fixed paraffin-embedded (FFPE) LV tissue sections were used. The tissue sections were dewaxed, subjected to antigen retrieval, and blocked. They were then incubated with primary antibodies against LARGE1, followed by secondary antibody incubation and detection using the EnVision+ System-HRP DAB kits. The stained sections were analyzed and imaged using automated image analysis software. Reporter assays in iPSC-derived CMs were performed. Gene promoters or enhancer/promoters harboring candidate SNVs and the corresponding control region were cloned into Firefly Luciferase reporters and transfected into human induced pluripotent stem cell (iPSC)-derived CMs to determine the effect of the variants on the transcription activity of the luciferase reporter gene. iPSC derived from peripheral blood lymphocytes of a healthy adult donor were differentiated into CMs using a STEMdiff CM Differentiation Kit.  Cells we re-seeded on day 16 for transient transfection and were co-transfected on day 20 with luciferase constructs. Transfected cells were harvested 24 h after transfection and firefly and renilla luciferase activity was measured using the Dual-Luciferase® Reporter Assay System. For functional validation of variant effect on endogenous gene transcription, Dual -Luciferase® Reporter Assay System (Promega, Madison, Wisconsin, USA) was used to test and compare the transcription activity of a luciferase reporter gene under wildtype or variant promoter/enhancer sequence. The luciferase plasmids were synthesized commercially (Synbio Technologies, Monmouth Junction, NJ, USA), digested and cloned into Firefly Luciferase basic vectors (pGL4.10-luc2; Promega, Madison, Wisconsin, USA), which then were co-transfected into the CMs. Massively parallel reporter assays (MPRA) were performed from oligonucleotides that were designed and synthesized by TwistBioscience (USA). CRISPR-Cas9 editing was used to evaluate new candidate CMP gene function in zebrafish embryos. All zebrafish embryo studies were performed at the SickKids Genetics and Disease Models Core (Zebrafish Core), Toronto, and approved by the SickKids Animal Care Committee (Protocol #401951). The embryos were co-injected at the one-cell stage and kept in 0.003% Phenylthiourea (PTU) solution and incubated in a dark incubator at 28.5 °C for 3 days. All analyses were performed at 3-days post fertilization.  Functionally abnormal. Pathogenic, heterozygous, intronic cryptic splice variants were identified 
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Whole genome sequencing delineates regulatory, copy number, and cryptic splice variants in early onset cardiomyopathy. 10.1038/s41525-022-00288-y  Hypertrophic  Cardiomyopathy  F H O D 3 N A N A p .  T 5 0 2 f s   ECO:0001091: knockout phenotypic evidence In vitroIn v i v o RNA sequencing in LV myocardial samples (Qrt-pcr & Western Blots & immunohistochemistry (IHC) analysis), Reporter assays in human induced pluripotent stem cells (MPRA), Zebrafish CRISPR knockouts, Pathogenicity was predicted using scores from at least 5 prediction tools: SIT, PolyPhen2, MutationTaster2, Mutation Assessor, CADD, PROVEAN phylogenetic p-value from the PHAST package, MetaSVM and MetaLR. Functional assessment of regulatory variants: association with myocardial gene expression and Effect on gene transcription using reporter assays to study Cryptic Splice Site Variants, Altered mRNA Splicing and Reduced Protein Abundance 3 For massively parallel reporter assays (MPRA): 100 oligonucleotides RNA seq LV myocardium: wild-type controls including an autopsy sample from an individual without cardiac disease and Autopsy sample from one or more CMP patients that did not harbor any known pathogenic coding or regulatory variantsReporter assays: 1500 oligonucleotides for negative RNA seq LV myocardium: wild-type controls including an autopsy sample from an individual without cardiac disease and Autopsy sample from one or more CMP patients that did not harbor any known pathogenic coding or regulatory variantsReporter assays: 1500 oligonucleotides for negative 3 RNA seq LV myocardium: Three independent experiments were performed per sample with each experiment including three technical replicates per sampleReporter assays: To control for technical variation and to assess biological relevance, each tested allele was represented a minimum of 25 times, each with a unique barcode. Oligonucleotide library was transfected into five biological replicatesAll MPRA assays were performed in five independent biological replicates.All luciferase reporter assays were performed with three biological replicates, each with three t e c h n i c a l  r e p l i c a t e s Biological- RNA seq LV myocardium: - Three independent experiments were performed per sample with each experiment including three technical replicates per sampleReporter assays:- To control for technical variation and to assess biological relevance, each tested allele was represented a minimum of 25 times, each with a unique barcode- Oligonucleotide library was transfected into five biological replicates- All MPRA assays were performed in five independent biolog i c a l  r e p l i c a t e s . Frequencies, Odds ratio, confidence intervals, Student t  (p<0.05), FDR, Statistical analyses were done using R statistical software, Pathway enrichment analysis was performed using g:Profiler with default parameters MPRAAnalyze software using random oligonucleotide sequences as null distribution. Only pathways with an adjusted p-value < 0.05 were considered significant. For functional validation including qRT-PCR, Western blots, and IHC, expression levels were compared between a case harboring a variant versus control samples of other CMP cases that did not harbor this variant. An unpaired two-tailed Student’s t-test was used to determine differences between groups, with a p-value of < 0.05 considered significant . An unpaired two-tailed Student ’s t-test was used to compare luciferase activity of the luciferase reporter gene under the effect of the regulatory variant sequence versus the reference sequence of each regulatory region as wild-type control. A p-value of < 0.05 was considered significant. P-values were calculated using a likelihood ratio test with MPRAAnalyze and an FDR < 0.05 was considered significant. Zebrafish atrial and ventricular sizes and ventricular ejection fraction were compared using an unpaired two-tailed Student ’s t-test to measure significant differences between mutants (nrap and fhod3) and controls (Cas9 and wild-type). A p-value of < 0.05 was considered significant. Controls, stats, replicates, predictors  Y e s A discovery, control, 100000 Genomes Project replication, Australian replication and South east Asian replication cohorts were generated with informed consent of all subjects and approval of their corresponding clinical and ethical institutions. Whole generation sequencing was performed. There was a previous work of CMP gene selection and annotation and classification of protein-coding variants in known CMP genes. Protein-coding LoF variants in new candidate CMP genes were found and studied, along with regulatory variants associated with CMP genes. Functional validation of effect on myocardial gene and protein expression: RNA sequencing (RNAseq) was performed in LV myocardial samples to validate the effect of pathogenic LoF variants, CNVs, and high-risk regulatory variants on target gene expression using Illumina HiSeq 2500 platform at TCAG. Total RNA was extracted from samples using the RNeasy Mini kit (QIAGEN, Canada). The raw sequence data was filtered and aligned to the human genome browser UCSC hg19 using Tophat, sequencing data were mapped to the human transcriptome using HISAT2, and the gene expression level was quantified u sing StringTie. Fold-differences in mRNA expression were determined by comparing variant and average values to assess the impact of the identified variants on gene expression. To confirm these differences in mRNA expression levels, relative mRNA expression was determined using qRT -PCR. Total RNA was extracted from LV myocardium, cDNA synthesis was performed, specific oligonucleotide primers were designed, and qRT-PCR was conducted using a SYBR Green-based detection system. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a housekeeping gene for normalization. To investigate whether changes in mRNA expression corresponded to changes in protein expression, Western blot analysis was performed. LV tissue samples were homogenized, lysed, and separated using SDS-PAGE. The proteins of interest were detected using specific antibodies. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a loading control. The relative protein abundance was quantified using ImageJ software. For immunohistochemistry an alysis, formalin-fixed paraffin-embedded (FFPE) LV tissue sections were used. The tissue sections were dewaxed, subjected to antigen retrieval, and blocked. They were then incubated with primary antibodies against LARGE1, followed by secondary antibody incubation and detection using the EnVision+ System-HRP DAB kits. The stained sections were analyzed and imaged using automated image analysis software. Reporter assays in iPSC-derived CMs were performed. Gene promoters or enhancer/promoters harboring candidate SNVs and the corresponding control region were cloned into Firefly Luciferase reporters and transfected into human induced pluripotent stem cell (iPSC)-derived CMs to determine the effect of the variants on the transcription activity of the luciferase reporter gene. iPSC derived from peripheral blood lymphocytes of a healthy adult donor were differentiated into CMs using a STEMdiff CM Differentiation Kit.  Cells we re-seeded on day 16 for transient transfection and were co-transfected on day 20 with luciferase constructs. Transfected cells were harvested 24 h after transfection and firefly and renilla luciferase activity was measured using the Dual-Luciferase® Reporter Assay System. For functional validation of variant effect on endogenous gene transcription, Dual -Luciferase® Reporter Assay System (Promega, Madison, Wisconsin, USA) was used to test and compare the transcription activity of a luciferase reporter gene under wildtype or variant promoter/enhancer sequence. The luciferase plasmids were synthesized commercially (Synbio Technologies, Monmouth Junction, NJ, USA), digested and cloned into Firefly Luciferase basic vectors (pGL4.10-luc2; Promega, Madison, Wisconsin, USA), which then were co-transfected into the CMs. Massively parallel reporter assays (MPRA) were performed from oligonucleotides that were designed and synthesized by TwistBioscience (USA). CRISPR-Cas9 editing was used to evaluate new candidate CMP gene function in zebrafish embryos. All zebrafish embryo studies were performed at the SickKids Genetics and Disease Models Core (Zebrafish Core), Toronto, and approved by the SickKids Animal Care Committee (Protocol #401951). The embryos were co-injected at the one-cell stage and kept in 0.003% Phenylthiourea (PTU) solution and incubated in a dark incubator at 28.5 °C for 3 days. All analyses were performed at 3-days post fertilization.  Functionally abnormal. Presence of this and several other variants suggests a variant hotspot 

Whole genome sequencing delineates regulatory, copy number, and cryptic splice variants in early onset cardiomyopathy. 10.1038/s41525-022-00288-y  Hypertrophic  Cardiomyopathy  F H O D 3 N A c . 1 6 4 6 + 1 G > C   N A ECO:0001091: knockout phenotypic evidence In vitroIn v i v o RNA sequencing in LV myocardial samples (Qrt-pcr & Western Blots & immunohistochemistry (IHC) analysis), Reporter assays in human induced pluripotent stem cells (MPRA), Zebrafish CRISPR knockouts, Pathogenicity was predicted using scores from at least 5 prediction tools: SIT, PolyPhen2, MutationTaster2, Mutation Assessor, CADD, PROVEAN phylogenetic p-value from the PHAST package, MetaSVM and MetaLR. Functional assessment of regulatory variants: association with myocardial gene expression and Effect on gene transcription using reporter assays to study Cryptic Splice Site Variants, Altered mRNA Splicing and Reduced Protein Abundance 3 For massively parallel reporter assays (MPRA): 100 oligonucleotides RNA seq LV myocardium: wild-type controls including an autopsy sample from an individual without cardiac disease and Autopsy sample from one or more CMP patients that did not harbor any known pathogenic coding or regulatory variantsReporter assays: 1500 oligon u c l e o t i d e s  f o r  n e g a t i v e  RNA seq LV myocardium: wild-type controls including an autopsy sample from an individual without cardiac disease and Autopsy sample from one or more CMP patients that did not harbor any known pathogenic coding or regulatory variantsReporter assays: 1500 oligon u c l e o t i d e s  f o r  n e g a t i v e  3 RNA seq LV myocardium: Three independent experiments were performed per sample with each experiment including three technical replicates per sampleReporter assays: To control for technical variation and to assess biological relevance, each tested allele was represented a minimum of 25 times, each with a unique barcode. Oligonucleotide library was transfected into five biological replicatesAll MPRA assays were performed in five independent biological replicates.All luciferase reporter assays were performed with three biological replicates, each with three t e c h n i c a l  r e p l i c a t e s Biological- RNA seq LV myocardium: - Three independent experiments were performed per sample with each experiment including three technical replicates per sampleReporter assays:- To control for technical variation and to assess biological relevance, each tested allele was represented a minimum of 25 times, each with a unique barcode- Oligonucleotide library was transfected into five biological replicates- All MPRA assays were performed in five independe n t  b i o l o g i c a l  r e p l i c a t e s . Frequencies, Odds ratio, confidence intervals, Student t  (p<0.05), FDR, Statistical analyses were done using R statistical software, Pathway enrichment analysis was performed using g:Profiler with default parameters MPRAAnalyze software using random oligonucleotide sequences as null distribution. Only pathways with an adjusted p-value < 0.05 were considered significant. For functional validation including qRT-PCR, Western blots, and IHC, expression levels were compared between a case harboring a variant versus control samples of other CMP cases that did not harbor this variant. An unpaired two-tailed Student’s t-test was used to determine differences between groups, with a p-value of < 0.05 considered significant . An unpaired two-tailed Student ’s t-test was used to compare luciferase activity of the luciferase reporter gene under the effect of the regulatory variant sequence versus the reference sequence of each regulatory region as wild-type control. A p-value of < 0.05 was considered significant. P-values were calculated using a likelihood ratio test with MPRAAnalyze and an FDR < 0.05 was considered significant. Zebrafish atrial and ventricular sizes and ventricular ejection fraction were compared using an unpaired two-tailed Student ’s t-test to measure significant differences between mutants (nrap and fhod3) and controls (Cas9 and wild-type). A p-value of < 0.05 was considered significant. Controls, stats, replicates, predictors  Y e s A discovery, control, 100000 Genomes Project replication, Australian replication and South east Asian replication cohorts were generated with informed consent of all subjects and approval of their corresponding clinical and ethical institutions. Whole generation sequencing was performed. There was a previous work of CMP gene selection and annotation and classification of protein-coding variants in known CMP genes. Protein-coding LoF variants in new candidate CMP genes were found and studied, along with regulatory variants associated with CMP genes. Functional validation of effect on myocardial gene and protein expression: RNA sequencing (RNAseq) was performed in LV myocardial samples to validate the effect of pathogenic LoF variants, CNVs, and high-risk regulatory variants on target gene expression using Illumina HiSeq 2500 platform at TCAG. Total RNA was extracted from samples using the RNeasy Mini kit (QIAGEN, Canada). The raw sequence data was filtered and aligned to the human genome browser UCSC hg19 using Tophat, sequencing data were mapped to the human transcriptome using HISAT2, and the gene expression level was quantified u sing StringTie. Fold-differences in mRNA expression were determined by comparing variant and average values to assess the impact of the identified variants on gene expression. To confirm these differences in mRNA expression levels, relative mRNA expression was determined using qRT -PCR. Total RNA was extracted from LV myocardium, cDNA synthesis was performed, specific oligonucleotide primers were designed, and qRT-PCR was conducted using a SYBR Green-based detection system. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a housekeeping gene for normalization. To investigate whether changes in mRNA expression corresponded to changes in protein expression, Western blot analysis was performed. LV tissue samples were homogenized, lysed, and separated using SDS-PAGE. The proteins of interest were detected using specific antibodies. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a loading control. The relative protein abundance was quantified using ImageJ software. For immunohistochemistry an alysis, formalin-fixed paraffin-embedded (FFPE) LV tissue sections were used. The tissue sections were dewaxed, subjected to antigen retrieval, and blocked. They were then incubated with primary antibodies against LARGE1, followed by secondary antibody incubation and detection using the EnVision+ System-HRP DAB kits. The stained sections were analyzed and imaged using automated image analysis software. Reporter assays in iPSC-derived CMs were performed. Gene promoters or enhancer/promoters harboring candidate SNVs and the corresponding control region were cloned into Firefly Luciferase reporters and transfected into human induced pluripotent stem cell (iPSC)-derived CMs to determine the effect of the variants on the transcription activity of the luciferase reporter gene. iPSC derived from peripheral blood lymphocytes of a healthy adult donor were differentiated into CMs using a STEMdiff CM Differentiation Kit.  Cells we re-seeded on day 16 for transient transfection and were co-transfected on day 20 with luciferase constructs. Transfected cells were harvested 24 h after transfection and firefly and renilla luciferase activity was measured using the Dual-Luciferase® Reporter Assay System. For functional validation of variant effect on endogenous gene transcription, Dual -Luciferase® Reporter Assay System (Promega, Madison, Wisconsin, USA) was used to test and compare the transcription activity of a luciferase reporter gene under wildtype or variant promoter/enhancer sequence. The luciferase plasmids were synthesized commercially (Synbio Technologies, Monmouth Junction, NJ, USA), digested and cloned into Firefly Luciferase basic vectors (pGL4.10-luc2; Promega, Madison, Wisconsin, USA), which then were co-transfected into the CMs. Massively parallel reporter assays (MPRA) were performed from oligonucleotides that were designed and synthesized by TwistBioscience (USA). CRISPR-Cas9 editing was used to evaluate new candidate CMP gene function in zebrafish embryos. All zebrafish embryo studies were performed at the SickKids Genetics and Disease Models Core (Zebrafish Core), Toronto, and approved by the SickKids Animal Care Committee (Protocol #401951). The embryos were co-injected at the one-cell stage and kept in 0.003% Phenylthiourea (PTU) solution and incubated in a dark incubator at 28.5 °C for 3 days. All analyses were performed at 3-days post fertilization.  Functionally abnormal. Heterozygous splice variants. Suggests a variant hotspot. Statistically significant abnormal cardiac phenotype, including atrial enlargement and reduced ventricular end-diastolic dimensions suggestive of an RCM CMP phenotype  
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Whole genome sequencing delineates regulatory, copy number, and cryptic splice variants in early onset cardiomyopathy. 10.1038/s41525-022-00288-y  Hypertrophic  Cardiomyopathy  B R A F C h r 7 : g . 1 4 0 6 2 4 2 2 3 G > A   N A N A ECO:0001091: knockout phenotypic evidence In vitroIn v i v o RNA sequencing in LV myocardial samples (Qrt-pcr & Western Blots & immunohistochemistry (IHC) analysis), Reporter assays in human induced pluripotent stem cells (MPRA), Zebrafish CRISPR knockouts, Pathogenicity was predicted using scores from at least 5 prediction tools: SIT, PolyPhen2, MutationTaster2, Mutation Assessor, CADD, PROVEAN phylogenetic p-value from the PHAST package, MetaSVM and MetaLR. Functional assessment of regulatory variants: association with myocardial gene expression and Effect on gene transcription using reporter assays to study Cryptic Splice Site Variants, Altered mRNA Splicing and Reduced Protein Abundance 3 For massively parallel reporter assays (MPRA): 100 oligonucleotides RNA seq LV myocardium: wild-type controls including an autopsy sample from an individual without cardiac disease and Autopsy sample from one or more CMP patients that did not harbor any known pathogenic coding or regulatory variantsReporter assays: 1500 oligon u c l e o t i d e s  f o r  n e g a t i v e RNA seq LV myocardium: wild-type controls including an autopsy sample from an individual without cardiac disease and Autopsy sample from one or more CMP patients that did not harbor any known pathogenic coding or regulatory variantsReporter assays: 1500 oligon u c l e o t i d e s  f o r  n e g a t i v e 3 RNA seq LV myocardium: Three independent experiments were performed per sample with each experiment including three technical replicates per sampleReporter assays: To control for technical variation and to assess biological relevance, each tested allele was represented a minimum of 25 times, each with a unique barcode. Oligonucleotide library was transfected into five biological replicatesAll MPRA assays were performed in five independent biological replicates.All luciferase reporter assays were performed with three biological replicates, each with three t e c h n i c a l  r e p l i c a t e s Biological- RNA seq LV myocardium: - Three independent experiments were performed per sample with each experiment including three technical replicates per sampleReporter assays:- To control for technical variation and to assess biological relevance, each tested allele was represented a minimum of 25 times, each with a unique barcode- Oligonucleotide library was transfected into five biological replicates- All MPRA assays were performed in five independe n t  b i o l o g i c a l  r e p l i c a t e s . Frequencies, Odds ratio, confidence intervals, Student t  (p<0.05), FDR, Statistical analyses were done using R statistical software, Pathway enrichment analysis was performed using g:Profiler with default parameters MPRAAnalyze software using random oligonucleotide sequences as null distribution. Only pathways with an adjusted p-value < 0.05 were considered significant. For functional validation including qRT-PCR, Western blots, and IHC, expression levels were compared between a case harboring a variant versus control samples of other CMP cases that did not harbor this variant. An unpaired two-tailed Student’s t-test was used to determine differences between groups, with a p-value of < 0.05 considered significant . An unpaired two-tailed Student ’s t-test was used to compare luciferase activity of the luciferase reporter gene under the effect of the regulatory variant sequence versus the reference sequence of each regulatory region as wild-type control. A p-value of < 0.05 was considered significant. P-values were calculated using a likelihood ratio test with MPRAAnalyze and an FDR < 0.05 was considered significant. Zebrafish atrial and ventricular sizes and ventricular ejection fraction were compared using an unpaired two-tailed Student ’s t-test to measure significant differences between mutants (nrap and fhod3) and controls (Cas9 and wild-type). A p-value of < 0.05 was considered significant. Controls, stats, replicates, predictors  Y e s A discovery, control, 100000 Genomes Project replication, Australian replication and South east Asian replication cohorts were generated with informed consent of all subjects and approval of their corresponding clinical and ethical institutions. Whole generation sequencing was performed. There was a previous work of CMP gene selection and annotation and classification of protein-coding variants in known CMP genes. Protein-coding LoF variants in new candidate CMP genes were found and studied, along with regulatory variants associated with CMP genes. Functional validation of effect on myocardial gene and protein expression: RNA sequencing (RNAseq) was performed in LV myocardial samples to validate the effect of pathogenic LoF variants, CNVs, and high-risk regulatory variants on target gene expression using Illumina HiSeq 2500 platform at TCAG. Total RNA was extracted from samples using the RNeasy Mini kit (QIAGEN, Canada). The raw sequence data was filtered and aligned to the human genome browser UCSC hg19 using Tophat, sequencing data were mapped to the human transcriptome using HISAT2, and the gene expression level was quantified u sing StringTie. Fold-differences in mRNA expression were determined by comparing variant and average values to assess the impact of the identified variants on gene expression. To confirm these differences in mRNA expression levels, relative mRNA expression was determined using qRT -PCR. Total RNA was extracted from LV myocardium, cDNA synthesis was performed, specific oligonucleotide primers were designed, and qRT-PCR was conducted using a SYBR Green-based detection system. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a housekeeping gene for normalization. To investigate whether changes in mRNA expression corresponded to changes in protein expression, Western blot analysis was performed. LV tissue samples were homogenized, lysed, and separated using SDS-PAGE. The proteins of interest were detected using specific antibodies. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a loading control. The relative protein abundance was quantified using ImageJ software. For immunohistochemistry an alysis, formalin-fixed paraffin-embedded (FFPE) LV tissue sections were used. The tissue sections were dewaxed, subjected to antigen retrieval, and blocked. They were then incubated with primary antibodies against LARGE1, followed by secondary antibody incubation and detection using the EnVision+ System-HRP DAB kits. The stained sections were analyzed and imaged using automated image analysis software. Reporter assays in iPSC-derived CMs were performed. Gene promoters or enhancer/promoters harboring candidate SNVs and the corresponding control region were cloned into Firefly Luciferase reporters and transfected into human induced pluripotent stem cell (iPSC)-derived CMs to determine the effect of the variants on the transcription activity of the luciferase reporter gene. iPSC derived from peripheral blood lymphocytes of a healthy adult donor were differentiated into CMs using a STEMdiff CM Differentiation Kit.  Cells we re-seeded on day 16 for transient transfection and were co-transfected on day 20 with luciferase constructs. Transfected cells were harvested 24 h after transfection and firefly and renilla luciferase activity was measured using the Dual-Luciferase® Reporter Assay System. For functional validation of variant effect on endogenous gene transcription, Dual -Luciferase® Reporter Assay System (Promega, Madison, Wisconsin, USA) was used to test and compare the transcription activity of a luciferase reporter gene under wildtype or variant promoter/enhancer sequence. The luciferase plasmids were synthesized commercially (Synbio Technologies, Monmouth Junction, NJ, USA), digested and cloned into Firefly Luciferase basic vectors (pGL4.10-luc2; Promega, Madison, Wisconsin, USA), which then were co-transfected into the CMs. Massively parallel reporter assays (MPRA) were performed from oligonucleotides that were designed and synthesized by TwistBioscience (USA). CRISPR-Cas9 editing was used to evaluate new candidate CMP gene function in zebrafish embryos. All zebrafish embryo studies were performed at the SickKids Genetics and Disease Models Core (Zebrafish Core), Toronto, and approved by the SickKids Animal Care Committee (Protocol #401951). The embryos were co-injected at the one-cell stage and kept in 0.003% Phenylthiourea (PTU) solution and incubated in a dark incubator at 28.5 °C for 3 days. All analyses were performed at 3-days post fertilization.  Functionally abnormal. Associated with normal BRAF mRNA expression on RNAseq, but reduced BRAF mRNA expression on qRT-PCR. It showed significant but opposite effects on gene expression in the MPRA and luciferase assays. 

Role of CACNA1C in Brugada syndrome: Prevalence and phenotype of probands referred for genetic testing. 10.1016/j.hrthm.2021.12.032   B r u g a d a  S y n d r o m e   C A C N A 1 C N A N A p . T 3 2 0 M OBI:0002176. Electrophysiology assay I n  v i t r o Cellular electrophysiology (series of depolarization pulses in 10mV increments from holding potential of -80mV) and immunofluorescence on HEK293 cells (human embryonic kidney cells) in the presence of Cavb2 and Cava2d1 subunits.Further investigation to know whether loss of current in some variants was caused by trafficking effects: confocal microscopy (p.E850D, p. V1707I, p.A1717G, p.R1880Q), Confirmation cohort screening: p.T320M, p.Q428E, p.E850D, p.N1255S, p.A1648T, p.A1717G, p.R1880Q, p.R1973Q, and p.G2084E Variant interpretation was performed using the American College of Medical Genetics (ACMG)/for Molecular Pathology (AMP) guidelines using a disease-specific allele-frequency threshold adapted to ethnicity, disease prevalence, and penetrance. In silico prediction tools Polyphen2, SIFT, and Splice Site Prediction by Neural Network were used to assess the in silico effect of missense variants and splicing alterations.  Current -voltage relat ionship  N A N A 1 W T 2 6  c e l l s 6 (Biological: each group (WT and each mutant) has 6 cells) Anova, ROC analysis, Kolmogorov-Smirnov and Shapiro-Wilk tests, t test, Kolmogorov-Smirnov and Shapiro-Wilk tests, Chi2, QTc values are expressed as mean ± SD. Standard error was used for electrophysiological data. P<0.002 for all except R1973Q Biological replicates, negative control, predictions (In silico prediction tools Polyphen2, SIFT, and Splice Site Prediction by Neural Network were used to assess the in silico effect of missense variants and splicing alterations). Y e s Overall, the study cohort included 709 patients with BrS diagnosed according to the 2013 Heart Rhythm Society/European Heart Rhythm Association/Asia Pacific Heart Rhythm Society guidelines. Genetic analysis was performed by conventional Sanger sequencing (Applied Biosystems, Dreieich, Germany). All patients gave formal consent to genetic testing and release of their clinical data. The protocol was approved by the ICS Maugeri ethical committee. variant 17 CACNA1C (NM_001129843) cloned in pCMV6-XL4 (Origene Technologies, Rockville, MD) using the QuickChange II XL kit (Agilent Technologies, Santa Clara, CA). Transfection of HEK293 cells was performed using Effectene (Qiagen, Hombrechtikon, Switzerland) according to the manufacturer’s protocol Functionally abnormal. Missense. Shorter QT interval compared to nonmutated, reduction of 73% of Ica current, final classification: likely pathogenic 

Role of CACNA1C in Brugada syndrome: Prevalence and phenotype of probands referred for genetic testing. 10.1016/j.hrthm.2021.12.032   B r u g a d a  S y n d r o m e   C A C N A 1 C N A N A p . Q 4 2 8 E OBI:0002176. Electrophysiology assay I n  v i t r o Cellular electrophysiology and immunofluorescence- HEK293 cells (human embryonic kidney cells) in the presence of Cavb2 and Cava2d1 subunits- Series of depolarization pulses in 10mV increments from holding potential of -80mVFurther investigation to know whether loss of current in some variants was caused by trafficking effects:- confocal microscopy (p.E850D, p. V1707I, p.A1717G, p.R1880Q)Confirmation cohort (screening): p.T320M, p.Q428E, p.E850D, p.N1255S, p.A1648T, p.A1717G, p.R1880Q, p.R1973Q, and p.G2084E  Current -voltage relat ionship  N A N A 1 W T 2 6  c e l l s 6 (Biological: each group (WT and each mutant) has 6 cells) Anova, ROC analysis, Kolmogorov-Smirnov and Shapiro-Wilk tests, t test, Kolmogorov-Smirnov and Shapiro-Wilk tests, Chi2, QTc values are expressed as mean ± SD. Standard error was used for electrophysiological data. P<0.002 for all except R1973Q Biological replicates, negative control, predictions (In silico prediction tools Polyphen2, SIFT, and Splice Site Prediction by Neural Network were used to assess the in silico effect of missense variants and splicing alterations). Y e s Overall, the study cohort included 709 patients with BrS diagnosed according to the 2013 Heart Rhythm Society/European Heart Rhythm Association/Asia Pacific Heart Rhythm Society guidelines. Genetic analysis was performed by conventional Sanger sequencing (Applied Biosystems, Dreieich, Germany). All patients gave formal consent to genetic testing and release of their clinical data. The protocol was approved by the ICS Maugeri ethical committee. variant 17 CACNA1C (NM_001129843) cloned in pCMV6-XL4 (Origene Technologies, Rockville, MD) using the QuickChange II XL kit (Agilent Technologies, Santa Clara, CA). Transfection of HEK293 cells was performed using Effectene (Qiagen, Hombrechtikon, Switzerland) according to the manufacturer’s protocol Functionally abnormal. Missense. Shorter QT interval compared to nonmutated, reduction of 52% of Ica current, final classification: likely pathogenic 

Role of CACNA1C in Brugada syndrome: Prevalence and phenotype of probands referred for genetic testing. 10.1016/j.hrthm.2021.12.032   B r u g a d a  S y n d r o m e   C A C N A 1 C N A N A p . E 8 5 0 D OBI:0002176. Electrophysiology assay I n  v i t r o Cellular electrophysiology and immunofluorescence- HEK293 cells (human embryonic kidney cells) in the presence of Cavb2 and Cava2d1 subunits- Series of depolarization pulses in 10mV increments from holding potential of -80mVFurther investigation to know whether loss of current in some variants was caused by trafficking effects:- confocal microscopy (p.E850D, p. V1707I, p.A1717G, p.R1880Q)Confirmation cohort (screening): p.T320M, p.Q428E, p.E850D, p.N1255S, p.A1648T, p.A1717G, p.R1880Q, p.R1973Q, and p.G2084E  Current -voltage relat ionship  N A N A 1 W T 2 6  c e l l s 6 (Biological: each group (WT and each mutant) has 6 cells) Anova, ROC analysis, Kolmogorov-Smirnov and Shapiro-Wilk tests, t test, Kolmogorov-Smirnov and Shapiro-Wilk tests, Chi2, QTc values are expressed as mean ± SD. Standard error was used for electrophysiological data. P<0.002 for all except R1973Q Biological replicates, negative control, predictions (In silico prediction tools Polyphen2, SIFT, and Splice Site Prediction by Neural Network were used to assess the in silico effect of missense variants and splicing alterations). Y e s Overall, the study cohort included 709 patients with BrS diagnosed according to the 2013 Heart Rhythm Society/European Heart Rhythm Association/Asia Pacific Heart Rhythm Society guidelines. Genetic analysis was performed by conventional Sanger sequencing (Applied Biosystems, Dreieich, Germany). All patients gave formal consent to genetic testing and release of their clinical data. The protocol was approved by the ICS Maugeri ethical committee. variant 17 CACNA1C (NM_001129843) cloned in pCMV6-XL4 (Origene Technologies, Rockville, MD) using the QuickChange II XL kit (Agilent Technologies, Santa Clara, CA). Transfection of HEK293 cells was performed using Effectene (Qiagen, Hombrechtikon, Switzerland) according to the manufacturer’s protocol Functionally abnormal. Missense. Shorter QT interval compared to nonmutated, fluorescence pattern in cytoplasmic and perinuclear regions (WT was in plasma membrane), No Ica current, final classification: likely pathogenic.  

Role of CACNA1C in Brugada syndrome: Prevalence and phenotype of probands referred for genetic testing. 10.1016/j.hrthm.2021.12.032   B r u g a d a  S y n d r o m e   C A C N A 1 C N A N A p . N 1 2 5 5 S OBI:0002176. Electrophysiology assay I n  v i t r o Cellular electrophysiology and immunofluorescence- HEK293 cells (human embryonic kidney cells) in the presence of Cavb2 and Cava2d1 subunits- Series of depolarization pulses in 10mV increments from holding potential of -80mVFurther investigation to know whether loss of current in some variants was caused by trafficking effects:- confocal microscopy (p.E850D, p. V1707I, p.A1717G, p.R1880Q)Confirmation cohort (screening): p.T320M, p.Q428E, p.E850D, p.N1255S, p.A1648T, p.A1717G, p.R1880Q, p.R1973Q, and p.G2084E  Current -voltage relat ionship  N A N A 1 W T 2 6  c e l l s 6 (Biological: each group (WT and each mutant) has 6 cells) Anova, ROC analysis, Kolmogorov-Smirnov and Shapiro-Wilk tests, t test, Kolmogorov-Smirnov and Shapiro-Wilk tests, Chi2, QTc values are expressed as mean ± SD. Standard error was used for electrophysiological data. P<0.002 for all except R1973Q Biological replicates, negative control, predictions (In silico prediction tools Polyphen2, SIFT, and Splice Site Prediction by Neural Network were used to assess the in silico effect of missense variants and splicing alterations). Y e s Overall, the study cohort included 709 patients with BrS diagnosed according to the 2013 Heart Rhythm Society/European Heart Rhythm Association/Asia Pacific Heart Rhythm Society guidelines. Genetic analysis was performed by conventional Sanger sequencing (Applied Biosystems, Dreieich, Germany). All patients gave formal consent to genetic testing and release of their clinical data. The protocol was approved by the ICS Maugeri ethical committee. variant 17 CACNA1C (NM_001129843) cloned in pCMV6-XL4 (Origene Technologies, Rockville, MD) using the QuickChange II XL kit (Agilent Technologies, Santa Clara, CA). Transfection of HEK293 cells was performed using Effectene (Qiagen, Hombrechtikon, Switzerland) according to the manufacturer’s protocol Functionally abnormal. Missense. Shorter QT interval compared to nonmutated, reduction of 80% of Ica current, final classification: likely pathogenic 

Role of CACNA1C in Brugada syndrome: Prevalence and phenotype of probands referred for genetic testing. 10.1016/j.hrthm.2021.12.032   B r u g a d a  S y n d r o m e   C A C N A 1 C N A N A p . A 1 6 4 8 T   OBI:0002176. Electrophysiology assay I n  v i t r o Cellular electrophysiology and immunofluorescence- HEK293 cells (human embryonic kidney cells) in the presence of Cavb2 and Cava2d1 subunits- Series of depolarization pulses in 10mV increments from holding potential of -80mVFurther investigation to know whether loss of current in some variants was caused by trafficking effects:- confocal microscopy (p.E850D, p. V1707I, p.A1717G, p.R1880Q)Confirmation cohort (screening): p.T320M, p.Q428E, p.E850D, p.N1255S, p.A1648T, p.A1717G, p.R1880Q, p. R1973Q, and p. G2084E   Current -voltage relat ionship  N A N A 1 W T 2 6  c e l l s 6 (Biological: each group (WT and each mutant) has 6 cells) Anova, ROC analysis, Kolmogorov-Smirnov and Shapiro-Wilk tests, t test, Kolmogorov-Smirnov and Shapiro-Wilk tests, Chi2, QTc values are expressed as mean ± SD. Standard error was used for electrophysiological data. P<0.002 for all except R1973Q Biological replicates, negative control, predictions (In silico prediction tools Polyphen2, SIFT, and Splice Site Prediction by Neural Network were used to assess the in silico effect of missense variants and splicing alterations). Y e s Overall, the study cohort included 709 patients with BrS diagnosed according to the 2013 Heart Rhythm Society/European Heart Rhythm Association/Asia Pacific Heart Rhythm Society guidelines. Genetic analysis was performed by conventional Sanger sequencing (Applied Biosystems, Dreieich, Germany). All patients gave formal consent to genetic testing and release of their clinical data. The protocol was approved by the ICS Maugeri ethical committee. variant 17 CACNA1C (NM_001129843) cloned in pCMV6-XL4 (Origene Technologies, Rockville, MD) using the QuickChange II XL kit (Agilent Technologies, Santa Clara, CA). Transfection of HEK293 cells was performed using Effectene (Qiagen, Hombrechtikon, Switzerland) according to the manufacturer’s protocol Functionally abnormal. Missense. Shorter QT interval compared to nonmutated, reduction of 77% of Ica current, final classific ation: likely pathogenic 

Role of CACNA1C in Brugada syndrome: Prevalence and phenotype of probands referred for genetic testing. 10.1016/j.hrthm.2021.12.032   B r u g a d a  S y n d r o m e   C A C N A 1 C N A N A p . A 1 7 1 7 G OBI:0002176. Electrophysiology assay I n  v i t r o Cellular electrophysiology and immunofluorescence- HEK293 cells (human embryonic kidney cells) in the presence of Cavb2 and Cava2d1 subunits- Series of depolarization pulses in 10mV increments from holding potential of -80mVFurther investigation to know whether loss of current in some variants was caused by trafficking effects:- confocal microscopy (p.E850D, p. V1707I, p.A1717G, p.R1880Q)Confirmation cohort (screening): p.T320M, p.Q428E, p.E850D, p.N1255S, p.A1648T, p.A1717G, p.R1880Q, p.R1973Q, and p.G2084E  Current -voltage relat ionship  N A N A 1 W T 2 6  c e l l s 6 (Biological: each group (WT and each mutant) has 6 cells) Anova, ROC analysis, Kolmogorov-Smirnov and Shapiro-Wilk tests, t test, Kolmogorov-Smirnov and Shapiro-Wilk tests, Chi2, QTc values are expressed as mean ± SD. Standard error was used for electrophysiological data. P<0.002 for all except R1973Q Biological replicates, negative control, predictions (In silico prediction tools Polyphen2, SIFT, and Splice Site Prediction by Neural Network were used to assess the in silico effect of missense variants and splicing alterations). Y e s Overall, the study cohort included 709 patients with BrS diagnosed according to the 2013 Heart Rhythm Society/European Heart Rhythm Association/Asia Pacific Heart Rhythm Society guidelines. Genetic analysis was performed by conventional Sanger sequencing (Applied Biosystems, Dreieich, Germany). All patients gave formal consent to genetic testing and release of their clinical data. The protocol was approved by the ICS Maugeri ethical committee. variant 17 CACNA1C (NM_001129843) cloned in pCMV6-XL4 (Origene Technologies, Rockville, MD) using the QuickChange II XL kit (Agilent Technologies, Santa Clara, CA). Transfection of HEK293 cells was performed using Effectene (Qiagen, Hombrechtikon, Switzerland) according to the manufacturer’s protocol Functionally abnormal. Missense. Shorter QT interval compared to nonmutated, fluorescence pattern in cytoplasmic and perinuclear regions (WT was in plasma membrane), No Ica current, final classification: likely pathogenic 

Role of CACNA1C in Brugada syndrome: Prevalence and phenotype of probands referred for genetic testing. 10.1016/j.hrthm.2021.12.032   B r u g a d a  S y n d r o m e   C A C N A 1 C N A N A p . R 1 8 8 0 Q OBI:0002176. Electrophysiology assay I n  v i t r o Cellular electrophysiology and immunofluorescence- HEK293 cells (human embryonic kidney cells) in the presence of Cavb2 and Cava2d1 subunits- Series of depolarization pulses in 10mV increments from holding potential of -80mVFurther investigation to know whether loss of current in some variants was caused by trafficking effects:- confocal microscopy (p.E850D, p. V1707I, p.A1717G, p.R1880Q)Confirmation cohort (screening): p.T320M, p.Q428E, p.E850D, p.N1255S, p.A1648T, p.A1717G, p.R1880Q, p.R1973Q, and p.G2084E  Current -voltage relat ionship  N A N A 1 W T 2 6  c e l l s 6 (Biological: each group (WT and each mutant) has 6 cells) Anova, ROC analysis, Kolmogorov-Smirnov and Shapiro-Wilk tests, t test, Kolmogorov-Smirnov and Shapiro-Wilk tests, Chi2, QTc values are expressed as mean ± SD. Standard error was used for electrophysiological data. P<0.002 for all except R1973Q Biological replicates, negative control, predictions (In silico prediction tools Polyphen2, SIFT, and Splice Site Prediction by Neural Network were used to assess the in silico effect of missense variants and splicing alterations). Y e s Overall, the study cohort included 709 patients with BrS diagnosed according to the 2013 Heart Rhythm Society/European Heart Rhythm Association/Asia Pacific Heart Rhythm Society guidelines. Genetic analysis was performed by conventional Sanger sequencing (Applied Biosystems, Dreieich, Germany). All patients gave formal consent to genetic testing and release of their clinical data. The protocol was approved by the ICS Maugeri ethical committee. variant 17 CACNA1C (NM_001129843) cloned in pCMV6-XL4 (Origene Technologies, Rockville, MD) using the QuickChange II XL kit (Agilent Technologies, Santa Clara, CA). Transfection of HEK293 cells was performed using Effectene (Qiagen, Hombrechtikon, Switzerland) according to the manufacturer’s protocol Functionally abnormal. Missense. Shorter QT interval compared to nonmutated, fluorescence pattern in cytoplasmic and perinuclear regions (WT was in plasma membrane), No Ica current, final classification: likely pathogenic 

Role of CACNA1C in Brugada syndrome: Prevalence and phenotype of probands referred for genetic testing. 10.1016/j.hrthm.2021.12.032   B r u g a d a  S y n d r o m e   C A C N A 1 C N A N A p . R 1 9 7 3 Q OBI:0002176. Electrophysiology assay I n  v i t r o Cellular electrophysiology and immunofluorescence- HEK293 cells (human embryonic kidney cells) in the presence of Cavb2 and Cava2d1 subunits- Series of depolarization pulses in 10mV increments from holding potential of -80mVFurther investigation to know whether loss of current in some variants was caused by trafficking effects:- confocal microscopy (p.E850D, p. V1707I, p.A1717G, p.R1880Q)Confirmation cohort (screening): p.T320M, p.Q428E, p.E850D, p.N1255S, p.A1648T, p.A1717G, p.R1880Q, p.R1973Q, and p.G2084E  Current -voltage relat ionship  N A N A 1 W T 2 6  c e l l s 6 (Biological: each group (WT and each mutant) has 6 cells) Anova, ROC analysis, Kolmogorov-Smirnov and Shapiro-Wilk tests, t test, Kolmogorov-Smirnov and Shapiro-Wilk tests, Chi2, QTc values are expressed as mean ± SD. Standard error was used for electrophysiological data. P<0.002 for all except R1973Q Biological replicates, negative control, predictions (In silico prediction tools Polyphen2, SIFT, and Splice Site Prediction by Neural Network were used to assess the in silico effect of missense variants and splicing alterations). Y e s Overall, the study cohort included 709 patients with BrS diagnosed according to the 2013 Heart Rhythm Society/European Heart Rhythm Association/Asia Pacific Heart Rhythm Society guidelines. Genetic analysis was performed by conventional Sanger sequencing (Applied Biosystems, Dreieich, Germany). All patients gave formal consent to genetic testing and release of their clinical data. The protocol was approved by the ICS Maugeri ethical committee. variant 17 CACNA1C (NM_001129843) cloned in pCMV6-XL4 (Origene Technologies, Rockville, MD) using the QuickChange II XL kit (Agilent Technologies, Santa Clara, CA). Transfection of HEK293 cells was performed using Effectene (Qiagen, Hombrechtikon, Switzerland) according to the manufacturer’s protocol Functionally normal. Missense. Prev. classif. Likely benign, final classification: benign 

Role of CACNA1C in Brugada syndrome: Prevalence and phenotype of probands referred for genetic testing. 10.1016/j.hrthm.2021.12.032   B r u g a d a  S y n d r o m e   C A C N A 1 C N A N A p . G 2 0 8 4 E OBI:0002176. Electrophysiology assay I n  v i t r o Cellular electrophysiology and immunofluorescence- HEK293 cells (human embryonic kidney cells) in the presence of Cavb2 and Cava2d1 subunits- Series of depolarization pulses in 10mV increments from holding potential of -80mVFurther investigation to know whether loss of current in some variants was caused by trafficking effects:- confocal microscopy (p.E850D, p. V1707I, p.A1717G, p.R1880Q)Confirmation cohort (screening): p.T320M, p.Q428E, p.E850D, p.N1255S, p.A1648T, p.A1717G, p.R1880Q, p.R1973Q, and p.G2084E  Current -voltage relat ionship  N A N A 1 W T 2 6  c e l l s 6 (Biological: each group (WT and each mutant) has 6 cells) Anova, ROC analysis, Kolmogorov-Smirnov and Shapiro-Wilk tests, t test, Kolmogorov-Smirnov and Shapiro-Wilk tests, Chi2, QTc values are expressed as mean ± SD. Standard error was used for electrophysiological data. P<0.002 for all except R1973Q Biological replicates, negative control, predictions (In silico prediction tools Polyphen2, SIFT, and Splice Site Prediction by Neural Network were used to assess the in silico effect of missense variants and splicing alterations). Y e s Overall, the study cohort included 709 patients with BrS diagnosed according to the 2013 Heart Rhythm Society/European Heart Rhythm Association/Asia Pacific Heart Rhythm Society guidelines. Genetic analysis was performed by conventional Sanger sequencing (Applied Biosystems, Dreieich, Germany). All patients gave formal consent to genetic testing and release of their clinical data. The protocol was approved by the ICS Maugeri ethical committee. variant 17 CACNA1C (NM_001129843) cloned in pCMV6-XL4 (Origene Technologies, Rockville, MD) using the QuickChange II XL kit (Agilent Technologies, Santa Clara, CA). Transfection of HEK293 cells was performed using Effectene (Qiagen, Hombrechtikon, Switzerland) according to the manufacturer’s protocol Functionally abnormal. Missense. Shorter QT interval compared to nonmutated, reduction of 60% of Ica current, final classific ation: likely pathogenic 
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Diseño y desarrollo de una fuente de datos sobre estudios funcionales asociados al criterio PS3/BS3 de las guías ACMG-AMP 2015 y aplicación en cardiopatías familiares 
 
 

 
 

Role of CACNA1C in Brugada syndrome: Prevalence and phenotype of probands referred for genetic testing. 10.1016/j.hrthm.2021.12.032   B r u g a d a  S y n d r o m e   C A C N A 1 C N A N A p .  V 1 7 0 7 I OBI:0002176. Electrophysiology assay I n  v i t r o Cellular electrophysiology and immunofluorescence- HEK293 cells (human embryonic kidney cells) in the presence of Cavb2 and Cava2d1 subunits- Series of depolarization pulses in 10mV increments from holding potential of -80mVFurther investigation to know whether loss of current in some variants was caused by trafficking effects:- confocal microscopy (p.E850D, p. V1707I, p.A1717G, p.R1880Q)Confirmation cohort (screening): p.T320M, p.Q428E, p.E850D, p.N1255S, p.A1648T, p.A1717G, p.R1880Q, p.R1973Q, and p.G2084E  Current -voltage relat ionship  N A N A 1 W T 2 6  c e l l s 6 (Biological: each group (WT and each mutant) has 6 cells) Anova, ROC analysis, Kolmogorov-Smirnov and Shapiro-Wilk tests, t test, Kolmogorov-Smirnov and Shapiro-Wilk tests, Chi2, QTc values are expressed as mean ± SD. Standard error was used for electrophysiological data. P<0.002 for all except R1973Q Biological replicates, negative control, predictions (In silico prediction tools Polyphen2, SIFT, and Splice Site Prediction by Neural Network were used to assess the in silico effect of missense variants and splicing alterations). Y e s Overall, the study cohort included 709 patients with BrS diagnosed according to the 2013 Heart Rhythm Society/European Heart Rhythm Association/Asia Pacific Heart Rhythm Society guidelines. Genetic analysis was performed by conventional Sanger sequencing (Applied Biosystems, Dreieich, Germany). All patients gave formal consent to genetic testing and release of their clinical data. The protocol was approved by the ICS Maugeri ethical committee. variant 17 CACNA1C (NM_001129843) cloned in pCMV6-XL4 (Origene Technologies, Rockville, MD) using the QuickChange II XL kit (Agilent Technologies, Santa Clara, CA). Transfection of HEK293 cells was performed using Effectene (Qiagen, Hombrechtikon, Switzerland) according to the manufacturer’s protocol Functionally abnormal. Missense. Fluorescence pattern in cytoplasmic and perinuclear regions (WT was in plasma membrane) 

Long QT syndrome type 8: novel CACNA1C mutat ions causing QT prolongat ion and variant phenotypes. 10.1 093 /eur op ace /eu u063  L o n g  Q T  S y n d r o m e  C A C N A 1 C N A N A p . P 3 8 1 S OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Whole-cell patch-clamp of Chinese Hamster Ovary cells transfected with WT cDNA or mutant cDNA- WT cDNA tagged by Nα1c in pcDNA vector- cDNAs of CACNB2b and CACNA2D1 cloned in pcDNA3.1 vector. the peak calcium currents, inactivation and activation activity N A N A 1 W T 2 2 2  c e l l s Biological: wildtype/mutantsWT: n=22 cellsP381S (n = 22)M456I (n = 13)A582D (n = 18)R858H (n = 22)G1783C (n = 14) Mean± standard deviation, Continuous patch-clamp data expressed as mean ±standard error, Student t-tests, Pvalue<0.05 Prediction of possible impact of aminoacidsubstitutions on structure and function of protein w PolyPhen-2 MutPred, AlignGVGD Y e s The study cohort included 278 Japanese probands registered at the Shiga University of Medical Science and Kyoto University Graduate School of Medicine between 1996 and 2012. All subjects gave written informed consent in accordance with the guidelines approved by each institutional review board. The human wild-type (WT) CACNA1C cDNA tagged by (EYFP) Na1c, 77 in pcDNA vector and cDNAs of CACNB2b and CACNA2D1, both cloned in pcDNA3.1 vector (Invitrogen), were used. Vectors were gifts from Dr Charles Antzelevitch (Masonic Medical Research Laboratory). Site-directed mutagenesis was performed using QuickChange-II-XL kit (Stratagene). Functionally abnormal. PREDICTED DAMAGING BY ALL PREDICTION SOFTWARES. EXERCISE PROLONGED QTc INTERVALS, no significant differences in gating of Ica current 

Long QT syndrome type 8: novel CACNA1C mutations causing QT prolongation and variant phenotypes. 10.1 093 /eur op ace /eu u063  L o n g  Q T  S y n d r o m e  C A C N A 1 C N A N A p . M 4 5 6 I OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Whole-cell patch-clamp of Chinese Hamster Ovary cells transfected with WT cDNA or mutant cDNA- WT cDNA tagged by Nα1c in pcDNA vector- cDNAs of CACNB2b and CACNA2D1 cloned in pcDNA3.1 vector. the peak calcium currents, inactivation and activation activity N A N A 1 W T 2 1 3  c e l l s Biological: wildtype/mutantsWT: n=22 cellsP381S (n = 22)M456I (n = 13)A582D (n = 18)R858H (n = 22)G1783C (n = 14) Mean± standard deviation, Continuous patch-clamp data expressed as mean ±standard error, Student t-tests, Pvalue<0.06 Prediction of possible impact of aminoacid substitutions on structure and function of protein w PolyPhen-2 MutPred, AlignGVGD Y e s The study cohort included 278 Japanese probands registered at the Shiga University of Medical Science and Kyoto University Graduate School of Medicine between 1996 and 2012. All subjects gave written informed consent in accordance with the guidelines approved by each institutional review board. The human wild-type (WT) CACNA1C cDNA tagged by (EYFP) Na1c, 77 in pcDNA vector and cDNAs of CACNB2b and CACNA2D1, both cloned in pcDNA3.1 vector (Invitrogen) , were used. Vectors were gifts from Dr Charles Antzelevitch (Masonic Medical Research Laboratory). Site-directed mutagenesis was performed using QuickChange-II-XL kit (Stratagene). Functionally abnormal. PREDICTED BENIGN POLYPHEN2, no significant differences in gating of Ica current 

Long QT syndrome type 8: novel CACNA1C mutations causing QT prolongation and variant phenotypes. 10.1 093 /eur op ace /eu u063  L o n g  Q T  S y n d r o m e  C A C N A 1 C N A N A p . A 5 8 2 D OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Whole-cell patch-clamp of Chinese Hamster Ovary cells transfected with WT cDNA or mutant cDNA- WT cDNA tagged by Nα1c in pcDNA vector- cDNAs of CACNB2b and CACNA2D1 cloned in pcDNA3.1 vector. the peak calcium currents, inactivation and activation activity N A N A 1 W T 2 1 8  c e l l s Biological: wildtype/mutantsWT: n=22 cellsP381S (n = 22)M456I (n = 13)A582D (n = 18)R858H (n = 22)G1783C (n = 14) Mean± standard deviation, Continuous patch-clamp data expressed as mean ±standard error, Student t-tests, Pvalue<0.07 Prediction of possible impact of aminoacid substitutions on structure and function of protein w PolyPhen-2 MutPred, AlignGVGD Y e s The study cohort included 278 Japanese probands registered at the Shiga University of Medical Science and Kyoto University Graduate School of Medicine between 1996 and 2012. All subjects gave written informed consent in accordance with the guidelines approved by each institutional review board. The human wild-type (WT) CACNA1C cDNA tagged by (EYFP) Na1c, 77 in pcDNA vector and cDNAs of CACNB2b and CACNA2D1, both cloned in pcDNA3.1 vector (Invitrogen), were used. Vectors were gifts from Dr Charles Antzelevitch (Masonic Medical Research Laboratory). Site-directed mutagenesis was performed using QuickChange-II-XL kit (Stratagene). Functionally abnormal. Time constants significantly larger than WT in potentials (10,20mV) / inact ivation 2mV positive shift (gain of function, window currents larger) → GAIN OF FUNCTION, SLOW Ica INACTIVATION 

Long QT syndrome type 8: novel CACNA1C mutations causing QT prolongation and variant phenotypes. 10.1 093 /eur op ace /eu u063  L o n g  Q T  S y n d r o m e  C A C N A 1 C N A N A p . R 8 5 8 H OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Whole-cell patch-clamp of Chinese Hamster Ovary cells transfected with WT cDNA or mutant cDNA- WT cDNA tagged by Nα1c in pcDNA vector- cDNAs of CACNB2b and CACNA2D1 cloned in pcDNA3.1 vector. the peak calcium currents, inactivation and activation activity N A N A 1 W T 2 2 2  c e l l s Biological: wildtype/mutantsWT: n=22 cellsP381S (n = 22)M456I (n = 13)A582D (n = 18)R858H (n = 22)G1783C (n = 14) Mean± standard deviation, Continuous patch-clamp data expressed as mean ±standard error, Student t-tests, Pvalue<0.08 Prediction of possible impact of aminoacid substitutions on structure and function of protein w PolyPhen-2 MutPred, AlignGVGD Y e s The study cohort included 278 Japanese probands registered at the Shiga University of Medical Science and Kyoto University Graduate School of Medicine between 1996 and 2012. All subjects gave written informed consent in accordance with the guidelines approved by each institutional review board. The human wild-type (WT) CACNA1C cDNA tagged by (EYFP) Na1c, 77 in pcDNA vector and cDNAs of CACNB2b and CACNA2D1, both cloned in pcDNA3.1 vector (Invitrogen), were used. Vectors were gifts from Dr Charles Antzelevitch (Masonic Medical Research Laboratory). Site-directed mutagenesis was performed using QuickChange-II-XL kit (Stratagene). Functionally abnormal. Peak inward current denstities significantly larger in potentials ( -10, 30mV) / activation of channels had approx.. 2mV negative shift / inactivation 2mV positive shift (gain of function on LTCC, window currents larger) → INCREASED Ica CURRENT, 2OF3 DIDN’T HAVE QT PROLONGATION BUT HAD SEVERE ARRHYTMIA ATTACKS. 

Long QT syndrome type 8: novel CACNA1C mutations causing QT prolongation and variant phenotypes. 10.1 093 /eur op ace /eu u063  L o n g  Q T  S y n d r o m e  C A C N A 1 C N A N A p . G 1 7 8 3 C OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Whole-cell patch-clamp of Chinese Hamster Ovary cells transfected with WT cDNA or mutant cDNA- WT cDNA tagged by Nα1c in pcDNA vector- cDNAs of CACNB2b and CACNA2D1 cloned in pcDNA3.1 vector. the peak calcium currents, inactivation and activation activity N A N A 1 W T 2 1 4  c e l l s Biological: wildtype/mutantsWT: n=22 cellsP381S (n = 22)M456I (n = 13)A582D (n = 18)R858H (n = 22)G1783C (n = 14) Mean± standard deviation, Continuous patch-clamp data expressed as mean ±standard error, Student t-tests, Pvalue<0.09 Prediction of possible impact of aminoacid substitutions on structure and function of protein w PolyPhen-2 MutPred, AlignGVGD Y e s The study cohort included 278 Japanese probands registered at the Shiga University of Medical Science and Kyoto University Graduate School of Medicine between 1996 and 2012. All subjects gave written informed consent in accordance with the guidelines approved by each institutional review board. The human wild-type (WT) CACNA1C cDNA tagged by (EYFP) Na1c, 77 in pcDNA vector and cDNAs of CACNB2b and CACNA2D1, both cloned in pcDNA3.1 vector (Invitrogen), were used. Vectors were gifts from Dr Charles Antzelevitch (Masonic Medical Research Laboratory). Site-directed mutagenesis was performed using QuickChange-II-XL kit (Stratagene). Functionally abnormal. PREDICTED BENIGN POLYPHEN2, no significant differences in gating of Ica current 

Missense mutations in Desmocollin-2 N-terminus, associated with arrhythmogenic right ventricular cardiomyopathy, affect intracellular localization of desmocollin -2 in vitro. 1 0 . 1 1 8 6 / 1 4 7 1 - 2 3 5 0 - 8 - 6 5  Arrhythmogenic Right Ventricular Cardiomyopathy D S C 2 N A c . 3 0 4 G > A   p.E102K ECO:0001816. Green fluorescent protein reporter gene assay evidence I n  v i t r o Wild-type and mutated cDNAs cloned in eukaryotic expression vectors, obtained fusion protein with green fluorescence protein, transfected in neonatal rat cardiomyocytes and in HL-I cells.  Localization and protein interactions N A N A 1 W T 2 9 Biological: wildtype/mutantEach set of subsequent experiments was performed in triplicate and was repeated 3 times. N A C o n t r o l  n e g . Y e s  All clinical investigations and blood sampling for DNA analysis were performed under informed consent, according to the pertinent Italian legislation and in compliance with Helsinki declaration. DHPLC analysis was performed with the use of WAVE Nucleic Acid Fragment Analysis System 3500 HT (Transgenomic Ltd NE, USA). Cardiac ventricular myocytes from one to three days oldCrl:(WI)BR-Wistar rats (Charles River Laboratories, Wilmington, MA) were used. All animal procedures were followed according to institutional guidelines. The cDNA of human DSC2a was kindly provided by Dr W.W. Franke (Heidelberg, Germany). We used the QuikChange XL SiteDirected Mutagenesis Kit (Stratagene) for site-directed mutagenesis.  Functionally abnormal. Replaced negatively-charged residue by a positively-charged one, localized in cell membrane and cytoplasm instead of only cell membrane. 

Missense mutations in Desmocollin-2 N-terminus, associated with arrhythmogenic right ventricular cardiomyopathy, affect intracellular localization of desmocollin-2 in vitro. 1 0 . 1 1 8 6 / 1 4 7 1 - 2 3 5 0 - 8 - 6 5  Arrhythmogenic Right Ventricular Cardiomyopathy D S C 2 N A c . 1 0 3 4 T > C p . I 3 4 5 T ECO:0001816. Green fluorescent protein reporter gene assay evidence I n  v i t r o Wild-type and mutated cDNAs cloned in eukaryotic expression vectors, obtained fusion protein with green fluorescence protein, transfected in neonatal rat cardiomyocytes and in HL-I cells.  Localization and protein interactions N A N A 1 W T 2 9 Biological: wildtype/mutantEach set of subsequent experiments was performed in triplicate and was repeated 3 times. N A C o n t r o l  n e g . Y e s  All clinical investigations and blood sampling for DNA analysis were performed under informed consent, according to the pertinent Italian legislation and in compliance with Helsinki declaration. DHPLC analysis was performed with the use of WAVE Nucleic Acid Fragment Analysis System 3500 HT (Transgenomic Ltd NE, USA). Cardiac ventricular myocytes from one to three days oldCrl:(WI)BR-Wistar rats (Charles River Laboratories, Wilmington, MA) were used. All animal procedures were followed according to institutional guidelines. The cDNA of human DSC2a was kindly provided by Dr W.W. Franke (Heidelberg, Germany). We used the QuikChange XL SiteDirected Mutagenesis Kit (Stratagene) for site-directed mutagenesis.  Functionally abnormal. Replaced a non polar hydrophobic aminoacid by a polar hydrophilic aa, localized predominantly in cytoplasm instead of cell membrane. 

The p.A897KfsX4 frameshift variation in desmoc ollin-2 is not a c ausat ive mutation in arrhythmogenic right ventricular c ardiomyopathy. https://doi.org/10.1038/ejhg.2010.19  Arrhythmogenic Right Ventricular Cardiomyopathy D S C 2 N A N A p . A 8 9 7 K f s X 4 ECO:000018. In vitro assay evidence I n  v i t r o HL-1 cells transfected with wt constructs or variant human DSC2a and studied with immunostaining and confocal imaging. Three new constructs: - an insertion c.2687_2688insGA leading to the frameshift variation p.A897KfsX4- nucleotide substitution c.536A4G (p.D179G)  polymorphism- nucleotide substitution c.2393G4A (p.R798Q) polymorphism Location in cytoplasm, endogenous dsg distribution N A N A 3 WT, polymorphism p.D179G, polymorphim p.R798Q 2 N A Biological:  wildtype/mutants One-tail Fisher’s exact test, p-value < 0.05 S t a t i s t i c a l ,  w i l d  t y p e  Y e s A clinical diagnosis of Arrhythmogenic Right Ventricular Cardiomyopathy/D was based on major and minor criteria, established by the European Society of Cardiology/ International Society and Federation of Cardiology Task Force.15 Informed consent for clinical investigations and blood sampling for DNA analysis was obtained from all participating individuals, according to the pertinent Italian legislation and in compliance with the Helsinki declaration. DNA samples of all frameshift variation carriers were assessed for a common haplotype using the following microsatellite markers: D18S847, D18SH3, D18SH4 and D18S36. Amplification products were pooled into a post-amplification panel, mixed with GeneScan ROX400 size standard (Applied Biosystems, Foster City, CA, USA). Capillary electrophoresis was carried out on an ABI PRISM 3730XL DNA sequencer (Applied Biosystems) and Genotyper V3.5 analysis software (Applied Biosystems) was used to analyse each amplicon. HL-1 cells, kindly provided by Dr WC Claycomb (New Orleans), were used and maintained as previously reported. Constructs corresponding to wild type or to a variant of human DSC2a were transiently transfected in HL-1 cells at a confluence of 70–80%, using Effectene reagent (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Transfected cells were incubated for 48 h to allow protein expression and desmosome formation. Functionally abnormal. Previously reported as p.E896fsX900. It causes premature termination of the protein. Protein-carrying frameshift variation p.A897KfsX4 was detected in the cytoplasm (instead of plasma membrane in WT), losing the proper desmosomal localisation along cell boundaries. However, endogenous dsg is normally well distributed.- Four out of five patients carrying the p.A897KfsX4 variation also had one or two additional Arrhythmogenic Right Ventricular Cardiomyopathy/D mutations- a rare polymorphism that may affect the phenotypic expression of concomitant Arrhythmogenic Right Ventricular Cardiomyopathy/D mutations 

A novel desmocollin-2 mutation reveals insights into the molecular link between desmosomes and gap junctions. 10.1016/j.hrthm.2011.01.010  Arrhythmogenic Right Ventricular Cardiomyopathy D S C 2 N A c . 2 5 5 3 d e l A N A ECO:0000016. Loss-of-function mutant phenotype evidence I n  v i t r o Expression of DSG2 WT and A517V as GFP fusion proteins in COS-1 cells. DSG2 WT and A517V GFP fusion proteins were transiently expressed in HL-1 cells, counterstained with the cell -cell contact marker plakoglobin, and in neonatal rat cardiomyocytes) to study localisation of mutant DSG2.  DSC2 binding to PG and PKP2 and DSC2 effect on Cx43 total protein level, localisation and possible relationship between desmosomal proteins and gap junctions. 1 Protein analyses by Western blotting in comparison to a non-failing control sample with NF set to 1 2 WT, GST alone served as a negative control 4 6  W B Western Blots were probed for in duplicates and for quantification of Cx43 in the patient sample, blots for Cx43 and desmin (loading control) were run in triplicates. (2x3=6) Data presented as mean ± standard deviation, Student’s t-test, p<0.05 Stats, pos control, neg control  Y e s Genomic DNA was extracted from whole blood using QIAamp DNA Blood mini kits (Qiagen). HL-1 cells (a kind gift of Dr R. Breckenridge, Centre for Clinical Pharmacology, University College London, UK) were cultured in Claycomb medium (Sigma). Primary cultures of neonatal rat cardiomyocytes (NRC) were established using the Neonatal Cardiomyocyte Isolation System from Worthington (Lakewood, NJ, USA). Vector twhere WT and mutants were cloned from GE Healthcare. Functionally abnormal. Induced premature stop codon at position 855, truncating the last 47 amino-acids of DSC2a isoform. (exon 16). Altered binding properties of the desmocollin-2a mutant may contribute to the changes in connexin43.C. 2553 delA: ICS (that mediates binding to other desmosomal components) in DSC2a form is predicted to be truncated. → interference with intradesmosomal protein interactions.• For DSC2a: WT bound to PG and PKP2 – MUTANT still bound to PKP2, strongly reduced binding to PG and didn’t bind to DSP construct. • WT DSC2a co-sedimented with Cx43-YFP, but MUTANTS don’t.These results not only point toward a novel direct interaction between DSC2a and Cx43 but also indicate that the abolished interaction between the mutant DSC2a protein and Cx43 could contribute to the gap junction protein changes observed in the patient’s myocardium. 

A novel desmocollin-2 mutation reveals insights into the molecular link between desmosomes and gap junctions. 10.1016/j.hrthm.2011.01.010  Arrhythmogenic Right Ventricular Cardiomyopathy D S G 2 N A c . 1 5 5 0 C > T N A ECO:0000016. Loss-of-function mutant phenotype evidence I n  v i t r o Expression of DSG2 WT and A517V as GFP fusion proteins in COS-1 cells. DSG2 WT and A517V GFP fusion proteins were transiently expressed in HL-1 cells, counterstained with the cell -cell contact marker plakoglobin, and in neonatal rat cardiomyocytes) to study localisation of mutant DSG2.  DSC2 binding to PG and PKP2 and DSC2 effect on Cx43 total protein level, localisation and possible relationship between desmosomal proteins and gap junctions. 1 Protein analyses by Western blotting in comparison to a non-failing control sample with NF set to 2 2 WT, GST alone served as a negative control 4 6  W B Western Blots were probed for in duplicates and for quantification of Cx43 in the patient sample, blots for Cx43 and desmin (loading control) were run in triplicates. Data presented as mean ± standard deviation, Student’s t-test, p<0.06 Stats, pos control, neg control  Y e s Genomic DNA was extracted from whole blood using QIAamp DNA Blood mini kits (Qiagen). HL-1 cells (a kind gift of Dr R. Breckenridge, Centre for Clinical Pharmacology, University College London, UK) were cultured in Claycomb medium (Sigma). Primary cultures of neonatal rat cardiomyocytes (NRC) were established using the Neonatal Cardiomyocyte Isolation System from Worthington (Lakewood, NJ, USA). Vector twhere WT and mutants were cloned from GE Healthcare. Functionally normal. Change of aminoacid (exon 11). Altered binding properties for the DSG2 change were not identified  

G790del mutation in DSC2 alone is insufficient to develop the pathogenesis of Arrhythmogenic Right Ventricular Cardiomyopathy in a mouse model. 10.1016/j.bbrep.2019.100711  Arrhythmogenic Right Ventricular Cardiomyopathy D S C 2 N A N A p . G 7 9 0 d e l ECO:0001131. Transgenic organism evidence. I n  v i v o Mouse model, genome editing with CRISPR/Cas9. Histological analysis, echocardiography surface electrocardiogram, antibodies, western blotting, immunohistochemistry analysis of desmosome proteins Effect of G790del mutation in DSC2 on the arrhythmogenic mechanism and cardiac function in a mouse model, from structural differences in RV, ECG, desmosomal protein expression, sarcomere shortening and Ca2+. N A N A 1 W T   3 9 heterozygous8 homozygo u s Biological: wildtype/mutantWT n=10 / KI-hetero, (+/G790del KI) n=9 / KI-mice (G790del/G790del KI), n=8  One-way ANOVA followed by a post hoc Dunnett's test was performed for statistical comparison of more than two groups. All data were expressed as mean ± SEM. P-value of less than 0.05 was considered statistically significant. To compare the occurrence rate of more than two groups, Chi -squared tests and Ryan's method were employed C o n t r o l s ,  s t a t i s t i c s  Y e s This study conformed to the Guide for the Care and Use of Laboratory Animals published by the NIH (NIH Publications No. 8023, revised 1978). The care of the animals and the protocols used were in accordance with the guidelines established by the Animal Ethics Committee of Yamaguchi University School of Medicine. Hearts from WT, +/G790del KI, and G790del/G790del KI mice aged between 44 and 48 weeks were collected and fixed, A complete, full-circumferential section, at the level of the left ventricular papillary muscles, was selected for morphometric analysis. Antibodies used in this experiment included DSC2 (anti DSC2_494–507 custom-made), DSG2 (Progen), PKG(SCB), PKP2(Progen), DSP(Santa Cruz), CX43(Sigma-Aldrich), Caspase-3 p17(SCB), TGF-β(SCB), collagen 6(Southern Biotech), and GAPDH (Sigma-Aldrich). The membrane fraction of the heart from WT and KI mice was extracted using Mem-PER Plus Membrane Protein Extraction Kit (Thermo Fisher). Tissue membrane fraction samples were denatured in SDSPAGE sample buffer. The hearts were fixed in 4% paraformaldehyde overnight at room temperature. Subsequently, the hearts were embedded in paraffin and sliced in 5 μm thick sections. Slices were deparaffinized using xylene and ethanol, and then stained overnight with the primary antibodies in 1% bovine serum albumin and 0.5% Triton X-100. After washing with PBS, slides were stained with the secondary antibodies for 4 h at room temperature. Functionally normal. G790del mutation in DSC2 was not relevant to the pathogenesis of Arrhythmogenic Right Ventricular Cardiomyopathy, but showed a slight contractile dysfunction  and Ca2+ dysregulation (Ca2+ release) in the LV structural differences in RV, ECG, desmosomal protein expression, sarcomere shortening and Ca2+:- No significant structural differences, no fibrosis and fat infiltration. Chamber size of LV enlarged with decrease in fractional shortening in 6mo homozygous G790del/G790del mice.- Homozygous mice had slightly prolonged QT, tended to show arrhythmias, but not significantly.- No major difference in protein expression- Homozygous: slight decrease in cell shortening and prolongation of relaxation period. Peak of intracellular Ca2+ transient also slightly decreased. The frequency of spontaneous Ca2+ transients increased.  

Functional assessment of potential splice site variants in arrhythmogenic right ventricular dysplasia/c ardiomyopathy.   10.1016/j.hrthm.2014.07.041  Arrhythmogenic Right Ventricular Cardiomyopathy P K P 2 N A c . 1 3 7 8 G > A N A ECO:0005514. Splice site mutation phenotypic evidence In silico predict ions + In vit ro  Isolated RNA were subjected to RT-PCR to get cDNA products . Software algorithm prediction (MaxEntScan, HSF, NNSPLICE, GeneSplicer, SpliceSiteFinder) + Variant minor allele frequency (MAF) was assessed in large control databases, including Dutch control datasets E f f ect s  o n  m R N A s p l ic i n g  N A Control population: Variant minor allele frequency (MAF) was assessed in large control databases, including Dutch control datasetsElectrophoresis standard control  N A N A 1 N A NA (patients who fulfilled 2010 ARVD/C Task Force Criteria (n = 7) or had suspected ARVD/C (n = 2), 9 variants) N A Software algorithm predict ion,  Y e s All patients consented to clinical and genetic evaluation and in particular to DNA and RNA analysis. The study conformed to the Guiding Principles of the Declaration of Helsinki and was approved by the Institutional Review Board at our institution. DNA was isolated from peripheral blood lymphocytes according to standard protocols. The coding regions of the desmosomal genes studied were analyzed using direct Sanger sequence analysis performed with a BigDye Terminator DNA sequencing kit (version 2.0) on a 3730 automated sequencer (Applied Biosystems, Foster City, CA). All sequences were analyzed using established sequence analysis software. Total RNA was isolated from fresh blood samples from the ARVD/C index patients using the PAXgene kit (QIAGEN Benelux, Venlo, The Netherlands) and subjected to random hexamer primed reverse transcriptase polymerase chain reaction (RT-PCR). The obtained cDNA products were amplified by PCR with exonic primers specific for the fragment of interest. All cDNA fragments were separated according to size using 2% agarose gel electrophoresis along with a 100 -bp DNA ladder (O’GeneRuler; Fermentas, Burlington, Ontario, Canada). Both normal and aberrant fragments were subjected to direct sequencing. Primers and PCR details are available upon request. Functionally abnormal. Found in subjects that fulfilled 2010 TFC for ARVD/C diagnosis: RV structural alterations, inverted T waves (V1-V3) and VT with LBBB. Inactivates normal exon 5 splice donor site and leads to activation of cryptic splice donor site in exon 5. Resulting transcript out of frame. → PATHOGENIC SPLICE SITE MUTATIONS 

Functional assessment of potential splice site variants in arrhythmogenic right ventricular dysplasia/cardiomyopathy.  10.1016/j.hrthm.2014.07.041  Arrhythmogenic Right Ventricular Cardiomyopathy P K P 2 N A c . 1 5 1 1 - 2 A > G N A ECO:0005514. Splice site mutation phenotypic evidence In silico predict ions + In vit ro  Isolated RNA were subjected to RT-PCR to get cDNA products . Software algorithm prediction (MaxEntScan, HSF, NNSPLICE, GeneSplicer, SpliceSiteFinder) + Variant minor allele frequency (MAF) was assessed in large control databases, including Dutch control datasets E f f ect s  o n  m R N A s p l ic i n g  N A Control population: Variant minor allele frequency (MAF) was assessed in large control databases, including Dutch control datasets N A N A 1 N A NA (patients who fulfilled 2010 ARVD/C Task Force Criteria (n = 7) or had suspected ARVD/C (n = 2), 9 variants) N A Software algorithm predict ion,  Y e s All patients consented to clinical and genetic evaluation and in particular to DNA and RNA analysis. The study conformed to the Guiding Principles of the Declaration of Helsinki and was approved by the Institutional Review Board at our institution. DNA was isolated from peripheral blood lymphocytes according to standard protocols. The coding regions of the desmosomal genes studied were analyzed using direct Sanger sequence analysis performed with a BigDye Terminator DNA sequencing kit (version 2.0) on a 3730 automated sequencer (Applied Biosystems, Foster City, CA). All sequences were analyzed using established sequence analysis software. Total RNA was isolated from fresh blood samples from the ARVD/C index patients using the PAXgene kit (QIAGEN Benelux, Venlo, The Netherlands) and subjected to random hexamer primed reverse transcriptase polymerase chain reaction (RT-PCR). The obtained cDNA products were amplified by PCR with exonic primers specific for the fragment of interest. All cDNA fragments were separated according to size using 2% agarose gel electrophoresis along with a 100 -bp DNA ladder (O’GeneRuler; Fermentas, Burlington, Ontario, Canada). Both normal and aberrant fragments were subjected to direct sequencing. Primers and PCR details are available upon request. Functionally abnormal. Found in proven ARVD/C patient w inverted T waves (V1-V3) and prolonged terminal activation duration on ECG. RT-PCR analyses + sanger seq. analysis: exclusion exon 7, leading to shifts in the reading frame of the resulting mutant transcripts.  → PATHOGENIC SPLICE SITE MUTATIONS 

Functional assessment of potential splice site variants in arrhythmogenic right ventricular dysplasia/cardiomyopathy.  10.1016/j.hrthm.2014.07.041  Arrhythmogenic Right Ventricular Cardiomyopathy P K P 2 N A c . 2 1 4 6 - 1 G > C N A ECO:0005514. Splice site mutation phenotypic evidence In silico predict ions + In vit ro  Isolated RNA were subjected to RT-PCR to get cDNA products . Software algorithm prediction (MaxEntScan, HSF, NNSPLICE, GeneSplicer, SpliceSiteFinder) + Variant minor allele frequency (MAF) was assessed in large control databases, including Dutch control datasets E f f ect s  o n  m R N A s p l ic i n g  N A Control population: Variant minor allele frequency (MAF) was assessed in large control databases, including Dutch control datasets N A N A 1 N A NA (patients who fulfilled 2010 ARVD/C Task Force Criteria (n = 7) or had suspected ARVD/C (n = 2), 9 variants) N A Software algorithm predict ion,  Y e s All patients consented to clinical and genetic evaluation and in particular to DNA and RNA analysis. The study conformed to the Guiding Principles of the Declaration of Helsinki and was approved by the Institutional Review Board at our institution. DNA was isolated from peripheral blood lymphocytes according to standard protocols. The coding regions of the desmosomal genes studied were analyzed using direct Sanger sequence analysis performed with a BigDye Terminator DNA sequencing kit (version 2.0) on a 3730 automated sequencer (Applied Biosystems, Foster City, CA). All sequences were analyzed using established sequence analysis software. Total RNA was isolated from fresh blood samples from the ARVD/C index patients using the PAXgene kit (QIAGEN Benelux, Venlo, The Netherlands) and subjected to random hexamer primed reverse transcriptase polymerase chain reaction (RT-PCR). The obtained cDNA products were amplified by PCR with exonic primers specific for the fragment of interest. All cDNA fragments were separated according to size using 2% agarose gel electrophoresis along with a 100 -bp DNA ladder (O’GeneRuler; Fermentas, Burlington, Ontario, Canada). Both normal and aberrant fragments were subjected to direct sequencing. Primers and PCR details are available upon request. Functionally abnormal. Found in study subject and other patients w cosegregation of ARVD/C and this variant in 3 families. RT-PCR analyses + sanger seq. analysis: exclusion exon 11, leading to shifts in the reading frame of the resulting mutant transcripts.  → PATHOGENIC SPLICE SITE MUTATIONS 

Functional assessment of potential splice site variants in arrhythmogenic right ventricular dysplasia/cardiomyopathy.  10.1016/j.hrthm.2014.07.041  Arrhythmogenic Right Ventricular Cardiomyopathy P K P 2 N A c . 2 5 7 8 - 3 A > G N A ECO:0005514. Splice site mutation phenotypic evidence In silico predict ions + In vit ro  Isolated RNA were subjected to RT-PCR to get cDNA products . Software algorithm prediction (MaxEntScan, HSF, NNSPLICE, GeneSplicer, SpliceSiteFinder) + Variant minor allele frequency (MAF) was assessed in large control databases, including Dutch control datasets E f f ect s  o n  m R N A s p l ic i n g  N A Control population: Variant minor allele frequency (MAF) was assessed in large control databases, including Dutch control datasets N A N A 1 N A NA (patients who fulfilled 2010 ARVD/C Task Force Criteria (n = 7) or had suspected ARVD/C (n = 2), 9 variants) N A Software algorithm predict ion,  Y e s All patients consented to clinical and genetic evaluation and in particular to DNA and RNA analysis. The study conformed to the Guiding Principles of the Declaration of Helsinki and was approved by the Institutional Review Board at our institution. DNA was isolated from peripheral blood lymphocytes according to standard protocols. The coding regions of the desmosomal genes studied were analyzed using direct Sanger sequence analysis performed with a BigDye Terminator DNA sequencing kit (version 2.0) on a 3730 automated sequencer (Applied Biosystems, Foster City, CA). All sequences were analyzed using established sequence analysis software. Total RNA was isolated from fresh blood samples from the ARVD/C index patients using the PAXgene kit (QIAGEN Benelux, Venlo, The Netherlands) and subjected to random hexamer primed reverse transcriptase polymerase chain reaction (RT-PCR). The obtained cDNA products were amplified by PCR with exonic primers specific for the fragment of interest. All cDNA fragments were separated according to size using 2% agarose gel electrophoresis along with a 100 -bp DNA ladder (O’GeneRuler; Fermentas, Burlington, Ontario, Canada). Both normal and aberrant fragments were subjected to direct sequencing. Primers and PCR details are available upon request. Functionally abnormal. Found in mild RV abnormalities, patchy LV fibrosis and negative T waves (V1-V3) and frequent ventricular ectopy. Variant creates a new preferentially used splice acceptor site, 2 nucleotides upstream of normal exon 14 splice acceptor. Transcript out of frame.  → PATHOGENIC SPLICE SITE MUTATIONS 

Functional assessment of potential splice site variants in arrhythmogenic right ventricular dysplasia/cardiomyopathy.  10.1016/j.hrthm.2014.07.041  Arrhythmogenic Right Ventricular Cardiomyopathy J U P  N A c . 4 6 9 - 8 _ 4 6 9 - 1 d e l  N A ECO:0005514. Splice site mutation phenotypic evidence In silico predict ions + In vit ro  Isolated RNA were subjected to RT-PCR to get cDNA products . Software algorithm prediction (MaxEntScan, HSF, NNSPLICE, GeneSplicer, SpliceSiteFinder) + Variant minor allele frequency (MAF) was assessed in large control databases, including Dutch control datasets E f f ect s  o n  m R N A s p l ic i n g  N A Control population: Variant minor allele frequency (MAF) was assessed in large control databases, including Dutch control datasets N A N A 1 N A NA (patients who fulfilled 2010 ARVD/C Task Force Criteria (n = 7) or had suspected ARVD/C (n = 2), 9 variants) N A Software algorithm predict ion,  Y e s All patients consented to clinical and genetic evaluation and in particular to DNA and RNA analysis. The study conformed to the Guiding Principles of the Declaration of Helsinki and was approved by the Institutional Review Board at our institution. DNA was isolated from peripheral blood lymphocytes according to standard protocols. The coding regions of the desmosomal genes studied were analyzed using direct Sanger sequence analysis performed with a BigDye Terminator DNA sequencing kit (version 2.0) on a 3730 automated sequencer (Applied Biosystems, Foster City, CA). All sequences were analyzed using established sequence analysis software. Total RNA was isolated from fresh blood samples from the ARVD/C index patients using the PAXgene kit (QIAGEN Benelux, Venlo, The Netherlands) and subjected to random hexamer primed reverse transcriptase polymerase chain reaction (RT-PCR). The obtained cDNA products were amplified by PCR with exonic primers specific for the fragment of interest. All cDNA fragments were separated according to size using 2% agarose gel electrophoresis along with a 100 -bp DNA ladder (O’GeneRuler; Fermentas, Burlington, Ontario, Canada). Both normal and aberrant fragments were subjected to direct sequencing. Primers and PCR details are available upon request. Functionally abnormal. Found in proven ARVD/C, near-syncope, and paroxysmal atrial fibrillation, dilated RV, valve regurgitations, diminished RV function. Confirmed prediction: variant activates a cryptic splice acceptor site (at positions c.482_483). The resulting JUP mutant transcripts remains in frame but lacks 5 amino acids → PATHOGENIC SPLICE SITE MUTATIONS 

Functional assessment of potential splice site variants in arrhythmogenic right ventricular dysplasia/cardiomyopathy.  10.1016/j.hrthm.2014.07.041  Arrhythmogenic Right Ventricular Cardiomyopathy D S G 2 N A c . 3 7 8 + 2 T > G N A ECO:0005514. Splice site mutation phenotypic evidence In silico predict ions + In vit ro  Isolated RNA were subjected to RT-PCR to get cDNA products . Software algorithm prediction (MaxEntScan, HSF, NNSPLICE, GeneSplicer, SpliceSiteFinder) + Variant minor allele frequency (MAF) was assessed in large control databases, including Dutch control datasets E f f ect s  o n  m R N A s p l ic i n g  N A Control population: Variant minor allele frequency (MAF) was assessed in large control databases, including Dutch control datasets N A N A 1 N A NA (patients who fulfilled 2010 ARVD/C Task Force Criteria (n = 7) or had suspected ARVD/C (n = 2), 9 variants) N A Software algorithm predict ion,  Y e s All patients consented to clinical and genetic evaluation and in particular to DNA and RNA analysis. The study conformed to the Guiding Principles of the Declaration of Helsinki and was approved by the Institutional Review Board at our institution. DNA was isolated from peripheral blood lymphocytes according to standard protocols. The coding regions of the desmosomal genes studied were analyzed using direct Sanger sequence analysis performed with a BigDye Terminator DNA sequencing kit (version 2.0) on a 3730 automated sequencer (Applied Biosystems, Foster City, CA). All sequences were analyzed using established sequence analysis software. Total RNA was isolated from fresh blood samples from the ARVD/C index patients using the PAXgene kit (QIAGEN Benelux, Venlo, The Netherlands) and subjected to random hexamer primed reverse transcriptase polymerase chain reaction (RT-PCR). The obtained cDNA products were amplified by PCR with exonic primers specific for the fragment of interest. All cDNA fragments were separated according to size using 2% agarose gel electrophoresis along with a 100 -bp DNA ladder (O’GeneRuler; Fermentas, Burlington, Ontario, Canada). Both normal and aberrant fragments were subjected to direct sequencing. Primers and PCR details are available upon request. Functionally abnormal. Found in patient with proven ARVD/C with RV struct alterations, inverted T waves (V1-V5), and VT originating from RV outflow tract. Exon 4 skipping of DSG2 transcript. Resulting transcript in frame. → PATHOGENIC SPLICE SITE MUTATIONS 

Functional assessment of potential splice site variants in arrhythmogenic right ventricular dysplasia/cardiomyopathy.  10.1016/j.hrthm.2014.07.041  Arrhythmogenic Right Ventricular Cardiomyopathy D S G 2 N A c . 7 8 3 T > A N A ECO:0005514. Splice site mutation phenotypic evidence In silico predict ions + In vit ro  Isolated RNA were subjected to RT-PCR to get cDNA products . Software algorithm prediction (MaxEntScan, HSF, NNSPLICE, GeneSplicer, SpliceSiteFinder) + Variant minor allele frequency (MAF) was assessed in large control databases, including Dutch control datasets E f f ect s  o n  m R N A s p l ic i n g  N A Control population: Variant minor allele frequency (MAF) was assessed in large control databases, including Dutch control datasets N A N A 1 N A NA (patients who fulfilled 2010 ARVD/C Task Force Criteria (n = 7) or had suspected ARVD/C (n = 2), 9 variants) N A Software algorithm predict ion,  Y e s All patients consented to clinical and genetic evaluation and in particular to DNA and RNA analysis. The study conformed to the Guiding Principles of the Declaration of Helsinki and was approved by the Institutional Review Board at our institution. DNA was isolated from peripheral blood lymphocytes according to standard protocols. The coding regions of the desmosomal genes studied were analyzed using direct Sanger sequence analysis performed with a BigDye Terminator DNA sequencing kit (version 2.0) on a 3730 automated sequencer (Applied Biosystems, Foster City, CA). All sequences were analyzed using established sequence analysis software. Total RNA was isolated from fresh blood samples from the ARVD/C index patients using the PAXgene kit (QIAGEN Benelux, Venlo, The Netherlands) and subjected to random hexamer primed reverse transcriptase polymerase chain reaction (RT-PCR). The obtained cDNA products were amplified by PCR with exonic primers specific for the fragment of interest. All cDNA fragments were separated according to size using 2% agarose gel electrophoresis along with a 100 -bp DNA ladder (O’GeneRuler; Fermentas, Burlington, Ontario, Canada). Both normal and aberrant fragments were subjected to direct sequencing. Primers and PCR details are available upon request. Functionally normal. Synonymous, found In proven ARVD/C  patient w RV dyskinesia, inverted T waves and VT with multiple LBBB morphologies. No aberrant transcripts, possible biallelic expression in DSG2 transcripts. → RARE POLYMORPHISM 

Functional assessment of potential splice site variants in arrhythmogenic right ventricular dysplasia/cardiomyopathy.  10.1016/j.hrthm.2014.07.041  Arrhythmogenic Right Ventricular Cardiomyopathy D S G 2 N A c . 2 7 5 9 T > G N A ECO:0005514. Splice site mutation phenotypic evidence In silico predict ions + In vit ro  Isolated RNA were subjected to RT-PCR to get cDNA products . Software algorithm prediction (MaxEntScan, HSF, NNSPLICE, GeneSplicer, SpliceSiteFinder) + Variant minor allele frequency (MAF) was assessed in large control databases, including Dutch control datasets E f f ect s  o n  m R N A s p l ic i n g  N A Control population: Variant minor allele frequency (MAF) was assessed in large control databases, including Dutch control datasets N A N A 1 N A NA (patients who fulfilled 2010 ARVD/C Task Force Criteria (n = 7) or had suspected ARVD/C (n = 2), 9 variants) N A Software algorithm predict ion,  Y e s All patients consented to clinical and genetic evaluation and in particular to DNA and RNA analysis. The study conformed to the Guiding Principles of the Declaration of Helsinki and was approved by the Institutional Review Board at our institution. DNA was isolated from peripheral blood lymphocytes according to standard protocols. The coding regions of the desmosomal genes studied were analyzed using direct Sanger sequence analysis performed with a BigDye Terminator DNA sequencing kit (version 2.0) on a 3730 automated sequencer (Applied Biosystems, Foster City, CA). All sequences were analyzed using established sequence analysis software. Total RNA was isolated from fresh blood samples from the ARVD/C index patients using the PAXgene kit (QIAGEN Benelux, Venlo, The Netherlands) and subjected to random hexamer primed reverse transcriptase polymerase chain reaction (RT-PCR). The obtained cDNA products were amplified by PCR with exonic primers specific for the fragment of interest. All cDNA fragments were separated according to size using 2% agarose gel electrophoresis along with a 100 -bp DNA ladder (O’GeneRuler; Fermentas, Burlington, Ontario, Canada). Both normal and aberrant fragments were subjected to direct sequencing. Primers and PCR details are available upon request. Functionally normal. Missense, found in patient with inverted T waves (V2-V6), fast ventricular arrhythmias and local RV dyskinesia, and in family with proven ARVD/C in combination with pathogenic PKP2 mutation c.397C>T, p.Cln133, The only member of that family with the DSG2 variant and without the pathogenic PKP2 mutation had no ARVD/C signs and symptoms. No altered DSG2 transcripts and heterozygous presence (biallelic expression). In PLN gene: pathogenic c.40_42delAGA (p.Arg14del) mutation. → RARE POLYMORPHISM 

Functional assessment of potential splice site variants in arrhythmogenic right ventricular dysplasia/cardiomyopathy.  10.1016/j.hrthm.2014.07.041  Arrhythmogenic Right Ventricular Cardiomyopathy D S C 2 N A c . 1 3 5 0 A > G N A ECO:0005514. Splice site mutation phenotypic evidence In silico predict ions + In vit ro  Isolated RNA were subjected to RT-PCR to get cDNA products . Software algorithm prediction (MaxEntScan, HSF, NNSPLICE, GeneSplicer, SpliceSiteFinder) + Variant minor allele frequency (MAF) was assessed in large control databases, including Dutch control datasets E f f ect s  o n  m R N A s p l ic i n g  N A Control population: Variant minor allele frequency (MAF) was assessed in large control databases, including Dutch control datasets N A N A 1 N A NA (patients who fulfilled 2010 ARVD/C Task Force Criteria (n = 7) or had suspected ARVD/C (n = 2), 9 variants) N A Software algorithm predict ion,  Y e s All patients consented to clinical and genetic evaluation and in particular to DNA and RNA analysis. The study conformed to the Guiding Principles of the Declaration of Helsinki and was approved by the Institutional Review Board at our institution. DNA was isolated from peripheral blood lymphocytes according to standard protocols. The coding regions of the desmosomal genes studied were analyzed using direct Sanger sequence analysis performed with a BigDye Terminator DNA sequencing kit (version 2.0) on a 3730 automated sequencer (Applied Biosystems, Foster City, CA). All sequences were analyzed using established sequence analysis software. Total RNA was isolated from fresh blood samples from the ARVD/C index patients using the PAXgene kit (QIAGEN Benelux, Venlo, The Netherlands) and subjected to random hexamer primed reverse transcriptase polymerase chain reaction (RT-PCR). The obtained cDNA products were amplified by PCR with exonic primers specific for the fragment of interest. All cDNA fragments were separated according to size using 2% agarose gel electrophoresis along with a 100 -bp DNA ladder (O’GeneRuler; Fermentas, Burlington, Ontario, Canada). Both normal and aberrant fragments were subjected to direct sequencing. Primers and PCR details are available upon request. Functionally normal. Synonymous, found in patient with ARVD/C wth inverted T waves (V1-V2), >500 ventricular extrasystoles in 24h, fatty infiltration and RV wall-motion abnormalities. No detectable aberrant transcript, normal biallelic expression. → RARE POLYMORPHISM 

Molecular autopsy and subsequent functional analysis reveal de novo DSG2 mutation as c ause of sudden death. 10.1016/j.e jmg.2021.104322  Sudden Cardiac Death, possible Arrhythmogenic Right Ventricular Cardiomyopathy/Dysplasia K C N Q 1 N A c . 1 4 4 9 C > A p . N 4 8 3 K OBI:0002178. Whole-cell patch clamp assay I n  v i t r o We performed a post-mortem genetic analysis of a 49-year-old male who died during sleep after competitive kayaking, using a Cardiomyopathy and Primary Arrhythmia next-generation sequencing panel, each containing 51 candidate genes. Autopsy was not performed. MutationTaster was used to predict pathogenicity and a functional analysis was performed using patch-clamp in  a heterologous expression system (Chinese Hamster Ovary (CHO) cells) expressing the KCNQ1 wildtype and mutant both on their own as in combination with KCNE1 wild type protein. Variant electrophysiologycal properties: current denstiy, peak current, voltage-dependent kinetics of channel activation and deactivation.  N A N A 1 W T 3 5 WT cells7 MUT cells5 WT/MUT cells Biological: wildtype/mutantWT Kv7.1 + KCNE1 n=5 cellsKv7.1-Asn483Lys + KCNE1 n=7 cellsWT Kv7.1 + Kv7.1-Asn483Lys + KCNE1 n=5 cells Shown values are the means ± S.E.M. with n the number of cells analysed. S t a t s Y e s This study was approved by the Ethical Committee of the Antwerp University Hospital. Written consent for publication was obtained from the proband’s wife. The datasets used and/or analysed during the current study are available from the corresponding author on reasonable request.  Functionally normal. KCNQ1 variant did not interfere with the function of Kv7.1. It was predicted pathogenic by MutationTaster, but benigng by SIFT and Polyphen-2.  When coexpressed WT and mutant Kv7.1 with KCNE1, the amount of Kv7.1 a-subunit cDNA doubled compared to the expression of WT Kv7.1 and Kv7.1-Asn483Lys alone, and accordingly, the current density increased a 2-fold. However, we can conclude that the function of the Kv7.1 protein is not altered by the p.(Asn483Lys) variant. 

Molecular autopsy and subsequent functional analysis reveal de novo DSG2 mutation as cause of sudden death. 10.1016/j.e jmg.2021.104322  Sudden Cardiac Death, possible Arrhythmogenic Right Ventricular Cardiomyopathy/Dysplasia D S G 2 N A c . 2 9 7 9 G > T   p . Q 9 9 3 H OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Analysis based on results of KCNQ1 variant and existing functional studies. I m p o r t a n c e  i n  S C D N A N A N A N A N A N A N A N A Due to the variant analysed and existing functional studies, it is the only possible cause of SCD. Y e s This study was approved by the Ethical Committee of the Antwerp  University Hospital. Written consent for publication was obtained from the proband’s wife. The datasets used and/or analysed during the current study are available from the corresponding author on reasonable request.  Functionally abnormal. De novo mutation. It scored as probably damaging in Polyphen-2, but benign in SIFT and MutationTaster. The proband also had a KCNQ1 p.N483K variant, which was studied and shown to be benign, leading to the assumption that the present DSG2 p.Q993H mutation was the probable cause of Sudden Cardiac Death in the proband. 
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Diseño y desarrollo de una fuente de datos sobre estudios funcionales asociados al criterio PS3/BS3 de las guías ACMG-AMP 2015 y aplicación en cardiopatías familiares 
 
 

 
 

A common indel polymorphism of the Desmoglein-2  (DSG2) is associated with sudden c ardiac death in Chinese populations https://doi.org/10.1016/j.forsciint.2019.06.008 Sudden Cardiac Death, possible Arrhythmogenic Right Ventricular Cardiomyopathy/Dysplasia D S G 2 N A c . * 1 7 1 3 _ * 1 7 1 5 = N A ECO:0006341. Computational structure modeling evidence In silicoIn vitro Genotype-phenotype analysis was performed to evaluate the mRNA level. miRanda software was used to predict the various bindings for both deletion and insertion allele of rs397729601. Dual luciferase activity analysis was conducted in an in vitro reporter gene system, with 293T cell lines. For this last assay, a total of 314 bp fragments containing either insertion (mutant) or deletion (wildtype) allele of rs397729601 were synthesized and subcloned into Xbal and Fsel sites of pGL3-control vector yielding the wild or mutant type vector (pGL3-control-DSG2-WT or pGL3-control-DSG2-MT). Genotype-phenotype analysis was performed to evaluate the mRNA level. Dual luciferase activity analysis was conducted in an in vitro reporter gene system.  N A C o n t r o l  s a m p l e s 2 WTempty pGL3-control vector  4 3 6 Biological: wildtype/mutantFor the dual-luciferase reporter assay: Each group was duplicated in six wells and every experiment was repeated at least three times Chi-square test was used to assess Hardy–Weinberg equilibrium to confirm the representative of control samples. The associations between the rs397729601 and the risk of Sudden Cardiac Death were analyzed using logistic regression, adjusted by sex and age. In all cases, reference category was the most common allele namely the homozygosis (i.e. ins/ins). Nonparametric Mann-Whitney test was used to compare the relative expression levels of DSG2 in tissue samples. Student’s t test was used to exami ne the luciferase activities difference. The statistical analysis of experimental data was performed using Statistic Analysis System software (version 8.0, SAS Institute). P <0.05 was considered as the criterion of statistical significance. All statistical tests were two-sided in the study S t a t s ,  n e g  c o n t r o l Y e s A total of 124 Sudden Cardiac Death cases were recruited from Medicolegal Expertise Center of Sun Yat-sen University, Institute of Forensic Science, Ministry of Justice and Soochow University over the past 5 years in our study. A total of 413 healthy controls without any Sudden Cardiac Death family history were matched for age (± 5 years) and sex to Sudden Cardiac Death cases in terms of frequency. The additional 26 human myocardium tissues were collected from Medicolegal Expertise Center of Soochow University. The tissue suppliers were all healthy young men who died in traffic accidents unexpectedly. To eliminate the influence of health condition, gender difference or causes of death, the myocardium tissues were all obtained from medicolegal autopsy of these tissue suppliers, which was stored at -80ºC until use. This study was approved by the Ethics Committee of Soochow University. Written informed consent was obtained from relatives of each participant before the investigation. Genomic DNA purification kit (Qiagen) was used to isolate the genomic DNA from peripheral blood samples and human myocardium tissues. Genotyping primers were ordered from Genewiz Company. The 293T cell lines were purchased from Shanghai Cell Bank of Chinese Academy of Sciences to perform in vitro experiments. A humidified 5% CO2 chamber at 37ºC was used to contain the cell lines cultured in the mixture of DMEM, 1% penicillin-streptomycin and 10% FBS. Short tandem repeat (STR) markers were used in DNA analysis to re-authenticated the cell lines Functionally abnormal. In-silico analysis revealed that the insertion allele of rs397729601 was predicted to harbor a putative target of miR-933-3p , while this binding can be interrupted by the 2-bp deletion allele. We concluded that rs397729601 may functionally regulate the expression of DSG2 through miR-933-3p and thereby affect development of Sudden Cardiac Death. Therefore, rs397729601 may be a potential marker for molecular diagnosis and genetic counseling of Sudden Cardiac Death. 

Distal myopathy induced arrhythmogenic right ventricular c ardiomyopathy in a pedigree c arrying novel DSG2 null var iant  10.1016/j.ijcard.2019.10.007  Arrhythmogenic Right Ventricular Cardiomyopathy D S G 2 N A c . 7 1 0 T N > A   p . L 2 3 7 T e r ECO:0000007. Immunofluorescence evidence.OBI:0000854. Western Blot assay I n  v i t r o Pathogenicity analysis of the novel variant: Coding sequence of human DSG2 gene was cloned. Vector with WT and mutant DSG2 + pcDNA3.1 (expression of DSG2 of HEK-293 cells themselves) were constructed and transfected into separate HEK-293 cells to analyze the pathogenicity of the novel DSG2 variant. → PCR, WB, Immunofluorescence, electron microscope  Expression of DSG2, Location, Desmosome number and characteristics N A N A 1 W T 3 A C 1 6  m o d e l  n = 5 Biological: wildtype/mutantRepeated in AC16 cell model*AC16 model: mRNA level WT n=5, WB: WT n=5, immunofluorescence; Electron micrograph WT n=10 Data are presented as mean ± SEM. Differences among groups were evaluated by one-way ANOVA and Student’s t-test. Statistical analysis was performed using SPSS 20.0. A two-sided p < 0.05 was considered statistically significant. neg control, repeated in another cell model Y e s The ARVC pedigree was recruited in Tongji Hospital with approval from the Ethics Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology. Patients with ARVC were diagnosed based on the International Task Force Criteria of ARVC in 2010. Targeted next generation sequencing was performed based on ampliseq semiconductor next-generation sequencing platform (Ion Torrent, Thermo Fisher, Carlsbad, California, USA) as described previously. Briefly, genomic DNA wasa extracted from peripheral blood. Raw data was processed with  software Torrent Suite v5.0. The reads were aligned to the hg19/GRCh37 human reference genome. To identify variations, ClinVar and Human Gene Mutation Databases were searched and a pathogenicity prediction was done with PolyPhen-2, SIFT and phyloP score. The vector used was generated by in vitro sitedirected mutagenesis kit (Transgene, FM111-02, China). The vector and tags were transfected into HEK293 cells and AC16 cells with Lipofectamin 2000 and cells were cultivated for 24 h before they were harvested. Total RNAs were extracted from the harvested cells using TRIzol Reagent (Invitrogen, Thermo Fisher) and stored at −80 °C. Functionally abnormal. The functional analyses suggested that the nonsense variant could affect the expression and cell location of DSG2, and the number and shape of desmosomes were affected as well, indicating that the variant was implicated in the pathogenesis of Arrhythmogenic Right Ventricular Cardiomyopathy. 

Mutations in Filamin C causes a new form of familial hypertrophic cardiomyopathy  1 0 . 1 0 3 8 / n c o m m s 6 3 2 6  Hypertrohpic  Cardiomyopathy  F L N C N A N A p . V 1 2 3 A   ECO:0000007. Immunofluorescence evidence.OBI:0000854. Western Blot assayBAO:BAO_0000129. ImmunoassayBAO:BAO_0010252. Protein e x p r e s s i o n  a s s a y I n  v i t r o H9C2 rat cardiac myoblasts , neonatal rat cardiac myocytes and C2C12 cell myotubes nucleofected with the cDNA clones containing mutations or wild-type FLNC were studied by Western Blot, immunofluorescence and confocal microscopy.  Formation of protein aggregates  N A H e a l t h y  h e a r t  s a m p l e s 1 W T 4 N A Biological replicates: wild-type/mutants.H9C2 rat cardiac myoblasts , neonatal rat cardiac myocytes and C2C12 cell myotubes N A Comparison with other functional studies, positive and negative controls, replicates, polyphen & SIFT predictions Y e s All participants had provided written informed consent approved by the Ethics Review Board of the Hospital Universitario Central de Asturias (Oviedo, Spain) for genomic DNA extraction and sequencing previous to the functional study. Genomic DNA was extracted from peripheral blood leukocytes with a Qiagen kit according to the manufacturer’s instructions (Qiagen, Germany). A full -length cDNA clone for filamin C (NM_001458) with an N-terminal Myc-DDK-Tag was obtained from OriGene (Rockville, MD). Site-directed mutagenesis was performed to generate four clones with the p.A1539T, p.V123A, p.R2133H and p.A2430V mutations, respectively, using a QuikChange II XL Site-Directed Mutagenesis kit according to the manufacturer’s recommendations. Rat cardiac myoblast cell line H9C2 was kindly provided by Dr M. Mittelbrunn. Cells were grown in DMEM supplemented with 10% new born calf serum and L-Glutamine. Cells were transfected using Amaxa SF cell line 4D-Nucleofector X Kit by Lonza following the manufacturer’s instructions. Neonatal Rat Cardiac Myocytes were obtained by Lonza. Cells were grown in rCMC Medium, containing Basal Media (RCBM Medium)  supplemented with Horse serum, Fetal Bovine Serum, Gentamicin/Amphotericin-B and Bromo-20 -deoxyuridine (BrdU) according to the manufacturer’s instructions. Cells were transfected using the Amaxa rat Cardiomyocyte Neo Nucleofector Kit by Lonza. C2C12 myoblasts were grown on Dulbecco’s modified Eagle’s medium  Functionally abnormal. Significant formation of filamin C aggregates which might impair sarcomere function in all types of cell studied. 

Mutations in Filamin C causes a new form of familial hypertrophic cardiomyopathy  1 0 . 1 0 3 8 / n c o m m s 6 3 2 6  Hypertrohpic  Cardiomyopathy  F L N C N A N A p . A 1 5 3 9 T ECO:0000007. Immunofluorescence evidence.OBI:0000854. Western Blot assayBAO:BAO_0000129. ImmunoassayBAO:BAO_0010252. Protein e x p r e s s i o n  a s s a y I n  v i t r o H9C2 rat cardiac myoblasts , neonatal rat cardiac myocytes and C2C12 cell myotubes nucleofected with the cDNA clones containing mutations or wild-type FLNC were studied by Western Blot, immunofluorescence and confocal microscopy.  Formation of protein aggregates  N A H e a l t h y  h e a r t  s a m p l e s 1 W T 4 N A Biological replicates: wild-type/mutants.H9C2 rat cardiac myoblasts , neonatal rat cardiac myocytes and C2C12 cell myotubes N A Comparison with other functional studies, positive and negative controls, replicates, polyphen & SIFT predictions Y e s All participants had provided written informed consent approved by the Ethics Review Board of the Hospital Universitario Central de Asturias (Oviedo, Spain) for genomic DNA extraction and sequencing previous to the functional study. Genomic DNA was extracted from peripheral blood leukocytes with a Qiagen kit according to the manufacturer’s instructions (Qiagen, Germany). A full -length cDNA clone for filamin C (NM_001458) with an N-terminal Myc-DDK-Tag was obtained from OriGene (Rockville, MD). Site-directed mutagenesis was performed to generate four clones with the p.A1539T, p.V123A, p.R2133H and p.A2430V mutations, respectively, using a QuikChange II XL Site-Directed Mutagenesis kit according to the manufacturer’s recommendations. Rat cardiac myoblast cell line H9C2 was kindly provided by Dr M. Mittelbrunn. Cells were grown in DMEM supplemented with 10% new born calf serum and L-Glutamine. Cells were transfected using Amaxa SF cell line 4D-Nucleofector X Kit by Lonza following the manufacturer’s instructions. Neonatal Rat Cardiac Myocytes were obtained by Lonza. Cells were grown in rCMC Medium, containing Basal Media (RCBM Medium)  supplemented with Horse serum, Fetal Bovine Serum, Gentamicin/Amphotericin-B and Bromo-20 -deoxyuridine (BrdU) according to the manufacturer’s instructions. Cells were transfected using the Amaxa rat Cardiomyocyte Neo Nucleofector Kit by Lonza. C2C12 myoblasts were grown on Dulbecco’s modified Eagle’s medium  Functionally abnormal. Formation of filamin C aggregates which might impair sarcomere function and also actin aggregates in all types of cell studied. 

Mutations in Filamin C causes a new form of familial hypertrophic cardiomyopathy  1 0 . 1 0 3 8 / n c o m m s 6 3 2 6  Hypertrohpic  Cardiomyopathy  F L N C N A N A p . R 2 1 3 3 H ECO:0000007. Immunofluorescence evidence.OBI:0000854. Western Blot assayBAO:BAO_0000129. ImmunoassayBAO:BAO_0010252. Protein e x p r e s s i o n  a s s a y I n  v i t r o H9C2 rat cardiac myoblasts , neonatal rat cardiac myocytes and C2C12 cell myotubes nucleofected with the cDNA clones containing mutations or wild-type FLNC were studied by Western Blot, immunofluorescence and confocal microscopy.  Formation of protein aggregates  N A H e a l t h y  h e a r t  s a m p l e s 1 W T 4 N A Biological replicates: wild-type/mutants.H9C2 rat cardiac myoblasts , neonatal rat cardiac myocytes and C2C12 cell myotubes N A Comparison with other functional studies, positive and negative controls, replicates, polyphen & SIFT predictions Y e s All participants had provided written informed consent approved by the Ethics Review Board of the Hospital Universitario Central de Asturias (Oviedo, Spain) for genomic DNA extraction and sequencing previous to the functional study. Genomic DNA was extracted from peripheral blood leukocytes with a Qiagen kit according to the manufacturer’s instructions (Qiagen, Germany). A full -length cDNA clone for filamin C (NM_001458) with an N-terminal Myc-DDK-Tag was obtained from OriGene (Rockville, MD). Site-directed mutagenesis was performed to generate four clones with the p.A1539T, p.V123A, p.R2133H and p.A2430V mutations, respectively, using a QuikChange II XL Site-Directed Mutagenesis kit according to the manufacturer’s recommendations. Rat cardiac myoblast cell line H9C2 was kindly provided by Dr M. Mittelbrunn. Cells were grown in DMEM supplemented with 10% new born calf serum and L-Glutamine. Cells were transfected using Amaxa SF cell line 4D-Nucleofector X Kit by Lonza following the manufacturer’s instructions. Neonatal Rat Cardiac Myocytes were obtained by Lonza. Cells were grown in rCMC Medium, containing Basal Media (RCBM Medium)  supplemented with Horse serum, Fetal Bovine Serum, Gentamicin/Amphotericin-B and Bromo-20 -deoxyuridine (BrdU) according to the manufacturer’s instructions. Cells were transfected using the Amaxa rat Cardiomyocyte Neo Nucleofector Kit by Lonza. C2C12 myoblasts were grown on Dulbecco’s modified Eagle’s medium  Functionally abnormal. Formation of filamin C aggregates which might impair sarcomere function and also actin aggregates in all types of cell studied. 

Mutations in Filamin C causes a new form of familial hypertrophic cardiomyopathy  1 0 . 1 0 3 8 / n c o m m s 6 3 2 6  Hypertrohpic  Cardiomyopathy  F L N C N A N A p . A 2 4 3 0 V ECO:0000007. Immunofluorescence evidence.OBI:0000854. Western Blot assayBAO:BAO_0000129. ImmunoassayBAO:BAO_0010252. Protein e x p r e s s i o n  a s s a y I n  v i t r o H9C2 rat cardiac myoblasts , neonatal rat cardiac myocytes and C2C12 cell myotubes nucleofected with the cDNA clones containing mutations or wild-type FLNC were studied by Western Blot, immunofluorescence and confocal microscopy.  Formation of protein aggregates  N A H e a l t h y  h e a r t  s a m p l e s 1 W T 4 N A Biological replicates: wild-type/mutants.H9C2 rat cardiac myoblasts , neonatal rat cardiac myocytes and C2C12 cell myotubes N A Comparison with other functional studies, positive and negative controls, replicates, polyphen & SIFT predictions Y e s All participants had provided written informed consent approved by the Ethics Review Board of the Hospital Universitario Central de Asturias (Oviedo, Spain) for genomic DNA extraction and sequencing previous to the functional study. Genomic DNA was extracted from peripheral blood leukocytes with a Qiagen kit according to the manufacturer’s instructions (Qiagen, Germany). A full -length cDNA clone for filamin C (NM_001458) with an N-terminal Myc-DDK-Tag was obtained from OriGene (Rockville, MD). Site-directed mutagenesis was performed to generate four clones with the p.A1539T, p.V123A, p.R2133H and p.A2430V mutations, respectively, using a QuikChange II XL Site-Directed Mutagenesis kit according to the manufacturer’s recommendations. Rat cardiac myoblast cell line H9C2 was kindly provided by Dr M. Mittelbrunn. Cells were grown in DMEM supplemented with 10% new born calf serum and L-Glutamine. Cells were transfected using Amaxa SF cell line 4D-Nucleofector X Kit by Lonza following the manufacturer’s instructions. Neonatal Rat Cardiac Myocytes were obtained by Lonza. Cells were grown in rCMC Medium, containing Basal Media (RCBM Medium)  supplemented with Horse serum, Fetal Bovine Serum, Gentamicin/Amphotericin-B and Bromo-20 -deoxyuridine (BrdU) according to the manufacturer’s instructions. Cells were transfected using the Amaxa rat Cardiomyocyte Neo Nucleofector Kit by Lonza. C2C12 myoblasts were grown on Dulbecco’s modified Eagle’s medium  Functionally abnormal. Formation of filamin C aggregates which might impair sarcomere function in all types of cell studied. 

Function alteration of engineered heart tissues carrying a shorter filamin C protein induced by CRISPR/Cas9 https://doi.org/10.1016/j.acvdsp.2022.04.061 D i l a t e d  C a r d i o m y o p a t h y  F L N C Chr7:g.128854898_128854915del N A N A ECO:0001563. Cell growth assay evidence I n  v i t r o A control iPSc line (ICAN-403.3) was established from healthy donor fibroblasts and a mutated FLNC subclone (ICAN-FLNC-42.1) was derived using CRISPR/Cas9 technology. The iPSc cells were then differentiated into cardiomyocytes and beating pseudo-tissues, resulting in two iPS clones which were characterized for their pluripotency (immunofluorecence and qPCR), genomic integrity and capacity for differentiation in the 3 layers (ScoreCard).  The clones were characterized for their pluripotency (immunoflurescence and qPCR of genes expressed in the pluripotent state, alkaline phosphatase test), their genomic integrity (exome, karyotype) and for their capacity for differentiation in the 3 layers (ScoreCard). N A N A N A N A 2 N A B i o l o g i c a l:  t w o  i P S  c l o n e s N A N A N o N A Functionally abnormal. The mutation lead to the deletion of the consensus donor splice site of exon 42.  Analysis by RT-PCR and immunoblot shows that the mutation induces a exon 42 skipping and reduced expression of a protein of lower molecular weight. Cardiac tissues records for 3 weeks show a lower beat frequency and a higher arrhytmia index. 

FLNC Gene Splice Mutations Cause Dilated Cardiomyopathy 10.1016/j.jacbts.2016.05.004  D i l a t e d  C a r d i o m y o p a t h y  F L N C N A c . 7 2 5 1 D 1 G > A N A OBI:0001672. Gene knock-down assay I n  v i v o Zebrafish embryos injected with ortholog flncb. When flncb was knocked down a cardiac dysfunction phenotype appeared.Control fish were uninjected zebrafish embryos, 25-Nþp53 MO-injected fish (25-N is a 25-base pair oligonucleotide mixture generated from random sequences), and p53 MO-injected zebrafish. Morphology/structures of zebrafish hearts: presence of pericardial edema, elongated atrium, less cardiac looping, heart muscle Z-disk with disrray or sarcomere dysfunction. 2 Uninjected zebrafish, p53MO 1 S r a r m b l e d  2 5 - N + p 5 3  M O 4 2 4 1  Biological: Wildtype/mutantsSAMPLE SIZES: sample size at 72 hpf: uninjected n = 411; p53 control-injected embryo n = 139; 25-Nþp53 control-injected embryo n = 351; flncbþp53 MO-injected n = 241; p=1.04x10-83 for comparison of uninjected versus flncbþp53 MO7 dpf sample size on day 0: uninjected n = 411; p53 control-injected embryo, n = 139; 25-Nþp53 control-injected embryo n = 351; flncbþp53 MO-injected embryo n = 164; p = 1.65 x10-19 for comparison of uninjected versus flncb+p53 MO In experiments determining heart rate, SV, cardiac output, and RF, normality was tested with the Shapiro-Wilk test. The Levene mean test was used to assess equal variance if data were normally distributed. If data were not normally distributed, the Kruskal-Wallis test was performed without data transformation. Analysis of parametric data was performed with analysis of variance. Multiple comparisons were performed using either of the following methods: Tukey test or Mann-Whitney U test with Bonferroni correction. All analyses were performed with SigmaPlot software (version 12.0, Systat Software, San Jose, California). At 72 hpf and 7 dpf, zebrafish cardiac phenotypes and survivors were analyzed using a chi-square test to detect significant differences Pos. And neg. controls, stat s  Y e s Male and female wildtype zebrafish (Danio rerio) were maintained according to standard protocols. sh were cared for in the zebrafish core aquarium at the University of Colorado Denver Anschutz Medical Center in Aurora, Colorado, and at Colorado State University in Fort Collins, Colorado. Zebrafish experiments were approved by the Institutional Animal Care and Use Committee at the University of Colorado Denver (protocol B-748139(04) 01D) in accordance with the care and use of animals for scientific purposes. The zebrafish offspring were bred according to standard protocol. Fish were anesthetized using tricaine methanesulfonate.  Fish were staged between 48 and 72 h post-fertilization (hpf) as previously described. MO were obtained from Gene Tools (Gene Tools, LLC, Philomath, Oregon). Zebrafish embryos were maintained in 1xE3 solution at 28.9ºC. MO studies were completed over a series of separate experiments and the data were combined. Human ribonucleic acid (RNA) was extracted from lymphoblast cells and used to generate complementary DNA using Ambion kit Cat #75742 (Life Technologies, Grand Island, New York), according to manufacturer’s instructions. Human FLNC expression was determined by real-time polymerase chain reaction (RT-PCR). Zebrafish RNA was extracted from control and flncb MO-injected fish at 48 hpf with Ambion kit Cat #75742, according to manufacturer’s instructions. Heart tissue   for Western Blot  was obtained from the Adult Cardiac Tissue Bank maintained at University of Colorado Denver. Functionally abnormal. Transgenic GFP-injected flncb+p53 MO embryos at 48 and 72 hpf demonstrated pericardial edema, dysmorphic or dilated cardiac chambers, and abnormal looping of the heart tube. Splice-site mutation. Knockdown zebrafish heart showed defects within the Z-discs and sarcomere disorganization. 

FLNC Gene Splice Mutations Cause Dilated Cardiomyopathy 10.1016/j.jacbts.2016.05.004  D i l a t e d  C a r d i o m y o p a t h y  F L N C N A c . 5 6 6 9 - 1 d e l G N A OBI:0001672. Gene knock-down assay I n  v i v o Zebrafish embryos injected with ortholog flncb. When flncb was knocked down a cardiac dysfunction phenotype appeared.Control fish were uninjected zebrafish embryos, 25-Nþp53 MO-injected fish (25-N is a 25-base pair oligonucleotide mixture generated from random sequences), and p53 MO-injected zebrafish. Morphology/structures of zebrafish hearts: presence of pericardial edema, elongated atrium, less cardiac looping, heart muscle Z-disk with disrray or sarcomere dysfunction. 2 Uninjected zebrafish, p53MO 1 S r a r m b l e d  2 5 - N + p 5 3  M O 4 1 6 4  Biological: Wildtype/mutantsSAMPLE SIZES: sample size at 72 hpf: uninjected n = 411; p53 control-injected embryo n = 139; 25-Nþp53 control-injected embryo n = 351; flncbþp53 MO-injected n = 241; p=1.04x10-83 for comparison of uninjected versus flncbþp53 MO7 dpf sample size on day 0: uninjected n = 411; p53 control-injected embryo, n = 139; 25-Nþp53 control-injected embryo n = 351; flncbþp53 MO-injected embryo n = 164; p = 1.65 x10-19 for comparison of uninjected versus flncb+p53 MO In experiments determining heart rate, SV, cardiac output, and RF, normality was tested with the Shapiro-Wilk test. The Levene mean test was used to assess equal variance if data were normally distributed. If data were not normally distributed, the Kruskal-Wallis test was performed without data transformation. Analysis of parametric data was performed with analysis of variance. Multiple comparisons were performed using either of the following methods: Tukey test or Mann-Whitney U test with Bonferroni correction. All analyses were performed with SigmaPlot software (version 12.0, Systat Software, San Jose, California). At 72 hpf and 7 dpf, zebrafish cardiac phenotypes and survivors were analyzed using a chi-square test to detect significant differences Pos. And neg. controls, stat s  Y e s Male and female wildtype zebrafish (Danio rerio) were maintained according to standard protocols. sh were cared for in the zebrafish core aquarium at the University of Colorado Denver Anschutz Medical Center in Aurora, Colorado, and at Colorado State University in Fort Collins, Colorado. Zebrafish experiments were approved by the Institutional Animal Care and Use Committee at the University of Colorado Denver (protocol B-748139(04) 01D) in accordance with the care and use of animals for scientific purposes. The zebrafish offspring were bred according to standard protocol. Fish were anesthetized using tricaine methanesulfonate.  Fish were staged between 48 and 72 h post-fertilization (hpf) as previously described. MO were obtained from Gene Tools (Gene Tools, LLC, Philomath, Oregon). Zebrafish embryos were maintained in 1xE3 solution at 28.9ºC. MO studies were completed over a series of separate experiments and the data were combined. Human ribonucleic acid (RNA) was extracted from lymphoblast cells and used to generate complementary DNA using Ambion kit Cat #75742 (Life Technologies, Grand Island, New York), according to manufacturer’s instructions. Human FLNC expression was determined by real-time polymerase chain reaction (RT-PCR). Zebrafish RNA was extracted from control and flncb MO-injected fish at 48 hpf with Ambion kit Cat #75742, according to manufacturer’s instructions. Heart tissue   for Western Blot was obtained from the Adult Cardiac Tissue Bank maintained at University of Colorado Denver. Functionally abnormal. Splice-site mutation that leads to haploinsufficiency 

Functional Validation of a Pathogenic Missense Variant in Human Filamin C Cardiomyopathy through Disruption of a Zebrafish Homologue Recapitulates Cardiac Disease https://doi.org/10.1016/j.healun.2021.01.681 f i l a m i n  C  c a r di o m y o p at h y F L N C N A N A p . G 2 1 5 1 S   OBI:0001672. Gene knock-down assay I n  v i v o  ( a n i m a l  m o d e l )  Zebrafish model (Danio rerio), microinjection of morpholino oligonucleotides (MO) Embryonic lethality, survival after birth, animal and cardiac morphology, heart rate and histopathology. Point mutation in flnc & flncb N A N A 1 C o n t r o l  o l i g o m e r 3 5 SAMPLE SIZE: Control oligomer (n=24), 0.1 ng MO (n=88) and 0.5 ng MO (n=154); n=5 for each group p < 0 . 0 5 C o n t r o l s   N o N A Functionally abnormal. (missense variation). Stunted growth and development of the animal, cardiomegaly, pericardial edema, dose-dependent increase in embryonic lethality and reduced heart rate 

GATA4 loss-of-function mutat ion underlies familial dilated cardiomyopathy 10.1016/j.bbrc.2013.09.02 3  D i l a t e d  C a r d i o m y o p a t h y  G A T A 4 N A N A p . C 2 7 1 S ECO:0001805. Luciferase reporter gene assay evidence I n  v i t r o The recombinant expression plasmids GATA4-pSSRa, NKX2-5- pEFSA, and ANF-luciferase reporter (ANF-luc).Hela cells, internal control reporter plasmid pGL4.75. They were transfected with WT or mutant GATA4-pSSRa, + ANF-luc + Pgl4.75COS-7 cells for synergy of GATA4 and NKX2-5, transfected w WT or mutant  GATA4-pSSRa, alone or together with WT NKX2-5-pEFSA + ANF-l u c  +  p G L 4 . 7 5  Activation of ANF promoter with only GATA4 , and with GATA4+NKX2-5 N A N A 1 W T 2 3 Biological replicates: Wildtype/mutants3 independent experiments for WT and mutant GATA4 Data are expressed as means ± SD. Continuous variables were tested for normality of distribution and student’s unpaired t test was used for comparison of numeric variables between two groups. Comparison of the categorical variables between two groups was performed using Pearson’s chi-squared test or Fisher’s exact test when appropriate. A 2-tailed p value of <0.05 indicated statistical significance Alignment of GATA4 protein sequences across species (result: conserved), stats, negative control Y e s Peripheral venous blood specimens from the study subjects and control individuals were prepared. All clinical studies were performed with investigators blinded to the results of genetic testing. This study conformed to the principles of the Declaration of Helsinki and the study protocol was approved by the local institutional ethics committee. Written informed consent was obtained from all participants prior to investigation. Genomic DNA was extracted from blood lymphocytes of all participants with Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA). The whole coding region and splice junction sites of the GATA4 gene was sequenced in 110 unrelated patients with idiopathic DCM. Genotyping GATA4 in the available relatives of the proband carrying an identified mutation and 200 unrelated healthy controls was performed. The referential genomic DNA sequence of GATA4 derived from GenBank (accession No. NC_000008). The PCR was carried out using HotStar Taq DNA Polymerase (Qiagen, Hilden, Germany) on a PE 9700 Thermal Cycler (Applied Biosystems, Foster, CA, USA) with standard conditions and concentrations of reagents. Amplified products were purified with the QIAquick Gel Extraction Kit (Qiagen). Both strands of each PCR product were sequenced with a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) under an ABI PRISM 3130 XL DNA Analyzer (Applied Biosystems). DNA sequences were viewed and analyzed with the DNA Sequencing Analysis Software v5.1 (Applied Biosystems). The variant was validated and was identified in SNP of NCBI and EVS to confirm its novelty. Multiple GATA4 protein sequences across various species were aligned using the online MUSCLE program, version 3.6. The recombinant expression plasmids were kindly provided by Dr. Ichiro Shiojima from Chiba University School of Medicine, Japan. The identified mutation was introduced into the wild-type GATA4 using a QuickChange II XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) with a complementary pair of primers.  The mutant was sequenced to confirm the desired mutation and to exclude any other sequence variations. Hela cells were cultured in Dulbecco’s modified Eagle’s medium with 10% fetal calf serum and transfected with vector, wild-type and mutants.  Functionally abnormal. GATA4 mutant was associated with significantly decreased transcriptional activity and remarkably reduced synergistic activation between GATA4 and NKX2-5. - Cysteine (C) → Serine (S) at a m i n o a c i d  p o s i t i o n  2 7 1 

Prevalence and spectrum of GATA4 mutations associated with sporadic dilated cardiomyopathy 10.1016/j.gene.2014.07.02 2  D i l a t e d  C a r d i o m y o p a t h y  G A T A 4 N A N A p . V 3 9 L ECO:0000016. Loss-of-function mutant phenotype evidence I n  v i t r o Hela cells transfected with empty vector, wild-type, V39L-mutant, P226Q-mutant or T279S-mutant (alone or mixed)SYNERGISTIC ACTIVITY WITH NKX2-5: COS-7 cells transfected with wt or mutant GATA4, alone or togetherCross species alignment of GATA4 protein sequences displayed that the altered amino acids s p.V39, p.P226Q and p.T279 were completely conserved evolutionarily, implying that these altered amino acids are functionally critical Tota l pr otei n accu mul at io n N A N A 1 W T 2 3 Biological: wildtype/mutantsexperiments were p e rf o r m ed in triplicate Mean ± SD, Student’s unpaired t test, chi squared, fisher’s, 2 -tailed pvalue p<0.05 Stats + prediction Mutation Taster and Polyphen-2 +  Y e s Peripheral venous blood samples from all the participants were taken. The clinical investigations were carried out with researchers blinded to the genotypes. This study conformed to the principles of the Declaration of Helsinki and the study protocol was approved by the local institutional ethics committee. Written informed consent was obtained from all participants prior to study. Genomic DNA was extracted from blood samples obtained from all participants with Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA). The coding exons and flanking splice junctions of the GATA4 gene were sequenced in 200 unrelated patients with sporadic DCM and 200 unrelated healthy control individuals. The referential genomic DNA sequence of GATA4 derived from GenBank (accession no. NC_000008). Primer pairs were designed and PCR was performed using HotStar Taq DNA Polymerase (Qiagen, Hilden, Germany) on a Veriti Thermal Cycler (Applied Biosystems, Foster, CA, USA) with standard conditions and concentrations of reagents. Amplified products were purified with the QIAquick Gel Extraction Kit (Qiagen). Both strands of each PCR product were sequenced with a BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) under an ABI PRISM 3130 XL DNA Analyzer (Applied Biosystems). DNA sequences were viewed and analyzed with the DNA Sequencing Analysis Software v5.1 (Applied Biosystems). The variant was validated with re-sequencing and SNP and HGMD were consulted to confirm variants' novelty. The amino acid sequences of the GATA4 protein from human were aligned with those from chimpanzee, rhesus monkey, cattle, dog, mouse, rat, fowl and zebrafish using the MUSCLE program. Predictions performed with MutationTaster and PolyPhen-2. The recombinant expression vectors of GATA4 and NKX2-5, and the ANF-luc reporter plasmid, were kindly provided by Dr. Ichiro Shiojima from Chiba University School of Medicine, Japan. The identified mutation was introduced into the wild-type GATA4 using a QuickChange II XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) with a complementary pair of primers. Hela cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and transfected with vector, wild-type and mutants. COS-7 cells were also grown and transfected with vector, wild-type and mutants. Functionally abnormal. Activated ANF promoter by 5-fold (wt 11-fold). In the presence of NKX2-5, it activated ANF promoter 15-fold 

Prevalence and spectrum of GATA4 mutations associated with sporadic dilated cardiomyopathy 10.1016/j.gene.2014.07.02 2  D i l a t e d  C a r d i o m y o p a t h y  G A T A 4 N A N A p . P 2 2 6 Q ECO:0000016. Loss-of-function mutant phenotype evidence I n  v i t r o Hela cells transfected with empty vector, wild-type, V39L-mutant, P226Q-mutant or T279S-mutant (alone or mixed)SYNERGISTIC ACTIVITY WITH NKX2-5: COS-7 cells transfected with wt or mutant GATA4, alone or togetherCross species alignment of GATA4 protein sequences displayed that the altered amino acids s p.V39, p.P226Q and p.T279 were completely conserved evolutionarily, implying that these altered amino acids are functionally critical Tota l pr otei n accu mul at io n N A N A 1 W T 2 3 Biological: wildtype/mutantsexperiments were p e rf o r m ed in triplicate Mean ± SD, Student’s unpaired t test, chi squared, fisher’s, 2 -tailed pvalue p<0.06 Stats + prediction Mutation Taster and Polyphen-2 +  Y e s Peripheral venous blood samples from all the participants were taken. The clinical investigations were carried out with researchers blinded to the genotypes. This study conformed to the principles of the Declaration of Helsinki and the study protocol was approved by the local institutional ethics committee. Written informed consent was obtained from all participants prior to study. Genomic DNA was extracted from blood samples obtained from all participants with Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA). The coding exons and flanking splice junctions of the GATA4 gene were sequenced in 200 unrelated patients with sporadic DCM and 200 unrelated healthy c ontrol individuals. The referential genomic DNA sequence of GATA4 derived from GenBank (accession no. NC_000008). Primer pairs were designed and PCR was performed using HotStar Taq DNA Polymerase (Qiagen, Hilden, Germany) on a Veriti Thermal Cycler (Applied Biosystems, Foster, CA, USA) with standard conditions and concentrations of reagents. Amplified products were purified with the QIAquick Gel Extraction Kit (Qiagen). Both strands of each PCR product were sequenced with a BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) under an ABI PRISM 3130 XL DNA Analyzer (Applied Biosystems). DNA sequences were viewed and analyzed with the DNA Sequencing Analysis Software v5.1 (Applied Biosystems). The variant was validated with re-sequencing and SNP and HGMD were consulted to confirm variants' novelty. The amino acid sequences of the GATA4 protein from human were aligned with those from chimpanzee, rhesus monkey, cattle, dog, mouse, rat, fowl and zebrafish using the MUSCLE program. Predictions performed with MutationTaster and PolyPhen-2. The recombinant expression vectors of GATA4 and NKX2-5, and the ANF-luc reporter plasmid, were kindly provided by Dr. Ichiro Shiojima from Chiba University School of Medicine, Japan. The identified mutation was introduced into the wild-type GATA4 using a QuickChange II XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) with a complementary pair of primers. Hela cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and transfected with vector, wild-type and mutants. COS-7 cells were also grown and transfected with vector, wild-type and mutants. Functionally abnormal. Activated ANF promoter by 3-fold (wt 11-fold). In the presence of NKX2-5, it activated ANF promoter 12-fold 

Prevalence and spectrum of GATA4 mutations associated with sporadic dilated cardiomyopathy 10.1016/j.gene.2014.07.02 2  D i l a t e d  C a r d i o m y o p a t h y  G A T A 4 N A N A p . T 2 7 9 S ECO:0000016. Loss-of-function mutant phenotype evidence I n  v i t r o Hela cells transfected with empty vector, wild-type, V39L-mutant, P226Q-mutant or T279S-mutant (alone or mixed)SYNERGISTIC ACTIVITY WITH NKX2-5: COS-7 cells transfected with wt or mutant GATA4, alone or togetherCross species alignment of GATA4 protein sequences displayed that the altered amino acids s p.V39, p.P226Q and p.T279 were completely conserved evolutionarily, implying that these altered amino acids are functionally critical Tota l pr otei n accu mul at io n N A N A 1 W T 2 3 Biological: wildtype/mutantsexperiments were p e rf o r m ed in triplicate Mean ± SD, Student’s unpaired t test, chi squared, fisher’s, 2 -tailed pvalue p<0.07 Stats + prediction Mutation Taster and Polyphen-2 +  Y e s Peripheral venous blood samples from all the participants were taken. The clinical investigations were carried out with researchers blinded to the genotypes. This study conformed to the principles of the Declaration of Helsinki and the study protocol was approved by the local institutional ethics committee. Written informed consent was obtained from all participants prior to study. Genomic DNA was extracted from blood samples obtained from all participants with Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA). The coding exons and flanking splice junctions of the GATA4 gene were sequenced in 200 unrelated patients with sporadic DCM and 200 unrelated healthy c ontrol individuals. The referential genomic DNA sequence of GATA4 derived from GenBank (accession no. NC_000008). Primer pairs were designed and PCR was performed using HotStar Taq DNA Polymerase (Qiagen, Hilden, Germany) on a Veriti Thermal Cycler (Applied Biosystems, Foster, CA, USA) with standard conditions and concentrations of reagents. Amplified products were purified with the QIAquick Gel Extraction Kit (Qiagen). Both strands of each PCR product were sequenced with a BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) under an ABI PRISM 3130 XL DNA Analyzer (Applied Biosystems). DNA sequences were viewed and analyzed with the DNA Sequencing Analysis Software v5.1 (Applied Biosystems). The variant was validated with re-sequencing and SNP and HGMD were consulted to confirm variants' novelty. The amino acid sequences of the GATA4 protein from human were aligned with those from chimpanzee, rhesus monkey, cattle, dog, mouse, rat, fowl and zebrafish using the MUSCLE program. Predictions performed with MutationTaster and PolyPhen-2. The recombinant expression vectors of GATA4 and NKX2-5, and the ANF-luc reporter plasmid, were kindly provided by Dr. Ichiro Shiojima from Chiba University School of Medicine, Japan. The identified mutation was introduced into the wild-type GATA4 using a QuickChange II XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) with a complementary pair of primers. Hela cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and transfected with vector, wild-type and mutants. COS-7 cells were also grown and transfected with vector, wild-type and mutants. Functionally abnormal. Activated ANF promoter by 2-fold (wt 11-fold). In the presence of NKX2-5, it activated ANF promoter 9-fold 

A novel GATA4 loss-of-function mutation responsible for familial dilated cardiomyopathy 1 0 . 3 89 2 / i jm m . 2 01 3 . 16 0 0  D i l a t e d  C a r d i o m y o p a t h y  G A T A 4 N A c . 8 7 1 G > C p . V 2 9 1 L ECO:0000016. Loss-of-function mutant phenotype evidence I n  v i t r o For genotyping: 150 unrelated patients with idiopathic Dilated Cardiomyopathy, 200 unrelated healthy controls, referential genomic DNA seq. GenBank. → PCR. Alignment of GATA4 protein sequences across species. Prediction of disease-causing potential: MutationTasterFUNCTIONAL STUDY/REPORTER GENE ASSAYHeLa cells (internal control reporter plasmid pGL4.75 to evaluate the transcriptional activity of the GATA4 mutant) transfected with WT or mutant GATA4-pSSRa, ANF-luc and pGL4.75.  Disease-causing potential (prediction), Transcriptional activity N A N A 1 W T 2 3 Biological: wildtype/mutantsExperiments were pe rf o r m ed in triplicate Data are expressed as means ± standard deviation (SD). Continuous variables were tested for normality of distribution, and the Student's unpaired t-test was used for comparison of numeric variables between two groups. Comparison of the categorical variable s between two groups was performed using Pearson's χ2 test or Fisher's exact test when appropriate. A two-tailed P-value of <0.05 indicated statistical significance. Stats, variant was validated by re-sequencing of an independent PCR-generated amplicon from the same subject,  Y e s The clinical studies were performed  with investigators blinded to the results of the genotypes.  This study conformed to the principles of the Declaration of  Helsinki, and the study protocol was approved by the local institutional ethics committee. Written informed consent was obtained from all participants prior to the study. Genomic DNA was extracted from blood samples obtained from all participants with the Wizard Genomic DNA purification kit (Promega, Madison, WI, USA). The coding exons and exon-intron boundaries of the GATA4 gene were sequenced in 150 unrelated DCM patients and 200 unrelated healthy controls. 4. The referential genomic  DNA sequence of GATA4 was derived from GenBank (accession no. NC_000008). The primer pairs used to amplify the  entire coding region and flanking splice junction sites of GATA4 by polymerase chain reaction (PCR) were designed as described previously. The PCR was conducted using HotStar Taq DNA polymerase (Qiagen, Hilden, Germany) on a PE 9700 thermal cycler (Applied Biosystems, Foster, CA, USA) with standard conditions and concentrations of reagents. Amplified products were purified with the QIAquick Gel Extraction kit (Qiagen). Both strands of each PCR product were sequenced with a BigDye® Terminator v3.1 Cycle Sequencing kit under an ABI PRISM 3130xl DNA analyzer (both from Applied Biosystems). DNA sequences were viewed and analyzed with the DNA Sequencing Analysis Software v5.1 (Applied Biosystems). The variant was validated by re-sequencing of an independent PCR-generated amplicon from the same subject. SNP and HGM databases were queried to confirm variants' novelty. Multiple GATA4 protein sequences among species were aligned using the online MUSCLE program, version 3.6. MutationTaster and PolyPhen-2 were used for predictions. The recombinant expression vector of GATA4 and ANF-luc were kindly provided by Dr Ichiro Shiojima of the Chiba University School of Medicine, Japan. The identified mutation was introduced into the wild-type GATA4 using a QuickChange II XL Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA, USA) with a complementary pair of primers. The mutant was sequenced to confirm the desired mutation and to exclude any other sequence variations. HeLa cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum and transfected with wildtype or mutant GATA4. Functionally abnormal. Absent in 400 control chromosomes. Functional studies revealed significantly diminished transcriptional activity. Transcriptional activity: activated ANF promoter by 3-fold (WT activated ANF promoter by 10-fold). In co-transfection: activation of ANF promoter was 6-fold. → significantly reduced activation activitycompared with WT 

Characterization and Subcellular Loc alization of KCNQ1 with a Heterozygous Mutation in the C Terminus https://doi.org/10.1006/jmcc.2000.1300 Long QT Syndrome(Romano-Ward Syndrome)(Jervell and Lange-Nielsen s y n d r o m e ) K C N Q 1 N A N A p .  T 5 8 7 M OBI:0002176. Electrophysiology assay I n  v i t r o COS7 cells transfected with WT and/or T587M KCNQ1Electrophysiological experiments and data analysesConfocal microscopy experiments for cellular trafficking of KCNQ1: GFP tagging COS7 cells: mutant displayed no functional channels when expressed alone and no dominant-negative effect when co-expressed with WT KCNQ1Electrophysiological experiments and data analyses (whole-cell patch clamp): cell membrane capacitance, membrane currents elicited, outward tail currents, current densityCellular trafficking: location and fluorescence pattern. → WT had plasma membrane fluorescence pattern, mutant showed perinuclear fluorescence pattern. Co-expression did not influence n o r m a l  ce l l u l ar  t r a n s p o r t . N A N A 1 W T 2 6 COS7 cells were seeded at a density of 3×104 cells per 35 mm Petri dish. WT n=5, T587M n=6 All numerical values were expressed as the mean±SEM (number of observations), and P<0.05 was considered significant, ANOVA, Student t-test S t a t s ,  c o n t r o l  Y e s Genomic DNA was isolated from leukocyte nuclei by convenetional methods. Direct PCR was performed for all exons of KCNQ1 isoform 1. The primers were constructed on the basis of the flanking intron sequences and their oligonucleotide sequences. DNA sequencing was performed dideoxynucleotide chain termination method with fluorescent dideoxynucleotides on an ABI-Prism 377 DNA sequencer using BigDye terminator premix reagent. The expression vectors of pCI-KCNQ1 were provided by Dr J. Barhanin (Institut de Pharmacologie Moleculaire et Cellulaire, CNRS, Sophia ANtipolis, France). COS7 cells were seeded ata a density of 3x104 cells per 35mm Petri dish and cultures for 12-24h prior to transfection in Dulbecco's modified Eagle's medium (Gibco-BRL, Rockville, MD, USA) supplemented with 10% fetal bovine serum. The cells were transiently transfected using the LipofectAMINE method according to the manufacturer's instructions (Gibco-BRL). Patch-clamp recording was performed using an EPC-7 patch-clamp amplifier (Darmnstadt, Germany), 24-48h after transfection and at room temperature. Functionally abnormal. Resulted from trensversion of transition C1760T. It cannot traffic to the plasma membrane and may form no subunit assembly with WT KCNQ1 

Unexplained cardiac arrest: a tale of conflicting interpretations of KCNQ1 genetic test results https://doi.org/10.1007/s00392-018-1233-3 Unexplained Cardiac ArrestLong QT Syndrome P K P 2 N A c . 2 4 3 1 C >  A p . R 8 1 1 S OBI:0002176. Electrophysiology assay I n  v i t r o Site directed mutagenesis, Xenopus laevis oocytes, two-electrode voltage-clamp technique. cDNAs modified to contain 3’-xenopus globin UTR and polyadenylation, capped RNAs. Ovarian lobes from laevis frogs. They expressed: WT and Mut KCNQ1• Molecular biology and expression of KCNQ1 channels in Xenopus laevis oocytes• Two electrode voltage clamp recordings• Electrophysiological analyses Molecular biology and expression of KCNQ1 channels in Xenopus laevis oocytes. Complex formation with KNCE1, potassium current (IKs), effect of co-expressing KCNQ1 channels with KCNE1, electrophysiological analyses (voltage-dependence of channel activation, elicit channel deactivation). N A N A 1 W T 6 3 Biological: wildtype/mutantVoltage clamp: at least 3 different batches of oocytes. G–V relationships of KCNQ1, KCNQ1 ∆P64-P70, KCNQ1+KCNQ1 ∆P64-P70 in the absence and presence of KCNE1.-KCNE1 (alone): WT n= 17; Mut n= 21; WT/Mut n=26+KCNE1: WT n= 17; Mut n= 21; WT/Mut n=26Electrophysiological analysis: at least 3 different batches of oocytes. Activation kinetics:-KCNE1 (alone): WT n= 24; Mut n= 26; WT/Mut n=19+KCNE1: WT n= 18; Mut n= 12; WT/Mut n=27Deactivation kinetics:-KCNE1 (alone): WT n= 25; Mut n= 28; WT/Mut n=32+KCNE1: WT n= 17; Mut n= 11; WT/Mut n=19 Voltage clamp: mean±SD, ANOVA, Dunnett’s test, p<0.01Electrophysiological analysis: Activation: mean±SD, ANOVA, Dunnett’s test, p<0.01Deactivation: mean±SD, ANOVA, Dunnett’s test, p<0.01 Predictions Polyphen2, Mutation Taster, SIFT Y e s This study was conducted in full agreement with the principles of the “Declaration of Helsinki” and laws and regulations of Switzerland. All DNA donors available for this study signed an informed consent form approved by the Cantonal Ethical Committee of Bern. DNA w as extracted from peripheral blood using standard procedures. Clinical exome analysis was performed by next generation sequencing on MiSeq instrument using the TruSight One Sequencing Panel (Illumina, San Diego, CA, USA). 190 genes implicated in hereditary vardiovascular disease were analyzed. Read alignment and local realignment of indels were performed using CLC Workbench v7.5.1 (Qiagen, Redwood City, CA, USA). Variants were identified by 1000 Genome Project database consultation. Detailed sequence analysis and interpretations were performed with PolyPhen2, SIFT and Mutation Taster, nd the HGMD, 1000 Genomes and ExAC databases and browsers. The mutants and wildtype cDNAs were generated using custom gene synthesis with codon optimization for Homo sapiens (GeneArt, Thermo Fisher Scientific, Germany). The sequences of purified plasmid DNAs from transformed E . coli were verified and linearized. Ovarian lobes were surgically removed from female X. laevis frogs anaesthetized in 0.3% tricaine (procedure approved by the Danish Veterinary and Food Administration; license number: 2014-15-0201-0031), divided into smaller clumps, and defolliculated. Healthy looking stage V-VI oocytes were isolated and injected with RNA  and incubated in OR3  at 18 °C, 140 rpm. One to two days after RNA injection, oocytes were placed one at a time in a custom-built chamber, which was continuously perfused with ND96 recording solution. Current recordings were performed using a Warner OC-725C Oocyte Clamp amplifier (Warner Instrument Corp, USA). Data were acquired using the pCLAMP 10 software (Molecular Devices, USA) and a Digidata 1550 digitizer (Molecular devices), s ampled at 10 kHz. Elect rical powerline interference was filtered with a Hum Bug 50/60Hz Noise Eliminator (Quest Scientific, Canada). Functionally abnormal, BUT Likely benign according to ACMG criteria. semi-conservative amino acid substitution at a position that is conserved across species, and may impact secondary protein structure as these residues differ in their physicochemical properties. 

Unexplained cardiac arrest: a tale of conflicting interpretations of KCNQ1 genetic test results https://doi.org/10.1007/s00392-018-1233-3 Unexplained Cardiac ArrestLong QT Syndrome K C N Q 1 N A c . 1 9 0 _ 2 1 0 d e l  p .  6 4 _ 7 0 d e l P A S P A A P * OBI:0002176. Electrophysiology assay I n  v i t r o Site directed mutagenesis, Xenopus laevis oocytes, two-electrode voltage-clamp technique. cDNAs modified to contain 3’-xenopus globin UTR and polyadenylation, capped RNAs. Ovarian lobes from laevis frogs. They expressed: WT and Mut KCNQ1• Molecular biology and expression of KCNQ1 channels in Xenopus laevis oocytes• Two electrode voltage clamp recordings• Electrophysiological analyses Molecular biology and expression of KCNQ1 channels in Xenopus laevis oocytes. Complex formation with KNCE1, potassium current (IKs), effect of co-expressing KCNQ1 channels with KCNE1, electrophysiological analyses (voltage-dependence of channel activation, elicit channel deactivation). N A N A 1 W T 6 3 Biological: wildtype/mutantVoltage clamp: at least 3 different batches of oocytes. G–V relationships of KCNQ1, KCNQ1 ∆P64-P70, KCNQ1+KCNQ1 ∆P64-P70 in the absence and presence of KCNE1.-KCNE1 (alone): WT n= 17; Mut n= 21; WT/Mut n=26+KCNE1: WT n= 17; Mut n= 21; WT/Mut n=26Electrophysiological analysis: at least 3 different batches of oocytes. Activation kinetics:-KCNE1 (alone): WT n= 24; Mut n= 26; WT/Mut n=19+KCNE1: WT n= 18; Mut n= 12; WT/Mut n=27Deactivation kinetics:-KCNE1 (alone): WT n= 25; Mut n= 28; WT/Mut n=32+KCNE1: WT n= 17; Mut n= 11; WT/Mut n=20 Voltage clamp: mean±SD, ANOVA, Dunnett’s test, p<0.01Electrophysiological analysis: Activation: mean±SD, ANOVA, Dunnett’s test, p<0.01Deactivation: mean±SD, ANOVA, Dunnett’s test, p<0.02 Predictions Polyphen2, Mutation Taster, SIFT Y e s This study was conducted in full agreement with the principles of the “Declaration of Helsinki” and laws and regulations of Switzerland. All DNA donors available for this study signed an informed consent form approved by the Cantonal Ethical Committee of Bern. DNA w as extracted from peripheral blood using standard procedures. Clinical exome analysis was performed by next generation sequencing on MiSeq instrument using the TruSight One Sequencing Panel (Illumina, San Diego, CA, USA). 190 genes implicated in hereditary vardiovascular disease were analyzed. Read alignment and local realignment of indels were performed using CLC Workbench v7.5.1 (Qiagen, Redwood City, CA, USA). Variants were identified by 1000 Genome Project database consultation. Detailed sequence analysis and interpretations were performed with PolyPhen2, SIFT and Mutation Taster, nd the HGMD, 1000 Genomes and ExAC databases and browsers. The mutants and wildtype cDNAs were generated using custom gene synthesis with codon optimization for Homo sapiens (GeneArt, Thermo Fisher Scientific, Germany). The sequences of purified plasmid DNAs from transformed E . coli were verified and linearized. Ovarian lobes were surgically removed from female X. laevis frogs anaesthetized in 0.3% tricaine (procedure approved by the Danish Veterinary and Food Administration; license number: 2014-15-0201-0031), divided into smaller clumps, and defolliculated. Healthy looking stage V-VI oocytes were isolated and injected with RNA  and incubated in OR3  at 18 °C, 140 rpm. One to two days after RNA injection, oocytes were placed one at a time in a custom-built chamber, which was continuously perfused with ND96 recording solution. Current recordings were performed using a Warner OC-725C Oocyte Clamp amplifier (Warner Instrument Corp, USA). Data were acquired using the pCLAMP 10 software (Molecular Devices, USA) and a Digidata 1550 digitizer (Molecular devices), s ampled at 10 kHz. Elect rical powerline interference was filtered with a Hum Bug 50/60Hz Noise Eliminator (Quest Scientific, Canada).  Functionally normal. Had been reports as pathogenic, Long QT Syndrome. insufficient evidence to consider it pathogenic Functional studies showed that the wild-type and mutant channels have no significant differences in current levels, conductance-voltage relationships, as well as activation and deactivation kinetics, in the absence and presence of the auxiliary subunit KCNE1.  

Using the genome aggregation database, computational pathogenicity prediction tools, and patch clamp heterologous expression studies to demote previously published long QT syndrome type 1 mutations from pathogenic to benign 10.1016/j.hrthm.2017.11.032  L o n g  Q T  S y n d r o m e  1  K C N Q 1 N A N A p . F 1 2 7 L ECO:0006341. Computational structure modeling evidenceOBI:0002176. Electrophysiology assay In silicoIn vitro In silico: paralog conservation, ortholog conservation, Grantham values, SIFT, PolyPhen2, Mutation Assesor, KvSNP, MutPred. The results were interpreted as follows: 2 tools predicting pathogenicity (“likely benign”); 3–5 tools (“uncertain significance”), or 6 tools (“likely pathogenic”).Three case-derived KCNQ1 MVs (F127L, P477L, L619M) that were considered “ultra-rare” (i.e., absent in 140,000 individuals) but had a “likely benign” composite in silico tool score. Expression studies were performed to determine whether these were true pathogenic or benign false-positives. For this, TSA 201 cells transfected with pIRES2-EGFP and pIRES2-dsRed2 with WT KCNQ1 and KCNE1 cDNA or mutant versions subcloned into them and electrophysiological measurements were made with whole-cell patch c lamp to measure WT and variant KCNQ1 I k s  c u r r e n t E x p r e s s i o n ,  I K s  c u r r e n t N A N A 1 W T 2 1 4 Biological: wildtype/mutantKCNQ1-F127 (n = 14), KCNQ1-P477L (n = 12), or KCNQ1-L619M (n = 11) compared to KCNQ1-WT (n =12) Student t tests were performed to determine statistical significance between 2 groups. Kruskal–Wallis test followed by Dunn multiple comparisons test were used to determine statistical significance between 3 groups. P<.05 was considered significant. Controls, stats, predict ion tolos Y e s A list of all “pathogenic” KCNQ1 case-derived MVs was compiled from 6 previously published large compendia: Splawski compendium, Tester 541, Napolitano compendium, FAMILION, Kapa 388 and AMC. Prediction tools were used ((paralog conservation, ortholog conservation, Grantham values, SIFT , PolyPhen2, Mutation Assesor, KvSNP, MutPred) to predict pathogenicity. Wild-type KCNQ1 and KCNE1 cDNA were subcloned into pIRES2-EGFP (Clontech, Mountain View, CA) and pIRES2-dsRed2 (Clontech), respectively, to produce pIRES2-KCNQ1-WT-EGFP and pIRES2-KCNE1-WT-dsRed2. The QuikChange XL Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA) was used to engineer the F127L, P477L, and L619M variants into pIRES2-KCNQ1-WT-EGFP. DNA sequencing was used to confirm the integrity of all vectors. TSA 201 cells were cultured in Dulbecco's Modified Eag le Medium supplemented with 10% fetal bovine serum, 1.0% L-glutamine, and 1.2% penicillin/streptomycin solution in a 5% CO2 incubator at 37ºC. Heterologous expression of Iks channels was accomplished with Lipofectamine (Invitrogen, Carlsbad, CA). Transfected TSA 201 cells were cultured in OPTI-MEM and incubated for 48 hours before electrophysiologic experiments. Standard whole-cell patch clamp technique was used, measuring at room temperature with an Axopatch 200B amplifier, Digidata 1440A, and pclam p version 10.2 software (Axon Instruments, Sunnyvale, CA).  Functionally normal. None of the KNCQ1 variants studied electro-physiologically altered significantly IKS current density. 

Using the genome aggregation database, computational pathogenicity prediction tools, and patch clamp heterologous expression studies to demote previously published long QT syndrome type 1 mutations from pathogenic to benign 10.1016/j.hrthm.2017.11.032  L o n g  Q T  S y n d r o m e  2  K C N Q 1 N A N A p . P 4 7 7 L ECO:0006341. Computational structure modeling evidenceOBI:0002176. Electrophysiology assay In silicoIn vitro In silico: paralog conservation, ortholog conservation, Grantham values, SIFT, PolyPhen2, Mutation Assesor, KvSNP, MutPred. The results were interpreted as follows: 2 tools predicting pathogenicity (“likely benign”); 3–5 tools (“uncertain significance”), or 6 tools (“likely pathogenic”).Three case-derived KCNQ1 MVs (F127L, P477L, L619M) that were considered “ultra-rare” (i.e., absent in 140,000 individuals) but had a “likely benign” composite in silico tool score. Expression studies were performed to determine whether these were true pathogenic or benign false-positives. For this, TSA 201 cells transfected with pIRES2-EGFP and pIRES2-dsRed2 with WT KCNQ1 and KCNE1 cDNA or mutant versions subcloned into them and electrophysiological measurements were made with whole-cell patch c lamp to measure WT and variant KCNQ1 I k s  c u r r e n t E x p r e s s i o n ,  I K s  c u r r e n t N A N A 1 W T 2 1 2 Biological: wildtype/mutantKCNQ1-F127 (n = 14), KCNQ1-P477L (n = 12), or KCNQ1-L619M (n = 11) compared to KCNQ1-WT (n =12) Student t tests were performed to determine statistical significance between 2 groups. Kruskal–Wallis test followed by Dunn multiple comparisons test were used to determine statistical significance between 3 groups. P<.05 was considered significant. Controls, stats, predict ion tolos Y e s A list of all “pathogenic” KCNQ1 case-derived MVs was compiled from 6 previously published large compendia: Splawski compendium, Tester 541, Napolitano compendium, FAMILION, Kapa 388 and AMC. Prediction tools were used ((paralog conservation, ortholog conservation, Grantham values, SIFT , PolyPhen2, Mutation Assesor, KvSNP, MutPred) to predict pathogenicity. Wild-type KCNQ1 and KCNE1 cDNA were subcloned into pIRES2-EGFP (Clontech, Mountain View, CA) and pIRES2-dsRed2 (Clontech), respectively, to produce pIRES2-KCNQ1-WT-EGFP and pIRES2-KCNE1-WT-dsRed2. The QuikChange XL Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA) was used to engineer the F127L, P477L, and L619M variants into pIRES2-KCNQ1-WT-EGFP. DNA sequencing was used to confirm the integrity of all vectors. TSA 201 cells were cultured in Dulbecco's Modified Eag le Medium supplemented with 10% fetal bovine serum, 1.0% L-glutamine, and 1.2% penicillin/streptomycin solution in a 5% CO2 incubator at 37ºC. Heterologous expression of Iks channels was accomplished with Lipofectamine (Invitrogen, Carlsbad, CA). Transfected TSA 201 cells were cultured in OPTI-MEM and incubated for 48 hours before electrophysiologic experiments. Standard whole-cell patch clamp technique was used, measuring at room temperature with an Axopatch 200B amplifier, Digidata 1440A, and pclam p version 10.2 software (Axon Instruments, Sunnyvale, CA).  Functionally normal. None of the KNCQ1 variants studied electro-physiologically altered significantly IKS current density. 

Using the genome aggregation database, computational pathogenicity prediction tools, and patch clamp heterologous expression studies to demote previously published long QT syndrome type 1 mutations from pathogenic to benign 10.1016/j.hrthm.2017.11.032  L o n g  Q T  S y n d r o m e  3  K C N Q 1 N A N A p .  L 6 1 9 M ECO:0006341. Computational structure modeling evidenceOBI:0002176. Electrophysiology assay In silicoIn vitro In silico: paralog conservation, ortholog conservation, Grantham values, SIFT, PolyPhen2, Mutation Assesor, KvSNP, MutPred. The results were interpreted as follows: 2 tools predicting pathogenicity (“likely benign”); 3–5 tools (“uncertain significance”), or 6 tools (“likely pathogenic”).Three case-derived KCNQ1 MVs (F127L, P477L, L619M) that were considered “ultra-rare” (i.e., absent in 140,000 individuals) but had a “likely benign” composite in silico tool score. Expression studies were performed to determine whether these were true pathogenic or benign false-positives. For this, TSA 201 cells transfected with pIRES2-EGFP and pIRES2-dsRed2 with WT KCNQ1 and KCNE1 cDNA or mutant versions subcloned into them and electrophysiological measurements were made with whole-cell patch c lamp to measure WT and variant KCNQ1 I k s  c u r r e n t E x p r e s s i o n ,  I K s  c u r r e n t N A N A 1 W T 2 1 1 Biological: wildtype/mutantKCNQ1-F127 (n = 14), KCNQ1-P477L (n = 12), or KCNQ1-L619M (n = 11) compared to KCNQ1-WT (n =12) Student t tests were performed to determine statistical significance between 2 groups. Kruskal–Wallis test followed by Dunn multiple comparisons test were used to determine statistical significance between 3 groups. P<.05 was considered significant. Controls, stats, predict ion tolos Y e s A list of all “pathogenic” KCNQ1 case-derived MVs was compiled from 6 previously published large compendia: Splawski compendium, Tester 541, Napolitano compendium, FAMILION, Kapa 388 and AMC. Prediction tools were used ((paralog conservation, ortholog conservation, Grantham values, SIFT , PolyPhen2, Mutation Assesor, KvSNP, MutPred) to predict pathogenicity. Wild-type KCNQ1 and KCNE1 cDNA were subcloned into pIRES2-EGFP (Clontech, Mountain View, CA) and pIRES2-dsRed2 (Clontech), respectively, to produce pIRES2-KCNQ1-WT-EGFP and pIRES2-KCNE1-WT-dsRed2. The QuikChange XL Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA) was used to engineer the F127L, P477L, and L619M variants into pIRES2-KCNQ1-WT-EGFP. DNA sequencing was used to confirm the integrity of all vectors. TSA 201 cells were cultured in Dulbecco's Modified Eag le Medium supplemented with 10% fetal bovine serum, 1.0% L-glutamine, and 1.2% penicillin/streptomycin solution in a 5% CO2 incubator at 37ºC. Heterologous expression of Iks channels was accomplished with Lipofectamine (Invitrogen, Carlsbad, CA). Transfected TSA 201 cells were cultured in OPTI-MEM and incubated for 48 hours before electrophysiologic experiments. Standard whole-cell patch clamp technique was used, measuring at room temperature with an Axopatch 200B amplifier, Digidata 1440A, and pclam p version 10.2 software (Axon Instruments, Sunnyvale, CA).  Functionally normal. None of the KNCQ1 variants studied electro-physiologically altered significantly IKS current density. 

Molecular characterization of two founder mutations causing long QT syndrome and identification of compound heterozygous patient https://doi.org/10.1080/07853890600756065 L o n g  Q T  S y n d r o m e  K C N Q 1 N A N A p.  IV S7 -2A> G (K CNQ 1- Fin B ) OBI:0002176. Electrophysiology assay I n  v i t r o 550 probands with suspected diagnosis of Long QT Syndrome + 150 probands with DNA-verified diagnosis of Long QT Syndrome = 700 unrelated  probands // 317 Finnish blood donors as controls. All were screened for the presence of KCNQ1 G589D (KCNQ1-FinA), KCNQ1 IVS7-2AwG (KCNQ1-FinB), HERG L552S (HERG-FinA) and HERG R176W (HERG-FinB).RT-PCR of KCNQ1 IVS7-2A>G splice site mutationCOS-7 : for HERG R176W (WT vs variant vs both) and KCNQ1 IVS7-2A>G (WT vs variant with and without KCNQ1 vs variant with or without KCNE1)HEK293 cells: for SCN5A R190G variant (WT vs R190G). Sodium currents were r e c o r d e d RT-PCRCOS-7 cells: Functional consequences, current recording, deactivating current.HEK293 cells: sodium c u r r e n t s 3 RT-PCR had 3 control RNA samples. 1 W T 6 N A Biological: wildtype/mutantsKCNQ1, KCNQ1 IVS7- 2A>G, KCNQ1+KCNQ1 IVS/-2AwG, KCNQ1+ KCNE1, KCNQ1 IVS7-2AwG+KCNE1, or KCNQ1+KCNQ1 IVS7-2A>G+KCNE1. A t test was used to compare the QTc intervals between carriers and non-carriers. Different types of t tests were applied depending on whether the QT duration showed a normal distribution or not, and depending on whether the variances were equal or not. The KolmogorovSmirnov test for different distributions was used for comparing QTc intervals between carriers and non-carriers of KCNQ1 G589D and HERG L552S. The Aspin-Welch unequal-variance test and the Mann-Whitney U test for difference in medians was used for comparing QTc intervals between carriers and non -carriers of KCNQ1 IVS7-2AwG and HERG R176W, respectively. ANOVA or Mann-Whitney test was used to compare electro-physiological recordings between wild-type and mutant channels. A P-value < 0.05 was considered statistically significant C o n t r o l s ,  s t a t s  Y e s This study was approved by the Ethics Review Committee of the Department of Medicine, University of Helsinki, and all patients have given their written informed consent for the genetic studies. The investigation conforms with the principles outlined in the Declaration of Helsinki. Mutations were assayed by restriction enzyme analysis. The regions of interest were amplified by PCR. For HERG R176W assay, the PCR product was digested with 1 U of SmaI (New England Biolabs, Beverly, MA, USA) at 30˚Cfor 4 h.  The PCR product containing KCNQ1 IVS7-2AwG was digested at 37˚C for 4 h with 1 U of DdeI (New England Biolabs). Lymphocytes were isolated from 8 mL of fresh blood using BD Vacutainer CPT tubes(Becton, Dickinson and Company, Franklin Lakes, NJ, USA). RNA was isolated with the RNeasy kit from Qiagen Inc. (Valencia, CA, USA) with slight modifications of the protocol. The cDNA was prepared with the Superscript First-Strand synthesis system (Invitrogen, Carlsbad, CA, USA) using oligo(dT) primers provided by the kit, and thereafter amplified with KCNQ1 specific primers. The human KCNH2 cDNA (U04270) in the pcDNA3.1 vector (Invitrogen, Carlsbad, CA, USA) was kindly provided by Dr Gail Robertson (University of Wisconsin, Madison, WI, USA). The human SCN5A (NM_198056; hH1C-Q1077; the 2016aa transcript variant 1) in the pcDNA3.1 vector was a kind gift from Dr J. Makielski (University of Wisconsin Hospital and Clinics, Madison, WI, USA). Site-directed mutagenesis was performed using the QuickChange site-directed mutagenesis kit (Stratagene, CA, USA). The mutagenic clones for all the constructs were sequenced to confirm the presence of the mutations and to exclude possible errors. COS-7 cells were maintained as described in previous works, Cells were transiently transfected by the DEAE (diethylaminoethyl)-dextran precipitate method.  Functionally abnormal. KCNQ1 IVS7-2AwG (KCNQ1-FinB) mutation: mean QTc interval of 464 ms and a complete loss-of-channel function. 

Molecular characterization of two founder mutations causing long QT syndrome and identification of compound heterozygous patient https://doi.org/10.1080/07853890600756065 L o n g  Q T  S y n d r o m e  K C N H 2 N A N A p . R 1 7 6 W  ( H E R G - F i n B )   OBI:0002176. Electrophysiology assay I n  v i t r o 551 probands with suspected diagnosis of Long QT Syndrome + 150 probands with DNA-verified diagnosis of Long QT Syndrome = 700 unrelated  probands // 317 Finnish blood donors as controls. All were screened for the presence of KCNQ1 G589D (KCNQ1-FinA), KCNQ1 IVS7-2AwG (KCNQ1-FinB), HERG L552S (HERG-FinA) and HERG R176W (HERG-FinB).RT-PCR of KCNQ1 IVS7-2A>G splice site mutationCOS-7 : for HERG R176W (WT vs variant vs both) and KCNQ1 IVS7-2A>G (WT vs variant with and without KCNQ1 vs variant with or without KCNE1)HEK293 cells: for SCN5A R190G variant (WT vs R190G). Sodium currents were r e c o r d e d RT-PCRCOS-7 cells: Functional consequences, current recording, deactivating current.HEK293 cells: sodium c u r r e n t s 3 RT-PCR had 3 control RNA samples. 1 W T 3 N A Biological: wildtype/mutantsHERG-WT, HERG R176W, and HERG-WT+HERGR176W A t test was used to compare the QTc intervals between carriers and non-carriers. Different types of t tests were applied depending on whether the QT duration showed a normal distribution or not, and depending on whether the variances were equal or not. The KolmogorovSmirnov test for different distributions was used for comparing QTc intervals between carriers and non-carriers of KCNQ1 G589D and HERG L552S. The Aspin-Welch unequal-variance test and the Mann-Whitney U test for difference in medians was used for comparing QTc intervals between carriers and non -carriers of KCNQ1 IVS7-2AwG and HERG R176W, respectively. ANOVA or Mann-Whitney test was used to compare electro-physiological recordings between wild-type and mutant channels. A P-value < 0.05 was considered statistically significant C o n t r o l s ,  s t a t s  Y e s This study was approved by the Ethics Review Committee of the Department of Medicine, University of Helsinki, and all patients have given their written informed consent for the genetic studies. The investigation conforms with the principles outlined in the Declaration of Helsinki. Mutations were assayed by restriction enzyme analysis. The regions of interest were amplified by PCR. For HERG R176W assay, the PCR product was digested with 1 U of SmaI (New England Biolabs, Beverly, MA, USA) at 30˚Cfor 4 h.  The PCR product containing KCNQ1 IVS7-2AwG was digested at 37˚C for 4 h with 1 U of DdeI (New England Biolabs). Lymphocytes were isolated from 8 mL of fresh blood using BD Vacutainer CPT tubes(Becton, Dickinson and Company, Franklin Lakes, NJ, USA). RNA was isolated with the RNeasy kit from Qiagen Inc. (Valencia, CA, USA) with slight modifications of the protocol. The cDNA was prepared with the Superscript First-Strand synthesis system (Invitrogen, Carlsbad, CA, USA) using oligo(dT) primers provided by the kit, and thereafter amplified with KCNQ1 specific primers. The human KCNH2 cDNA (U04270) in the pcDNA3.1 vector (Invitrogen, Carlsbad, CA, USA) was kindly provided by Dr Gail Robertson (University of Wisconsin, Madison, WI, USA). The human SCN5A (NM_198056; hH1C-Q1077; the 2016aa transcript variant 1) in the pcDNA3.1 vector was a kind gift from Dr J. Makielski (University of Wisconsin Hospital and Clinics, Madison, WI, USA). Site-directed mutagenesis was performed using the QuickChange site-directed mutagenesis kit (Stratagene, CA, USA). The mutagenic clones for all the constructs were sequenced to confirm the presence of the mutations and to exclude possible errors. COS-7 cells were maintained as described in previous works, Cells were transiently transfected by the DEAE (diethylaminoethyl)-dextran precipitate method.  Functionally abnormal. HERG R176W (HERG-FinB) mutation: reduction in current density as well as slight acceleration of the deactivation kinetics in vitro, and its carriers had a mean QTc of 448 ms. When present simultaneously with an apparent Long QT Syndrome-causing mutation, it may exert an additional in vivo phenotypic effect. Detected in this study in combination with a previously reported Long QT Syndrome mutation (KCNQ1 G589D or IVS7-2AwG). 
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Arrhythmogenic Cardiomyopathy in a Patient With a Rare Loss‐of‐Function KCNQ1 Mutation 10.1 161 /J AH A. 114 .001 526  Ventricular Tachycardia (symptom of Dilated Cardiomyopathy) K C N Q 1 N A N A p.R397Q OBI:0002176. Electrophysiology assay I n  v i t r o 10 patients with Dilated Cardiomyopathy.Amplified: SCN5A, KCNQ1, KCNE1, KCNE2) and KCNH2 + PKP2, DSP, DSG2, DSC2, LMNA, MYH7, MYBPC3, TNNT2, TNNI3.  Three rare or novel nonsynonymous variants (namely, p.R397Q in KCNQ1, p.R824G in DSG2, and p.V1604M in SCN5A [c.4810G>A, rs199473280]), and 1 common variant p.R773K in DSG2 (rs2278792, MAF 0.27) were identified in 4 patients with AC. Only p.R397Q was functionally studied.Cellular electrophysiology: HEK293T cells transfected with WT KCNQ1 cDNA and mutant KCNQ1 cDNA. And KCNE1 subcloned into pDSRed-Monomer-N1 expression vecto. Functional studies included cellular patch clamp, confocal microscopy, and immunoblotting.Immunofkluorescence: HEK-293 cells were transiently transfected with either WT or mutant KCNQ1 clones, confocal microscopeCell Protein Fractionation and Western Blotting Interactions between experimental groups and responses of currents 1 Confocal fluorescence microscope: Empty vectors as controls 1 W T 2 2 0  c e l l s Biological: wildtype/mutantCellular electrophysiology: WT-E1 (n=26 cells) or the R397Q-E1 variant (n=20 cells). 3 WB Values are expressed as meansstandard errors of the mean. Equality of variances was tested by Levene’s test. Variables with equal variances between 2 groups were compared by t test and by the nonparametric Mann–Whitney test. Interactions between the experimental groups (HEK293 cells expressing WT and mutant KCNQ1) and responses of the currents to changes in voltage were analyzed by MANOVA (Stata64 for Mac, 10.1). Prediction algorithms, stats, pos controls, neg controls Y e s The institutional review board of the Second Affiliated Hospital of Nanchang University approved the study. All subjects gave a written informed consent to participate in the study. DNA was extracted from the peripheral blood samples and all exons and exon–intron boundaries of candidate genes responsible for hereditary cardiac arrhythmias ) were amplified by polymerase chain reaction and sequenced by the Sanger method in forward and reverse directions using the Big Dye Terminator version 3.1 (Applied Biosystems, Carlsbad, CA). Site-directed mutagenesis was used to introduce the substitution. The clone was sequenced to verify introduction of the intended v ariant and exclude potential erroneous mutagenesis. For cellular electrophysiology, full-length wild-type (WT) KCNQ1 cDNA (a gift from Dr Yihan Chen at Tongji University, Shanghai, China) and the KCNQ1 cDNA carrying the p.R397Q mutation were subcloned into a pDouble-EGFP expression vector. Likewise, full-length KCNE1 cDNA encoding human KCNE1 protein subcloned into the pDSRed-Monomer-N1 expression vector. KCNQ1 and KCNE1 plasmids were transiently co-transfected (2:1 molar ratio) into HEK293T cells using Lipofectamine 2000 transfection reagent (Invitrogen Life Technologies, Carlsbad, CA). Patch-clamp experiments were performed in the Green Florescence Protein (GFP)-positive transfected cells 48 hours after the transfection and were recorded with an EPC-10 patch clamp amplifier (HEKA Electronik, Lambrecht, Germany). For immunofluorescence, HEK-293 cells were transiently transfected with either WT or mutant KCNQ1 clones using Lipofectamine 2000. Forty-eight hours after the transfection, cells were fixed and incubated overnight with a r abbit anti-KCNQ1 antibody. For cell protein fractionation and western blotting, Triton X-114 temperature-induced phase separation method was used to isolate membrane fraction per a published protocol. Functionally abnormal. Affected aa, co-expression with  partner unit KCNE1 was associated with reduced tail current density of slowly activating delayed rectifier K+ current (IKs), and reduced membrane localization of protein. 

Functional assessment of compound mutations in the KCNQ1 and KCNH2 genes associated with long QT syndrome 10.1016/j.hrthm.2005.07.025  L o n g  Q T  S y n d r o m e  K C N Q 1 N A N A p . R 5 9 1 H OBI:0002176. Electrophysiology assay I n  v i t r o Cascaded screening and functional analyses with Xenopus laevis oocytes and COS-1cells with two-electrode voltage clamp and confocal imaging. As electrophysiologic characterization, coexpression studies were achieved with KCNQ1-WT + KCNQ1-R591H; HERG1-WT + HERG1-R328C; or KCNQ1-WT + KCNQ1-R591H + HERG1-WT + HERG1-R328C, but they weren’t affected so an interaction between both was ruled out. Voltage protocol was continuously repeated for  2 to 3 minutes to roughly resemble a cardiac action potential with a frequency of 60 bpm. Localization studies were also performed with immunocytochemical analysis. Transient expression (in Xenopus laevis oocytes and COS-1 cells), Electrophysiologic experiments, Fluorescence staining and confocal analyses to determine subcellular localization of the channels. 1 C o n t r o l  g r o u p 1 W T 5 WT n=19MUT KCNQ1-WT + HERG1-WT n=6, n=19, n=4KCNQ1-WT + KCNQ1-R591H n=4-7 oocytesKCNQ1-WT + KCNQ1-R591H + HERG1-WT + HERG1-R328C n=6 Biological: wildtype/mutants, coexpressions KCNQ1: WT n=19MUT KCNQ1-WT + HERG1-WT n=6, n=19, n=4KCNQ1-WT + KCNQ1-R591H n=4-7 oocytesKCNQ1-WT + KCNQ1-R591H + HERG1-WT + HERG1-R328C n=6 Data analysis and drawings were performed using IGOR software (WaveMetrics, Lake Oswego, OR, USA) or GraphPad Prism software (GraphPad Software, San Diego, CA, USA). All deviations of calculated mean averages are given as standard error of the mean (SEM). The significance of differences between two means was calculated using the t-test. Deactivation curves were fitted to the double exponential function y = y0 + A1 * exp(-t/tau1) + A2 exp(t/tau2), wheretau1 andtau2 are time constants, A1 and A2 are the amplitudes of each component of the exponential fit, and y0 is the baseline value.  Varios tipos de análisis, stats, neg controls Y e s LQTS patients were selected from patients referred to Statens Serum Institut from St.George’s Hospital, London, United Kingdom.  Subjects gave informed consent. Genomic DNA was extracted from whole blood using a QIAamp reagent set (Qiagen GmbH, Hilden, Germany). Screening was performed for mutations in LQTS-associated genes. Mutation screening was performed by single-strand conformation polymorphism and heteroduplex analysis (SSCP/HD) using intronic primers. Aberrant conformers were purified and subjected to automated “dye terminator” cycle sequencing using an ABI373 DNA sequencer (Perkin-Elmer Applied Biosystems, Foster City, CA). Point mutations were constructed using standard PCR and the fragments were then cloned into the pGEM-HE vector for  expression in Xenopus laevis oocytes and into the pcDNA3 vector (Invitrogen) for analysis in mammalian cells. All constructs were sequenced using an ABI 377 DNA sequencer (Applied Biosystems). cRNA for injection was prepared from linearized KCNQ1 wild-type (WT), KCNQ1-R591H, HERG1-WT, and HERG1-R328C in pGEM-HE using the T7 m-Message Machine (Ambion, Austin, TX) or the mCAP mRNA kit (Stratagene, La Jolla, CA) according to the manufacturer’s instructions. COS-1 cells were grown in DMEM (Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal calf serum (Life Technologies) at 37°C in 5% CO2. Cells were transfected with cDNA using  Lipofectamine (Life Technologies) according to the manufacturer’s instructions. Immunostaining was performed 48 to 72 hours after transfection. All recordings were performed using a two-electrode voltage clamp amplifier (Dagan CA-1B, Minneapolis, MN, USA). Electrodes had tip resistances between 0.5 and 2.5 M when filled with 1 M KCl. All experiments were performed at room temperature. The integrity of the cell nuclei was checked by DAPI staining. Anti-KCNQ1 antibodies were purchased from Santa Cruz (Santa Cruz Biotechnology, Santa Cruz, CA), anti-HERG1 from Alomone (Alomone Laboratories, Jerusalem, Israel), and anti-PDI from BioSite, San Diego, CA. Secondary antibodies were from Molecular Probes. Images were treated using Adobe PhotoShop 5.5 (Adobe System Inc., San Jose, CA).  Functionally abnormal. Resulted in severe reduction of current (C-terminus). No dominant-negative effect. Dysfunctional trafficking of mutant channel subunits. 

Functional assessment of compound mutations in the KCNQ1 and KCNH2 genes associated with long QT syndrome 10.1016/j.hrthm.2005.07.025  L o n g  Q T  S y n d r o m e  K C N H 2 N A N A p . R 3 2 8 C OBI:0002176. Electrophysiology assay I n  v i t r o Cascaded screening and functional analyses with Xenopus laevis oocytes and COS-1cells with two-electrode voltage clamp and confocal imaging. As electrophysiologic characterization, coexpression studies were achieved with KCNQ1-WT + KCNQ1-R591H; HERG1-WT + HERG1-R328C; or KCNQ1-WT + KCNQ1-R591H + HERG1-WT + HERG1-R328C, but they weren’t affected so an interaction between both was ruled out. Voltage protocol was continuously repeated for  2 to 3 minutes to roughly resemble a cardiac action potential with a frequency of 60 bpm. Localization studies were also performed with immunocytochemical analysis. Transient expression (in X. laevis oocytes and COS-1 cells), Electrophysiologic experiments, Fluorescence staining and confocal analyses to determine subcellular localization of the channels. 1 W T 5 
H E R G 1 - W T   n = 1 5 
HERG1-R328CKCNQ1-WT + HERG1-WT n=6, n=19, n=4HERG1-WT + HERG1-R328C n=5-9KCNQ1-WT + KCNQ1-R591H + HERG1-WT + HERG1-R328C n=6 

HERG:HERG1-WT  n=15HERG1-R328CKCNQ1-WT + HERG1-WT n=6, n=19, n=4HERG1-WT + HERG1-R328C n=5-9KCNQ1-WT + KCNQ1-R591H + HERG1-WT + HERG1-R328C n=6 Data analysis and drawings were performed using IGOR software (WaveMetrics, Lake Oswego, OR, USA) or GraphPad Prism software (GraphPad Software, San Diego, CA, USA). All deviations of calculated mean averages are given as standard error of the mean (SEM). The significance of differences between two means was calculated using the t-test. Deactivation curves were fitted to the double exponential function y = y0 + A1 * exp(-t/tau1) + A2 exp(t/tau2), wheretau1 andtau2 are time constants, A1 and A2 are the amplitudes of each component of the exponential fit, and y0 is the baseline value.  Varios tipos de análisis, stats, neg controls Y e s LQTS patients were selected from patients referred to Statens Serum Institut from St.George’s Hospital, London, United Kingdom.  Subjects gave informed consent. Genomic DNA was extracted from whole blood using a QIAamp reagent set (Qiagen GmbH, Hilden, Germany). Screening was performed for mutations in LQTS-associated genes. Mutation screening was performed by single-strand conformation polymorphism and heteroduplex analysis (SSCP/HD) using intronic primers. Aberrant conformers were purified and subjected to automated “dye terminator” cycle sequencing using an ABI373 DNA sequencer (Perkin-Elmer Applied Biosystems, Foster City, CA). Point mutations were constructed using standard PCR and the fragments were then cloned into the pGEM-HE vector for  expression in Xenopus laevis oocytes and into the pcDNA3 vector (Invitrogen) for analysis in mammalian cells. All constructs were sequenced using an ABI 377 DNA sequencer (Applied Biosystems). cRNA for injection was prepared from linearized KCNQ1 wild-type (WT), KCNQ1-R591H, HERG1-WT, and HERG1-R328C in pGEM-HE using the T7 m-Message Machine (Ambion, Austin, TX) or the mCAP mRNA kit (Stratagene, La Jolla, CA) according to the manufacturer’s instruct ions. COS-1 cells were grown in DMEM (Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal calf serum (Life Technologies) at 37°C in 5% CO2. Cells were transfected with cDNA using  Lipofectamine (Life Technologies) according to the manufacturer’s instructions. Immunostaining was performed 48 to 72 hours after transfection. All recordings were performed using a two-electrode voltage clamp amplifier (Dagan CA-1B, Minneapolis, MN, USA). Electrodes had tip resistances between 0.5 and 2.5 M when filled with 1 M KCl. All experiments were performed at room temperature. The integrity of the cell nuclei w as checked by DAPI staining. Anti-KCNQ1 antibodies were purchased from Santa Cruz (Santa Cruz Biotechnology, Santa Cruz, CA), anti-HERG1 from Alomone (Alomone Laboratories, Jerusalem, Israel), and anti-PDI from BioSite, San Diego, CA. Secondary antibodies were from Molecular Probes. Images were treated using Adobe PhotoShop 5.5 (Adobe System Inc., San Jose, CA).  Functionally normal. Mutation did not show any functional phenotype (N-terminus) (novel). No electrophysiologic phenotype and no impact on localization, which led to believe it plays no role as disease-causing factor, it’s just a rare polymorphism 

Functional Assays Reclassify Suspected Splice-Altering Var iants of Uncertain Significance in Mendelian Channelopathies https://doi.org/10.1161/CIRCGEN.122.003782 B r u g a d a  S y n d r o m e  SCN5A N A c . 4 7 1 9 C > T N A ECO:0005514. Splice site mutation phenotypic evidence I n  v i t r o Minigene assays and iPSC-CMs (iPSC derived cardiomyocytes) with edited genome by CRISPR for 3 variants that weren’t compatible with minigene approach.In silico predictor: SpliceAI was used to predict the splicing consequences of each assayed variant. For each vari ant, four predicted probabilities were obtained: probabilities of introducing a splice Acceptor Gain (AG), Acceptor Loss (AL) , Donor Gain (DG), or Donor Loss (DL) accompanied by a predicted position of such change relative to each variant. Spl ic i ng  o utcome s ( RT -P C R) 2 Control iPSCs from a healthy donor.Variant c.1032G>A  study 2 WTNo PCR input for all RT-PCR experiments 2 3 Biological: wildtype/mutantsTriplicate amplification of RT-PCR products Statistical analyses were performed with a two-tailed unpaired t-test implemented in R. Error bars correspond to the standard error of the mean. Results were presented as SEM and p value was p<0.01 Stats, neg control, pos control, SpliceAI prediction Y e s Putative splice-altering variants were identified from a recent curation of variants from Walsh et al. Variants were considered putative splice-altering variants if they were identified in at least 1 case of BrS (SCN5A) or LQTS (KCNQ1 and KCNH2).  and were not predicted to affect the coding sequence of the protein. For minigene assays, all   bands were confirmed by Sanger sequencing. We deemed minigene results inconclusive if the PSI of WT plasmid was less than 30%. We considered a >50% disruption of WT splicing to fulfill the PS3 criteria, while the absence of splice perturbation (<10% change in PSI compared to WT) fulfilled the BS3 criteria. To obtain minigene constructs, PCR products were gel extracted (Qiagen) then restriction digested with SalI and NotI (New England Biolabs). The plasmid similarly underwent double digestion with SalI and NotI, followed by treatment with Calf Intestinal Phosphatase (Promega). The digested products were ligated together with T4 ligase (New England Biolabs). An aliquot of the ligation mix was transformed into DH5α competent cells by heat shock (Thermo Scientific) and cells were grown overnight at 37°C incubated with LB broth and 1 mg/mL ampicillin. Plasmid DNA was extracted using the Qiagen Miniprep kit. Each variant of interest was introduced using the QuikChange Lightning Multi Kit (Agilent) with 1 primer per variant using primers designed using the online QuikChange Primer Design tool.  The sequences of wild-type and variant plasmids were confirmed using Sanger sequencing and the entire insert sequences were compared to the GrCh38 reference genome sequence to ensure there were no unanticipated variants present. HEK cells were cultured at 37°C in humidified 95% air/5% CO2 incubator in Dulbecco’s Eagle’s medium supplemented with 10% fetal bovine serum, 1% non-essential amino acids, and 1% penicillin/streptomycin. At 30% confluency they were transfected with 500 ng of plasmid using FuGENE 6 (Promega) following manufacturer’s instructions. For iPSC-CMs, primers for CRISPR gRNAs were designed using the online CRISPOR tool and guides were cloned into a plasmid which was co-electroporated innto control iPSCs from a healthy donor with a repair olignucleotide template with the variant of interest and a PAM site variant to disrupt re-cutting. After 48 h, GFP+ single cells were sorted on a BD Fortessa 5-laser instrument and sub-cloned. Each subclone was genotyped by variant-specific primers. Sanger sequencing of amplified DNA identified clones with the correct heterozygous variant. iPSCs were maintained on plates coated with Matrigel (BD Biosciences) in mTeSR plus media (STEMCELL) at 37°C in a humidified 95% air/5% CO2 incubator. At 60-80% confluency, iPSCs were differentiated into iPSC-CMs using a monolayer chemical method. iPSC-CMs were harvested at day 30 of differentiation following the RNeasy Minikit protocol (Qiagen). The amplified cDNA was separated using 2% agarose gel electrophoresis, extracted as above, and analyzed with Sanger sequencing. For TA cloning, the gel extracted product was ligated into the pGEM®-T Vector (Promega) using the supplied kit per manufacturer’s instructions. After ligation and transformation, single colonies were grown up, DNA was extracted with the Qiagen Miniprep kit as above, and transcript composition determined by Sanger sequencing. Functionally abnormal. Exon truncating, prev. classified as LP // LP→ P 

Functional Assays Reclassify Suspected Splice-Altering Variants of Uncertain Significance in Mendelian Channelopathies https://doi.org/10.1161/CIRCGEN.122.003782 B r u g a d a  S y n d r o m e  SCN5A N A c . 1 8 9 0 G > A N A ECO:0005514. Splice site mutation phenotypic evidence I n  v i t r o Minigene assays and iPSC-CMs (iPSC derived cardiomyocytes) with edited genome by CRISPR for 3 variants that weren’t compatible with minigene approach.In silico predictor: SpliceAI was used to predict the splicing consequences of each assayed variant. For each variant, four predicted probabilities were obtained: probabilities of introducing a splice Acceptor Gain (AG), Acceptor Loss (AL), Donor Gain (DG), or Donor Loss (DL) accompanied by a predicted position of such change relative to each variant. Spl ic i ng  o ut come s ( RT -P C R) 2 Control iPSCs from a healthy donor.Variant c.1032G>A  study 2 WTNo PCR input for all RT-PCR experiments 2 3  f o r  m i n i g e n e  a s s a y s  Biological: wildtype/mutantsTriplicate amplification of RT-PCR products Statistical analyses were performed with a two-tailed unpaired t-test implemented in R. Error bars correspond to the standard error of the mean. Results were presented as SEM and p value was p<0.01 Stats, neg control, pos control, SpliceAI prediction Y e s Putative splice-altering variants were identified from a recent curation of variants from Walsh et al. Variants were considered putative splice-altering variants if they were identified in at least 1 case of BrS (SCN5A) or LQTS (KCNQ1 and KCNH2).  and were not predicted to affect the coding sequence of the protein. For minigene assays, all   bands were confirmed by Sanger sequencing. We deemed minigene results inconclusive if the PSI of WT plasmid was less than 30%. We considered a >50% disruption of WT splicing to fulfill the PS3 criteria, while the absence of splice perturbation (<10% change in PSI compared to WT) fulfilled the BS3 criteria. To obtain minigene constructs, PCR products were gel extracted (Qiagen) then restriction digested with SalI and NotI (New England Biolabs). The plasmid similarly underwent double digestion with SalI and NotI, followed by treatment with Calf Intestinal Phosphatase (Promega). The digested products were ligated together with T4 ligase (New England Biolabs). An aliquot of the ligation mix was transformed into DH5α competent cells by heat shock (Thermo Scientific) and cells were grown overnight at 37°C incubated with LB broth and 1 mg/mL ampicillin. Plasmid DNA was extracted using the Qiagen Miniprep kit. Each variant of interest was introduced using the QuikChange Lightning Multi Kit (Agilent) with 1 primer per variant using primers designed using the online QuikChange Primer Design tool.  The sequences of wild-type and variant plasmids were confirmed using Sanger sequencing and the entire insert sequences were compared to the GrCh38 reference genome sequence to ensure there were no unanticipated variants present. HEK cells were cultured at 37°C in humidified 95% air/5% CO2 incubator in Dulbecco’s Eagle’s medium supplemented with 10% fetal bovine serum, 1% non-essential amino acids, and 1% penicillin/streptomycin. At 30% confluency they were transfected with 500 ng of plasmid using FuGENE 6 (Promega) following manufacturer’s instructions. For iPSC-CMs, primers for CRISPR gRNAs were designed using the online CRISPOR tool and guides were cloned into a plasmid which was co-electroporated innto control iPSCs from a healthy donor with a repair olignucleotide template with the variant of interest and a PAM site variant to disrupt re-cutting. After 48 h, GFP+ single cells were sorted on a BD Fortessa 5-laser instrument and sub-cloned. Each subclone was genotyped by variant-specific primers. Sanger sequencing of amplified DNA identified clones with the correct heterozygous variant. iPSCs were maintained on plates coated with Matrigel (BD Biosciences) in mTeSR plus media (STEMCELL) at 37°C in a humidified 95% air/5% CO2 incubator. At 60-80% confluency, iPSCs were differentiated into iPSC-CMs using a monolayer chemical method. iPSC-CMs were harvested at day 30 of differentiation following the RNeasy Minikit protocol (Qiagen). The amplified cDNA was separated using 2% agarose gel electrophoresis, extracted as above, and analyzed with Sanger sequencing. For TA cloning, the gel extracted product was ligated into the pGEM®-T Vector (Promega) using the supplied kit per manufacturer’s instructions. After ligation and transformation, single colonies  were grown up, DNA was extracted with the Qiagen Miniprep kit as above, and transcript composition determined by Sanger sequencing. Functionally abnormal. Retention of intro 10 by a splice donor loss // VUS→ LP 

Functional Assays Reclassify Suspected Splice-Altering Variants of Uncertain Significance in Mendelian Channelopathies https://doi.org/10.1161/CIRCGEN.122.003782 B r u g a d a  S y n d r o m e  SCN5A N A c . 4 2 9 9 G > C N A ECO:0005514. Splice site mutation phenotypic evidence I n  v i t r o Minigene assays and iPSC-CMs (iPSC derived cardiomyocytes) with edited genome by CRISPR for 3 variants that weren’t compatible with minigene approach.In silico predictor: SpliceAI was used to predict the splicing consequences of each assayed variant. For each vari ant, four predicted probabilities were obtained: probabilities of introducing a splice Acceptor Gain (AG), Acceptor Loss (AL) , Donor Gain (DG), or Donor Loss (DL) accompanied by a predicted position of such change relative to each variant. Spl ic i ng  o utcome s ( RT -P C R) 2 Control iPSCs from a healthy donor.Variant c.1032G>A  study 2 WTNo PCR input for all RT-PCR experiments 2 3  f o r  m i n i g e n e  a s s a y s  Biological: wildtype/mutantsTriplicate amplification of RT-PCR products Statistical analyses were performed with a two-tailed unpaired t-test implemented in R. Error bars correspond to the standard error of the mean. Results were presented as SEM and p value was p<0.01 Stats, neg control, pos control, SpliceAI prediction Y e s Putative splice-altering variants were identified from a recent curation of variants from Walsh et al. Variants were considered putative splice-altering variants if they were identified in at least 1 case of BrS (SCN5A) or LQTS (KCNQ1 and KCNH2).  and were not predicted to affect the coding sequence of the protein. For minigene assays, all   bands were confirmed by Sanger sequencing. We deemed minigene results inconclusive if the PSI of WT plasmid was less than 30%. We considered a >50% disruption of WT splicing to fulfill the PS3 criteria, while the absence of splice perturbation (<10% change in PSI compared to WT) fulfilled the BS3 criteria. To obtain minigene constructs, PCR products were gel extracted (Qiagen) then restriction digested with SalI and NotI (New England Biolabs). The plasmid similarly underwent double digestion with SalI and NotI, followed by treatment with Calf Intestinal Phosphatase (Promega). The digested products were ligated together with T4 ligase (New England Biolabs). An aliquot of the ligation mix was transformed into DH5α competent cells by heat shock (Thermo Scientific) and cells were grown overnight at 37°C incubated with LB broth and 1 mg/mL ampicillin. Plasmid DNA was extracted using the Qiagen Miniprep kit. Each variant of interest was introduced using the QuikChange Lightning Multi Kit (Agilent) with 1 primer per variant using primers designed using the online QuikChange Primer Design tool.  The sequences of wild-type and variant plasmids were confirmed using Sanger sequencing and the entire insert sequences were compared to the GrCh38 reference genome sequence to ensure there were no unanticipated variants present. HEK cells were cultured at 37°C in humidified 95% air/5% CO2 incubator in Dulbecco’s Eagle’s medium supplemented with 10% fetal bovine serum, 1% non-essential amino acids, and 1% penicillin/streptomycin. At 30% confluency they were transfected with 500 ng of plasmid using FuGENE 6 (Promega) following manufacturer’s instructions. For iPSC-CMs, primers for CRISPR gRNAs were designed using the online CRISPOR tool and guides were cloned into a plasmid which was co-electroporated innto control iPSCs from a healthy donor with a repair olignucleotide template with the variant of interest and a PAM site variant to disrupt re-cutting. After 48 h, GFP+ single cells were sorted on a BD Fortessa 5-laser instrument and sub-cloned. Each subclone was genotyped by variant-specific primers. Sanger sequencing of amplified DNA identified clones with the correct heterozygous variant. iPSCs were maintained on plates coated with Matrigel (BD Biosciences) in mTeSR plus media (STEMCELL) at 37°C in a humidified 95% air/5% CO2 incubator. At 60-80% confluency, iPSCs were differentiated into iPSC-CMs using a monolayer chemical method. iPSC-CMs were harvested at day 30 of differentiation following the RNeasy Minikit protocol (Qiagen). The amplified cDNA was separated using 2% agarose gel electrophoresis, extracted as above, and analyzed with Sanger sequencing. For TA cloning, the gel extracted product was ligated into the pGEM®-T Vector (Promega) using the supplied kit per manufacturer’s instructions. After ligation and transformation, single colonies  were grown up, DNA was extracted with the Qiagen Miniprep kit as above, and transcript composition determined by Sanger sequencing. Functionally normal. Inconclusive minigene assay due to poor splicing of WT exon// VUS → VUS 

Functional Assays Reclassify Suspected Splice-Altering Variants of Uncertain Significance in Mendelian Channelopathies https://doi.org/10.1161/CIRCGEN.122.003782 B r u g a d a  S y n d r o m e  SCN5A N A c . 4 2 9 9 + 6 T > C N A ECO:0005514. Splice site mutation phenotypic evidence I n  v i t r o Minigene assays and iPSC-CMs (iPSC derived cardiomyocytes) with edited genome by CRISPR for 3 variants that weren’t compatible with minigene approach.In silico predictor: SpliceAI was used to predict the splicing consequences of each assayed variant. For each vari ant, four predicted probabilities were obtained: probabilities of introducing a splice Acceptor Gain (AG), Acceptor Loss (AL) , Donor Gain (DG), or Donor Loss (DL) accompanied by a predicted position of such change relative to each variant. Spl ic i ng  o utcome s ( RT -P C R) 2 Control iPSCs from a healthy donor.Variant c.1032G>A  study 2 WTNo PCR input for all RT-PCR experiments 2 3  f o r  m i n i g e n e  a s s a y s  Biological: wildtype/mutantsTriplicate amplification of RT-PCR products Statistical analyses were performed with a two-tailed unpaired t-test implemented in R. Error bars correspond to the standard error of the mean. Results were presented as SEM and p value was p<0.01 Stats, neg control, pos control, SpliceAI prediction Y e s Putative splice-altering variants were identified from a recent curation of variants from Walsh et al. Variants were considered putative splice-altering variants if they were identified in at least 1 case of BrS (SCN5A) or LQTS (KCNQ1 and KCNH2).  and were not predicted to affect the coding sequence of the protein. For minigene assays, all   bands were confirmed by Sanger sequencing. We deemed minigene results inconclusive if the PSI of WT plasmid was less than 30%. We considered a >50% disruption of WT splicing to fulfill the PS3 criteria, while the absence of splice perturbation (<10% change in PSI compared to WT) fulfilled the BS3 criteria. To obtain minigene constructs, PCR products were gel extracted (Qiagen) then restriction digested with SalI and NotI (New England Biolabs). The plasmid similarly underwent double digestion with SalI and NotI, followed by treatment with Calf Intestinal Phosphatase (Promega). The digested products were ligated together with T4 ligase (New England Biolabs). An aliquot of the ligation mix was transformed into DH5α competent cells by heat shock (Thermo Scientific) and cells were grown overnight at 37°C incubated with LB broth and 1 mg/mL ampicillin. Plasmid DNA was extracted using the Qiagen Miniprep kit. Each variant of interest was introduced using the QuikChange Lightning Multi Kit (Agilent) with 1 primer per variant using primers designed using the online QuikChange Primer Design tool.  The sequences of wild-type and variant plasmids were confirmed using Sanger sequencing and the entire insert sequences were compared to the GrCh38 reference genome sequence to ensure there were no unanticipated variants present. HEK cells were cultured at 37°C in humidified 95% air/5% CO2 incubator in Dulbecco’s Eagle’s medium supplemented with 10% fetal bovine serum, 1% non-essential amino acids, and 1% penicillin/streptomycin. At 30% confluency they were transfected with 500 ng of plasmid using FuGENE 6 (Promega) following manufacturer’s instructions. For iPSC-CMs, primers for CRISPR gRNAs were designed using the online CRISPOR tool and guides were cloned into a plasmid which was co-electroporated innto control iPSCs from a healthy donor with a repair olignucleotide template with the variant of interest and a PAM site variant to disrupt re-cutting. After 48 h, GFP+ single cells were sorted on a BD Fortessa 5-laser instrument and sub-cloned. Each subclone was genotyped by variant-specific primers. Sanger sequencing of amplified DNA identified clones with the correct heterozygous variant. iPSCs were maintained on plates coated with Matrigel (BD Biosciences) in mTeSR plus media (STEMCELL) at 37°C in a humidified 95% air/5% CO2 incubator. At 60-80% confluency, iPSCs were differentiated into iPSC-CMs using a monolayer chemical method. iPSC-CMs were harvested at day 30 of differentiation following the RNeasy Minikit protocol (Qiagen). The amplified cDNA was separated using 2% agarose gel electrophoresis, extracted as above, and analyzed with Sanger sequencing. For TA cloning, the gel extracted product was ligated into the pGEM®-T Vector (Promega) using the supplied kit per manufacturer’s instructions. After ligation and transformation, single colonies  were grown up, DNA was extracted with the Qiagen Miniprep kit as above, and transcript composition determined by Sanger sequencing. Functionally normal. Functionally normal. Inconclusive minigene assay due to poor splicing of WT exon // VUS → VUS 

Functional Assays Reclassify Suspected Splice-Altering Variants of Uncertain Significance in Mendelian Channelopathies https://doi.org/10.1161/CIRCGEN.122.003782 L o n g  Q T  S y n d r o m e  K C N H 2 N A c . 1 1 2 8 G > A N A ECO:0005514. Splice site mutation phenotypic evidence I n  v i t r o Minigene assays and iPSC-CMs (iPSC derived cardiomyocytes) with edited genome by CRISPR for 3 variants that weren’t compatible with minigene approach.In silico predictor: SpliceAI was used to predict the splicing consequences of each assayed variant. For each variant, four predicted probabilities were obtained: probabilities of introducing a splice Acceptor Gain (AG), Acceptor Loss (AL), Donor Gain (DG), or Donor Loss (DL) accompanied by a predicted position of such change relative to each variant. Spl ic i ng  o utcome s ( RT -P C R) 2 Control iPSCs from a healthy donor.Variant c.1032G>A  study 2 WTNo PCR input for all RT-PCR experiments 2 3  f o r  m i n i g e n e  a s s a y s  Biological: wildtype/mutantsTriplicate amplification of RT-PCR products Statistical analyses were performed with a two-tailed unpaired t-test implemented in R. Error bars correspond to the standard error of the mean. Results were presented as SEM and p value was p<0.01 Stats, neg control, pos control, SpliceAI prediction Y e s Putative splice-altering variants were identified from a recent curation of variants from Walsh et al. Variants were considered putative splice-altering variants if they were identified in at least 1 case of BrS (SCN5A) or LQTS (KCNQ1 and KCNH2).  and were not predicted to affect the coding sequence of the protein. For minigene assays, all   bands were confirmed by Sanger sequencing. We deemed minigene results inconclusive if the PSI of WT plasmid was less than 30%. We considered a >50% disruption of WT splicing to fulfill the PS3 criteria, while the absence of splice perturbation (<10% change in PSI compared to WT) fulfilled the BS3 criteria. To obtain minigene constructs, PCR products were gel extracted (Qiagen) then restriction digested with SalI and NotI (New England Biolabs). The plasmid similarly underwent double digestion with SalI and NotI, followed by treatment with Calf Intestinal Phosphatase (Promega). The digested products were ligated together with T4 ligase (New England Biolabs). An aliquot of the ligation mix was transformed into DH5α competent cells by heat shock (Thermo Scientific) and cells were grown overnight at 37°C incubated with LB broth and 1 mg/mL ampicillin. Plasmid DNA was extracted using the Qiagen Miniprep kit. Each variant of interest was introduced using the QuikChange Lightning Multi Kit (Agilent) with 1 primer per variant using primers designed using the online QuikChange Primer Design tool.  The sequences of wild-type and variant plasmids were confirmed using Sanger sequencing and the entire insert sequences were compared to the GrCh38 reference genome sequence to ensure there were no unanticipated variants present. HEK cells were cultured at 37°C in humidified 95% air/5% CO2 incubator in Dulbecco’s Eagle’s medium supplemented with 10% fetal bovine serum, 1% non-essential amino acids, and 1% penicillin/streptomycin. At 30% confluency they were transfected with 500 ng of plasmid using FuGENE 6 (Promega) following manufacturer’s instructions. For iPSC-CMs, primers for CRISPR gRNAs were designed using the online CRISPOR tool and guides were cloned into a plasmid which was co-electroporated innto control iPSCs from a healthy donor with a repair olignucleotide template with the variant of interest and a PAM site variant to disrupt re-cutting. After 48 h, GFP+ single cells were sorted on a BD Fortessa 5-laser instrument and sub-cloned. Each subclone was genotyped by variant-specific primers. Sanger sequencing of amplified DNA identified clones with the correct heterozygous variant. iPSCs were maintained on plates coated with Matrigel (BD Biosciences) in mTeSR plus media (STEMCELL) at 37°C in a humidified 95% air/5% CO2 incubator. At 60-80% confluency, iPSCs were differentiated into iPSC-CMs using a monolayer chemical method. iPSC-CMs were harvested at day 30 of differentiation following the RNeasy Minikit protocol (Qiagen). The amplified cDNA was separated using 2% agarose gel electrophoresis, extracted as above, and analyzed with Sanger sequencing. For TA cloning, the gel extracted product was ligated into the pGEM®-T Vector (Promega) using the supplied kit per manufacturer’s instructions. After ligation and transformation, single colonies were grown up, DNA was extracted with the Qiagen Miniprep kit as above, and transcript composition determined by Sanger sequencing. Functionally abnormal. Induced exon skipping, predicted to disrupt downstream reading frame // VUS → LP 

Functional Assays Reclassify Suspected Splice-Altering Variants of Uncertain Significance in Mendelian Channelopathies https://doi.org/10.1161/CIRCGEN.122.003782 L o n g  Q T  S y n d r o m e  K C N H 2 N A c . 2 1 4 5 G > A N A ECO:0005514. Splice site mutation phenotypic evidence I n  v i t r o Minigene assays and iPSC-CMs (iPSC derived cardiomyocytes) with edited genome by CRISPR for 3 variants that weren’t compatible with minigene approach.In silico predictor: SpliceAI was used to predict the splicing consequences of each assayed variant. For each variant, four predicted probabilities were obtained: probabilities of introducing a splice Acceptor Gain (AG), Acceptor Loss (AL), Donor Gain (DG), or Donor Loss (DL) accompanied  by a predicted position of such change relative to each variant. Spl ic i ng  o utcome s ( RT -P C R) 2 Control iPSCs from a healthy donor.Variant c.1032G>A  study 2 WTNo PCR input for all RT-PCR experiments 2 3  f o r  m i n i g e n e  a s s a y s  Biological: wildtype/mutantsTriplicate amplification of RT-PCR products Statistical analyses were performed with a two-tailed unpaired t-test implemented in R. Error bars correspond to the standard error of the mean. Results were presented as SEM and p value was p<0.01 Stats, neg control, pos control, SpliceAI prediction Y e s Putative splice-altering variants were identified from a recent curation of variants from Walsh et al. Variants were considered putative splice-altering variants if they were identified in at least 1 case of BrS (SCN5A) or LQTS (KCNQ1 and KCNH2).  and were not predicted to affect the coding sequence of the protein. For minigene assays, all   bands were confirmed by Sanger sequencing. We deemed minigene results inconclusive if the PSI of WT plasmid was less than 30%. We considered a >50% disruption of WT splicing to fulfill the PS3 criteria, while the absence of splice perturbation (<10% change in PSI compared to WT) fulfilled the BS3 criteria. To obtain minigene constructs, PCR products were gel extracted (Qiagen) then restriction digested with SalI and NotI (New England Biolabs). The plasmid similarly underwent double digestion with SalI and NotI, followed by treatment with Calf Intestinal Phosphatase (Promega). The digested products were ligated together with T4 ligase (New England Biolabs). An aliquot of the ligation mix was transformed into DH5α competent cells by heat shock (Thermo Scientific) and cells were grown overnight at 37°C incubated with LB broth and 1 mg/mL ampicillin. Plasmid DNA was extracted using the Qiagen Miniprep kit. Each variant of interest was introduced using the QuikChange Lightning Multi Kit (Agilent) with 1 primer per variant using primers designed using the online QuikChange Primer Design tool.  The sequences of wild-type and variant plasmids were confirmed using Sanger sequencing and the entire insert sequences were compared to the GrCh38 reference genome sequence to ensure there were no unanticipated variants present. HEK cells were cultured at 37°C in humidified 95% air/5% CO2 incubator in Dulbecco’s Eagle’s medium supplemented with 10% fetal bovine serum, 1% non-essential amino acids, and 1% penicillin/streptomycin. At 30% confluency they were transfected with 500 ng of plasmid using FuGENE 6 (Promega) following manufacturer’s instructions. For iPSC-CMs, primers for CRISPR gRNAs were designed using the online CRISPOR tool and guides were cloned into a plasmid which was co-electroporated innto control iPSCs from a healthy donor with a repair olignucleotide template with the variant of interest and a PAM site variant to disrupt re-cutting. After 48 h, GFP+ single cells were sorted on a BD Fortessa 5-laser instrument and sub-cloned. Each subclone was genotyped by variant-specific primers. Sanger sequencing of amplified DNA identified clones with the correct heterozygous variant. iPSCs were maintained on plates coated with Matrigel (BD Biosciences) in mTeSR plus media (STEMCELL) at 37°C in a humidified 95% air/5% CO2 incubator. At 60-80% confluency, iPSCs were differentiated into iPSC-CMs using a monolayer chemical method. iPSC-CMs were harvested at day 30 of differentiation following the RNeasy Minikit protocol (Qiagen). The amplified cDNA was separated using 2% agarose gel electrophoresis, extracted as above, and analyzed with Sanger sequencing. For TA cloning, the gel extracted product was ligated into the pGEM®-T Vector (Promega) using the supplied kit per manufacturer’s instructions. After ligation and transformation, single colonies were grown up, DNA was extracted with the Qiagen Miniprep kit as above, and transcript composition determined by Sanger sequencing. Functionally abnormal. Led to exon skipping event at exon 8 – frameshift // VUS → LP 

Functional Assays Reclassify Suspected Splice-Altering Variants of Uncertain Significance in Mendelian Channelopathies https://doi.org/10.1161/CIRCGEN.122.003782 L o n g  Q T  S y n d r o m e  K C N H 2 N A c . 2 3 9 8 + 5 G > T  N A ECO:0005514. Splice site mutation phenotypic evidence I n  v i t r o Minigene assays and iPSC-CMs (iPSC derived cardiomyocytes) with edited genome by CRISPR for 3 variants that weren’t compatible with minigene approach.In silico predictor: SpliceAI was used to predict the splicing consequences of each assayed variant. For each variant, four predicted probabilities were obtained: probabilities of introducing a splice Acceptor Gain (AG), Acceptor Loss (AL), Donor Gain (DG), or Donor Loss (DL) accompanied by a predicted position of such change relative to each variant. Spl ic i ng  o ut come s ( RT -P C R) 2 Control iPSCs from a healthy donor.Variant c.1032G>A  study 2 WTNo PCR input for all RT-PCR experiments 2 3  f o r  m i n i g e n e  a s s a y s  Biological: wildtype/mutantsTriplicate amplification of RT-PCR products Statistical analyses were performed with a two-tailed unpaired t-test implemented in R. Error bars correspond to the standard error of the mean. Results were presented as SEM and p value was p<0.01 Stats, neg control, pos control, SpliceAI prediction Y e s Putative splice-altering variants were identified from a recent curation of variants from Walsh et al. Variants were considered putative splice-altering variants if they were identified in at least 1 case of BrS (SCN5A) or LQTS (KCNQ1 and KCNH2).  and were not predicted to affect the coding sequence of the protein. For minigene assays, all   bands were confirmed by Sanger sequencing. We deemed minigene results inconclusive if the PSI of WT plasmid was less than 30%. We considered a >50% disruption of WT splicing to fulfill the PS3 criteria, while the absence of splice perturbation (<10% change in PSI compared to WT) fulfilled the BS3 criteria. To obtain minigene constructs, PCR products were gel extracted (Qiagen) then restriction digested with SalI and NotI (New England Biolabs). The plasmid similarly underwent double digestion with SalI and NotI, followed by treatment with Calf Intestinal Phosphatase (Promega). The digested products were ligated together with T4 ligase (New England Biolabs). An aliquot of the ligation mix was transformed into DH5α competent cells by heat shock (Thermo Scientific) and cells were grown overnight at 37°C incubated with LB broth and 1 mg/mL ampicillin. Plasmid DNA was extracted using the Qiagen Miniprep kit. Each variant of interest was introduced using the QuikChange Lightning Multi Kit (Agilent) with 1 primer per variant using primers designed using the online QuikChange Primer Design tool.  The sequences of wild-type and variant plasmids were confirmed using Sanger sequencing and the entire insert sequences were compared to the GrCh38 reference genome sequence to ensure there were no unanticipated variants present. HEK cells were cultured at 37°C in humidified 95% air/5% CO2 incubator in Dulbecco’s Eagle’s medium supplemented with 10% fetal bovine serum, 1% non-essential amino acids, and 1% penicillin/streptomycin. At 30% confluency they were transfected with 500 ng of plasmid using FuGENE 6 (Promega) following manufacturer’s instructions. For iPSC-CMs, primers for CRISPR gRNAs were designed using the online CRISPOR tool and guides were cloned into a plasmid which was co-electroporated innto control iPSCs from a healthy donor with a repair olignucleotide template with the variant of interest and a PAM site variant to disrupt re-cutting. After 48 h, GFP+ single cells were sorted on a BD Fortessa 5-laser instrument and sub-cloned. Each subclone was genotyped by variant-specific primers. Sanger sequencing of amplified DNA identified clones with the correct heterozygous variant. iPSCs were maintained on plates coated with Matrigel (BD Biosciences) in mTeSR plus media (STEMCELL) at 37°C in a humidified 95% air/5% CO2 incubator. At 60-80% confluency, iPSCs were differentiated into iPSC-CMs using a monolayer chemical method. iPSC-CMs were harvested at day 30 of differentiation following the RNeasy Minikit protocol (Qiagen). The amplified cDNA was separated using 2% agarose gel electrophoresis, extracted as above, and analyzed with Sanger sequencing. For TA cloning, the gel extracted product was ligated into the pGEM®-T Vector (Promega) using the supplied kit per manufacturer’s instructions. After ligation and transformation, single colonies  were grown up, DNA was extracted with the Qiagen Miniprep kit as above, and transcript composition determined by Sanger sequencing. Functionally abnormal. Exon skipping (exon 9), predicted to lead to frameshift // VUS → LP  

Functional Assays Reclassify Suspected Splice-Altering Variants of Uncertain Significance in Mendelian Channelopathies https://doi.org/10.1161/CIRCGEN.122.003782 L o n g  Q T  S y n d r o m e  K C N Q 1 N A c.683+5G>A N A ECO:0005514. Splice site mutation phenotypic evidence I n  v i t r o Minigene assays and iPSC-CMs (iPSC derived cardiomyocytes) with edited genome by CRISPR for 3 variants that weren’t compatible with minigene approach.In silico predictor: SpliceAI was used to predict the splicing consequences of each assayed variant. For each variant, four predicted probabilities were obtained: probabilities of introducing a splice Acceptor Gain (AG), Acceptor Loss (AL), Donor Gain (DG), or Donor Loss (DL) accompanied by a predicted position of such change relative to each variant. Spl ic i ng  o ut come s ( RT -P C R) 2 Control iPSCs from a healthy donor.Variant c.1032G>A  study 2 WTNo PCR input for all RT-PCR experiments 2 3  f o r  m i n i g e n e  a s s a y s  Biological: wildtype/mutantsTriplicate amplification of RT-PCR products Statistical analyses were performed with a two-tailed unpaired t-test implemented in R. Error bars correspond to the standard error of the mean. Results were presented as SEM and p value was p<0.01 Stats, neg control, pos control, SpliceAI prediction Y e s Putative splice-altering variants were identified from a recent curation of variants from Walsh et al. Variants were considered putative splice-altering variants if they were identified in at least 1 case of BrS (SCN5A) or LQTS (KCNQ1 and KCNH2).  and were not predicted to affect the coding sequence of the protein. For minigene assays, all   bands were confirmed by Sanger sequencing. We deemed minigene results inconclusive if the PSI of WT plasmid was less than 30%. We considered a >50% disruption of WT splicing to fulfill the PS3 criteria, while the absence of splice perturbation (<10% change in PSI compared to WT) fulfilled the BS3 criteria. To obtain minigene constructs, PCR products were gel extracted (Qiagen) then restriction digested with SalI and NotI (New England Biolabs). The plasmid similarly underwent double digestion with SalI and NotI, followed by treatment with Calf Intestinal Phosphatase (Promega). The digested products were ligated together with T4 ligase (New England Biolabs). An aliquot of the ligation mix was transformed into DH5α competent cells by heat shock (Thermo Scientific) and cells were grown overnight at 37°C incubated with LB broth and 1 mg/mL ampicillin. Plasmid DNA was extracted using the Qiagen Miniprep kit. Each variant of interest was introduced using the QuikChange Lightning Multi Kit (Agilent) with 1 primer per variant using primers designed using the online QuikChange Primer Design tool.  The sequences of wild-type and variant plasmids were confirmed using Sanger sequencing and the entire insert sequences were compared to the GrCh38 reference genome sequence to ensure there were no unanticipated variants present. HEK cells were cultured at 37°C in humidified 95% air/5% CO2 incubator in Dulbecco’s Eagle’s medium supplemented with 10% fetal bovine serum, 1% non-essential amino acids, and 1% penicillin/streptomycin. At 30% confluency they were transfected with 500 ng of plasmid using FuGENE 6 (Promega) following manufacturer’s instructions. For iPSC-CMs, primers for CRISPR gRNAs were designed using the online CRISPOR tool and guides were cloned into a plasmid which was co-electroporated innto control iPSCs from a healthy donor with a repair olignucleotide template with the variant of interest and a PAM site variant to disrupt re-cutting. After 48 h, GFP+ single cells were sorted on a BD Fortessa 5-laser instrument and sub-cloned. Each subclone was genotyped by variant-specific primers. Sanger sequencing of amplified DNA identified clones with the correct heterozygous variant. iPSCs were maintained on plates coated with Matrigel (BD Biosciences) in mTeSR plus media (STEMCELL) at 37°C in a humidified 95% air/5% CO2 incubator. At 60-80% confluency, iPSCs were differentiated into iPSC-CMs using a monolayer chemical method. iPSC-CMs were harvested at day 30 of differentiation following the RNeasy Minikit protocol (Qiagen). The amplified cDNA was separated using 2% agarose gel electrophoresis, extracted as above, and analyzed with Sanger sequencing. For TA cloning, the gel extracted product was ligated into the pGEM®-T Vector (Promega) using the supplied kit per manufacturer’s instructions. After ligation and transformation, single colonies  were grown up, DNA was extracted with the Qiagen Miniprep kit as above, and transcript composition determined by Sanger sequencing. Functionally abnormal. Completely abrogated WT splicing while also introducing a pseudoexon and retaining an exon skipping event moderately observed in the WT. The retained intronic sequence would also lead to a stop codon inclusion, which is predicted to disrupt protein function. // VUS → LP 

Functional Assays Reclassify Suspected Splice-Altering Variants of Uncertain Significance in Mendelian Channelopathies https://doi.org/10.1161/CIRCGEN.122.003782 L o n g  Q T  S y n d r o m e  K C N Q 1 N A c . 1 0 3 2 + 5 G > A N A ECO:0005514. Splice site mutation phenotypic evidence I n  v i t r o Minigene assays and iPSC-CMs (iPSC derived cardiomyocytes) with edited genome by CRISPR for 3 variants that weren’t compatible with minigene approach.In silico predictor: SpliceAI was used to predict the splicing consequences of each assayed variant. For each vari ant, four predicted probabilities were obtained: probabilities of introducing a splice Acceptor Gain (AG), Acceptor Loss (AL) , Donor Gain (DG), or Donor Loss (DL) accompanied by a predicted position of such change relative to each variant. Spl ic i ng  o utcome s ( RT -P C R) 2 Control iPSCs from a healthy donor.Variant c.1032G>A  study 2 WTNo PCR input for all RT-PCR experiments 2 3  f o r  m i n i g e n e  a s s a y s  Biological: wildtype/mutantsTriplicate amplification of RT-PCR products Statistical analyses were performed with a two-tailed unpaired t-test implemented in R. Error bars correspond to the standard error of the mean. Results were presented as SEM and p value was p<0.01 Stats, neg control, pos control, SpliceAI prediction Y e s Putative splice-altering variants were identified from a recent curation of variants from Walsh et al. Variants were considered putative splice-altering variants if they were identified in at least 1 case of BrS (SCN5A) or LQTS (KCNQ1 and KCNH2).  and were not predicted to affect the coding sequence of the protein. For minigene assays, all   bands were confirmed by Sanger sequencing. We deemed minigene results inconclusive if the PSI of WT plasmid was less than 30%. We considered a >50% disruption of WT splicing to fulfill the PS3 criteria, while the absence of splice perturbation (<10% change in PSI compared to WT) fulfilled the BS3 criteria. To obtain minigene constructs, PCR products were gel extracted (Qiagen) then restriction digested with SalI and NotI (New England Biolabs). The plasmid similarly underwent double digestion with SalI and NotI, followed by treatment with Calf Intestinal Phosphatase (Promega). The digested products were ligated together with T4 ligase (New England Biolabs). An aliquot of the ligation mix was transformed into DH5α competent cells by heat shock (Thermo Scientific) and cells were grown overnight at 37°C incubated with LB broth and 1 mg/mL ampicillin. Plasmid DNA was extracted using the Qiagen Miniprep kit. Each variant of interest was introduced using the QuikChange Lightning Multi Kit (Agilent) with 1 primer per variant using primers designed using the online QuikChange Primer Design tool.  The sequences of wild-type and variant plasmids were confirmed using Sanger sequencing and the entire insert sequences were compared to the GrCh38 reference genome sequence to ensure there were no unanticipated variants present. HEK cells were cultured at 37°C in humidified 95% air/5% CO2 incubator in Dulbecco’s Eagle’s medium supplemented with 10% fetal bovine serum, 1% non-essential amino acids, and 1% penicillin/streptomycin. At 30% confluency they were transfected with 500 ng of plasmid using FuGENE 6 (Promega) following manufacturer’s instructions. For iPSC-CMs, primers for CRISPR gRNAs were designed using the online CRISPOR tool and guides were cloned into a plasmid which was co-electroporated innto control iPSCs from a healthy donor with a repair olignucleotide template with the variant of interest and a PAM site variant to disrupt re-cutting. After 48 h, GFP+ single cells were sorted on a BD Fortessa 5-laser instrument and sub-cloned. Each subclone was genotyped by variant-specific primers. Sanger sequencing of amplified DNA identified clones with the correct heterozygous variant. iPSCs were maintained on plates coated with Matrigel (BD Biosciences) in mTeSR plus media (STEMCELL) at 37°C in a humidified 95% air/5% CO2 incubator. At 60-80% confluency, iPSCs were differentiated into iPSC-CMs using a monolayer chemical method. iPSC-CMs were harvested at day 30 of differentiation following the RNeasy Minikit protocol (Qiagen). The amplified cDNA was separated using 2% agarose gel electrophoresis, extracted as above, and analyzed with Sanger sequencing. For TA cloning, the gel extracted product was ligated into the pGEM®-T Vector (Promega) using the supplied kit per manufacturer’s instructions. After ligation and transformation, single colonies  were grown up, DNA was extracted with the Qiagen Miniprep kit as above, and transcript composition determined by Sanger sequencing. Functionally abnormal. Multiple pseudo-exon inclusions with variable cryptic donor sites. // VUS → LP 

Functional Assays Reclassify Suspected Splice-Altering Variants of Uncertain Significance in Mendelian Channelopathies https://doi.org/10.1161/CIRCGEN.122.003782 L o n g  Q T  S y n d r o m e  K C N Q 1 N A c . 1 0 3 2 G > T N A ECO:0005514. Splice site mutation phenotypic evidence I n  v i t r o Minigene assays and iPSC-CMs (iPSC derived cardiomyocytes) with edited genome by CRISPR for 3 variants that weren’t compatible with minigene approach.In silico predictor: SpliceAI was used to predict the splicing consequences of each assayed variant. For each variant, four predicted probabilities were obtained: probabilities of introducing a splice Acceptor Gain (AG), Acceptor Loss (AL), Donor Gain (DG), or Donor Loss (DL) accompanied by a predicted position of such change relative to each variant. Spl ic i ng  o utcome s ( RT -P C R) 2 Control iPSCs from a healthy donor.Variant c.1032G>A  study 2 WTNo PCR input for all RT-PCR experiments 2 3  f o r  m i n i g e n e  a s s a y s  Biological: wildtype/mutantsTriplicate amplification of RT-PCR products Statistical analyses were performed with a two-tailed unpaired t-test implemented in R. Error bars correspond to the standard error of the mean. Results were presented as SEM and p value was p<0.01 Stats, neg control, pos control, SpliceAI prediction Y e s Putative splice-altering variants were identified from a recent curation of variants from Walsh et al. Variants were considered putative splice-altering variants if they were identified in at least 1 case of BrS (SCN5A) or LQTS (KCNQ1 and KCNH2).  and were not predicted to affect the coding sequence of the protein. For minigene assays, all   bands were confirmed by Sanger sequencing. We deemed minigene results inconclusive if the PSI of WT plasmid was less than 30%. We considered a >50% disruption of WT splicing to fulfill the PS3 criteria, while the absence of splice perturbation (<10% change in PSI compared to WT) fulfilled the BS3 criteria. To obtain minigene constructs, PCR products were gel extracted (Qiagen) then restriction digested with SalI and NotI (New England Biolabs). The plasmid similarly underwent double digestion with SalI and NotI, followed by treatment with Calf Intestinal Phosphatase (Promega). The digested products were ligated together with T4 ligase (New England Biolabs). An aliquot of the ligation mix was transformed into DH5α competent cells by heat shock (Thermo Scientific) and cells were grown overnight at 37°C incubated with LB broth and 1 mg/mL ampicillin. Plasmid DNA was extracted using the Qiagen Miniprep kit. Each variant of interest was introduced using the QuikChange Lightning Multi Kit (Agilent) with 1 primer per variant using primers designed using the online QuikChange Primer Design tool.  The sequences of wild-type and variant plasmids were confirmed using Sanger sequencing and the entire insert sequences were compared to the GrCh38 reference genome sequence to ensure there were no unanticipated variants present. HEK cells were cultured at 37°C in humidified 95% air/5% CO2 incubator in Dulbecco’s Eagle’s medium supplemented with 10% fetal bovine serum, 1% non-essential amino acids, and 1% penicillin/streptomycin. At 30% confluency they were transfected with 500 ng of plasmid using FuGENE 6 (Promega) following manufacturer’s instructions. For iPSC-CMs, primers for CRISPR gRNAs were designed using the online CRISPOR tool and guides were cloned into a plasmid which was co-electroporated innto control iPSCs from a healthy donor with a repair olignucleotide template with the variant of interest and a PAM site variant to disrupt re-cutting. After 48 h, GFP+ single cells were sorted on a BD Fortessa 5-laser instrument and sub-cloned. Each subclone was genotyped by variant-specific primers. Sanger sequencing of amplified DNA identified clones with the correct heterozygous variant. iPSCs were maintained on plates coated with Matrigel (BD Biosciences) in mTeSR plus media (STEMCELL) at 37°C in a humidified 95% air/5% CO2 incubator. At 60-80% confluency, iPSCs were differentiated into iPSC-CMs using a monolayer chemical method. iPSC-CMs were harvested at day 30 of differentiation following the RNeasy Minikit protocol (Qiagen). The amplified cDNA was separated using 2% agarose gel electrophoresis, extracted as above, and analyzed with Sanger sequencing. For TA cloning, the gel extracted product was ligated into the pGEM®-T Vector (Promega) using the supplied kit per manufacturer’s instructions. After ligation and transformation, single colonies  were grown up, DNA was extracted with the Qiagen Miniprep kit as above, and transcript composition determined by Sanger sequencing. Functionally abnormal. 3 pseudo-exons and an exon skipping event. Predicted to have similar deleterious effects as the ones from c.1032G>A. // VUS → LP 

Functional Assays Reclassify Suspected Splice-Altering Variants of Uncertain Significance in Mendelian Channelopathies https://doi.org/10.1161/CIRCGEN.122.003782 L o n g  Q T  S y n d r o m e  K C N Q 1 N A c.477+5G>A N A ECO:0005514. Splice site mutation phenotypic evidence I n  v i t r o Minigene assays and iPSC-CMs (iPSC derived cardiomyocytes) with edited genome by CRISPR for 3 variants that weren’t compatible with minigene approach.In silico predictor: SpliceAI was used to predict the splicing consequences of each assayed variant. For each variant, four predicted probabilit ies were obtained: probabilities of introducing a splice Acceptor Gain (AG), Acceptor Loss (AL), Donor Gain (DG), or Donor Loss (DL) accompanied by a predicted position of such change relative to each variant. Spl ic i ng  o utcome s ( RT -P C R) 2 Control iPSCs from a healthy donor.Variant c.1032G>A  study 2 WTNo PCR input for all RT-PCR experiments 2 3  f o r  m i n i g e n e  a s s a y s  Biological: wildtype/mutantsTriplicate amplification of RT-PCR products Statistical analyses were performed with a two-tailed unpaired t-test implemented in R. Error bars correspond to the standard error of the mean. Results were presented as SEM and p value was p<0.01 Stats, neg control, pos control, SpliceAI prediction Y e s Putative splice-altering variants were identified from a recent curation of variants from Walsh et al. Variants were considered putative splice-altering variants if they were identified in at least 1 case of BrS (SCN5A) or LQTS (KCNQ1 and KCNH2).  and were not predicted to affect the coding sequence of the protein. For minigene assays, all   bands were confirmed by Sanger sequencing. We deemed minigene results inconclusive if the PSI of WT plasmid was less than 30%. We considered a >50% disruption of WT splicing to fulfill the PS3 criteria, while the absence of splice perturbation (<10% change in PSI compared to WT) fulfilled the BS3 criteria. To obtain minigene constructs, PCR products were gel extracted (Qiagen) then restriction digested with SalI and NotI (New England Biolabs). The plasmid similarly underwent double digestion with SalI and NotI, followed by treatment with Calf Intestinal Phosphatase (Promega). The digested products were ligated together with T4 ligase (New England Biolabs). An aliquot of the ligation mix was transformed into DH5α competent cells by heat shock (Thermo Scientific) and cells were grown overnight at 37°C incubated with LB broth and 1 mg/mL ampicillin. Plasmid DNA was extracted using the Qiagen Miniprep kit. Each variant of interest was introduced using the QuikChange Lightning Multi Kit (Agilent) with 1 primer per variant using primers designed using the online QuikChange Primer Design tool.  The sequences of wild-type and variant plasmids were confirmed using Sanger sequencing and the entire insert sequences were compared to the GrCh38 reference genome sequence to ensure there were no unanticipated variants present. HEK cells were cultured at 37°C in humidified 95% air/5% CO2 incubator in Dulbecco’s Eagle’s medium supplemented with 10% fetal bovine serum, 1% non-essential amino acids, and 1% penicillin/streptomycin. At 30% confluency they were transfected with 500 ng of plasmid using FuGENE 6 (Promega) following manufacturer’s instructions. For iPSC-CMs, primers for CRISPR gRNAs were designed using the online CRISPOR tool and guides were cloned into a plasmid which was co-electroporated innto control iPSCs from a healthy donor with a repair olignucleotide template with the variant of interest and a PAM site variant to disrupt re-cutting. After 48 h, GFP+ single cells were sorted on a BD Fortessa 5-laser instrument and sub-cloned. Each subclone was genotyped by variant-specific primers. Sanger sequencing of amplified DNA identified clones with the correct heterozygous variant. iPSCs were maintained on plates coated with Matrigel (BD Biosciences) in mTeSR plus media (STEMCELL) at 37°C in a humidified 95% air/5% CO2 incubator. At 60-80% confluency, iPSCs were differentiated into iPSC-CMs using a monolayer chemical method. iPSC-CMs were harvested at day 30 of differentiation following the RNeasy Minikit protocol (Qiagen). The amplified cDNA was separated using 2% agarose gel electrophoresis, extracted as above, and analyzed with Sanger sequencing. For TA cloning, the gel extracted product was ligated into the pGEM®-T Vector (Promega) using the supplied kit per manufacturer’s instructions. After ligation and transformation, single colonies were grown up, DNA was extracted with the Qiagen Miniprep kit as above, and transcript composition determined by Sanger sequencing. Functionally abnormal. Nearly complete loss of WT splicing, inclusion of 2 unambiguougly defined pseudo-exons. The retained intron sequence contains a stop codon that would disrupt protein function // LP → P 

Functional Assays Reclassify Suspected Splice-Altering Variants of Uncertain Significance in Mendelian Channelopathies https://doi.org/10.1161/CIRCGEN.122.003782 L o n g  Q T  S y n d r o m e  K C N Q 1 N A c . 1 0 3 2 G > A N A ECO:0005514. Splice site mutation phenotypic evidence I n  v i t r o Minigene assays and iPSC-CMs (iPSC derived cardiomyocytes) with edited genome by CRISPR for 3 variants that weren’t compatible with minigene approach.In silico predictor: SpliceAI was used to predict the splicing consequences of each assayed variant. For each variant, four predicted probabilities were obtained: probabilities of introducing a splice Acceptor Gain (AG), Acceptor Loss (AL), Donor Gain (DG), or Donor Loss (DL) accompanied by a predicted position of such change relative to each variant. Spl ic i ng  o utcome s ( RT -P C R) 2 Control iPSCs from a healthy donor.Variant c.1032G>A  study 2 WTNo PCR input for all RT-PCR experiments 2 3  f o r  m i n i g e n e  a s s a y s  Biological: wildtype/mutantsTriplicate amplification of RT-PCR products Statistical analyses were performed with a two-tailed unpaired t-test implemented in R. Error bars correspond to the standard error of the mean. Results were presented as SEM and p value was p<0.01 Stats, neg control, pos control, SpliceAI prediction Y e s Putative splice-altering variants were identified from a recent curation of variants from Walsh et al. Variants were considered putative splice-altering variants if they were identified in at least 1 case of BrS (SCN5A) or LQTS (KCNQ1 and KCNH2).  and were not predicted to affect the coding sequence of the protein. For minigene assays, all   bands were confirmed by Sanger sequencing. We deemed minigene results inconclusive if the PSI of WT plasmid was less than 30%. We considered a >50% disruption of WT splicing to fulfill the PS3 criteria, while the absence of splice perturbation (<10% change in PSI compared to WT) fulfilled the BS3 criteria. To obtain minigene constructs, PCR products were gel extracted (Qiagen) then restriction digested with SalI and NotI (New England Biolabs). The plasmid similarly underwent double digestion with SalI and NotI, followed by treatment with Calf Intestinal Phosphatase (Promega). The digested products were ligated together with T4 ligase (New England Biolabs). An aliquot of the ligation mix was transformed into DH5α competent cells by heat shock (Thermo Scientific) and cells were grown overnight at 37°C incubated with LB broth and 1 mg/mL ampicillin. Plasmid DNA was extracted using the Qiagen Miniprep kit. Each variant of interest was introduced using the QuikChange Lightning Multi Kit (Agilent) with 1 primer per variant using primers designed using the online QuikChange Primer Design tool.  The sequences of wild-type and variant plasmids were confirmed using Sanger sequencing and the entire insert sequences were compared to the GrCh38 reference genome sequence to ensure there were no unanticipated variants present. HEK cells were cultured at 37°C in humidified 95% air/5% CO2 incubator in Dulbecco’s Eagle’s medium supplemented with 10% fetal bovine serum, 1% non-essential amino acids, and 1% penicillin/streptomycin. At 30% confluency they were transfected with 500 ng of plasmid using FuGENE 6 (Promega) following manufacturer’s instructions. For iPSC-CMs, primers for CRISPR gRNAs were designed using the online CRISPOR tool and guides were cloned into a plasmid which was co-electroporated innto control iPSCs from a healthy donor with a repair olignucleotide template with the variant of interest and a PAM site variant to disrupt re-cutting. After 48 h, GFP+ single cells were sorted on a BD Fortessa 5-laser instrument and sub-cloned. Each subclone was genotyped by variant-specific primers. Sanger sequencing of amplified DNA identified clones with the correct heterozygous variant. iPSCs were maintained on plates coated with Matrigel (BD Biosciences) in mTeSR plus media (STEMCELL) at 37°C in a humidified 95% air/5% CO2 incubator. At 60-80% confluency, iPSCs were differentiated into iPSC-CMs using a monolayer chemical method. iPSC-CMs were harvested at day 30 of differentiation following the RNeasy Minikit protocol (Qiagen). The amplified cDNA was separated using 2% agarose gel electrophoresis, extracted as above, and analyzed with Sanger sequencing. For TA cloning, the gel extracted product was ligated into the pGEM®-T Vector (Promega) using the supplied kit per manufacturer’s instructions. After ligation and transformation, single colonies  were grown up, DNA was extracted with the Qiagen Miniprep kit as above, and transcript composition determined by Sanger sequencing. Functionally abnormal. Affects splicing in vitro (prev. shown and in this experiment too), leading to 2 alternative pseudo-exon inclusions. // LP → P 

Functional Assays Reclassify Suspected Splice-Altering Variants of Uncertain Significance in Mendelian Channelopathies https://doi.org/10.1161/CIRCGEN.122.003782 L o n g  Q T  S y n d r o m e  K C N Q 1 N A c.386+6T>G N A ECO:0005514. Splice site mutation phenotypic evidence I n  v i t r o Minigene assays and iPSC-CMs (iPSC derived cardiomyocytes) with edited genome by CRISPR for 3 variants that weren’t compatible with minigene approach.In silico predictor: SpliceAI was used to predict the splicing consequences of each assayed variant. For each variant, four predicted probabilit ies were obtained: probabilities of introducing a splice Acceptor Gain (AG), Acceptor Loss (AL), Donor Gain (DG), or Donor Loss (DL) accompanied by a predicted position of such change relative to each variant. Spl ic i ng  o utcome s ( RT -P C R) 2 Control iPSCs from a healthy donor.Variant c.1032G>A  study 2 WTNo PCR input for all RT-PCR experiments 2 3  f o r  m i n i g e n e  a s s a y s  Biological: wildtype/mutantsTriplicate amplification of RT-PCR products Statistical analyses were performed with a two-tailed unpaired t-test implemented in R. Error bars correspond to the standard error of the mean. Results were presented as SEM and p value was p<0.01 Stats, neg control, pos control, SpliceAI prediction Y e s Putative splice-altering variants were identified from a recent curation of variants from Walsh et al. Variants were considered putative splice-altering variants if they were identified in at least 1 case of BrS (SCN5A) or LQTS (KCNQ1 and KCNH2).  and were not predicted to affect the coding sequence of the protein. For minigene assays, all   bands were confirmed by Sanger sequencing. We deemed minigene results inconclusive if the PSI of WT plasmid was less than 30%. We considered a >50% disruption of WT splicing to fulfill the PS3 criteria, while the absence of splice perturbation (<10% change in PSI compared to WT) fulfilled the BS3 criteria. To obtain minigene constructs, PCR products were gel extracted (Qiagen) then restriction digested with SalI and NotI (New England Biolabs). The plasmid similarly underwent double digestion with SalI and NotI, followed by treatment with Calf Intestinal Phosphatase (Promega). The digested products were ligated together with T4 ligase (New England Biolabs). An aliquot of the ligation mix was transformed into DH5α competent cells by heat shock (Thermo Scientific) and cells were grown overnight at 37°C incubated with LB broth and 1 mg/mL ampicillin. Plasmid DNA was extracted using the Qiagen Miniprep kit. Each variant of interest was introduced using the QuikChange Lightning Multi Kit (Agilent) with 1 primer per variant using primers designed using the online QuikChange Primer Design tool.  The sequences of wild-type and variant plasmids were confirmed using Sanger sequencing and the entire insert sequences were compared to the GrCh38 reference genome sequence to ensure there were no unanticipated variants present. HEK cells were cultured at 37°C in humidified 95% air/5% CO2 incubator in Dulbecco’s Eagle’s medium supplemented with 10% fetal bovine serum, 1% non-essential amino acids, and 1% penicillin/streptomycin. At 30% confluency they were transfected with 500 ng of plasmid using FuGENE 6 (Promega) following manufacturer’s instructions. For iPSC-CMs, primers for CRISPR gRNAs were designed using the online CRISPOR tool and guides were cloned into a plasmid which was co-electroporated innto control iPSCs from a healthy donor with a repair olignucleotide template with the variant of interest and a PAM site variant to disrupt re-cutting. After 48 h, GFP+ single cells were sorted on a BD Fortessa 5-laser instrument and sub-cloned. Each subclone was genotyped by variant-specific primers. Sanger sequencing of amplified DNA identified clones with the correct heterozygous variant. iPSCs were maintained on plates coated with Matrigel (BD Biosciences) in mTeSR plus media (STEMCELL) at 37°C in a humidified 95% air/5% CO2 incubator. At 60-80% confluency, iPSCs were differentiated into iPSC-CMs using a monolayer chemical method. iPSC-CMs were harvested at day 30 of differentiation following the RNeasy Minikit protocol (Qiagen). The amplified cDNA was separated using 2% agarose gel electrophoresis, extracted as above, and analyzed with Sanger sequencing. For TA cloning, the gel extracted product was ligated into the pGEM®-T Vector (Promega) using the supplied kit per manufacturer’s instructions. After ligation and transformation, single colonies were grown up, DNA was extracted with the Qiagen Miniprep kit as above, and transcript composition determined by Sanger sequencing. Functionally abnormal. Not compatible with minigene assay. No disruption of splicing. // VUS → LP 

Functional Assays Reclassify Suspected Splice-Altering Variants of Uncertain Significance in Mendelian Channelopathies https://doi.org/10.1161/CIRCGEN.122.003782 B r u g a d a  S y n d r o m e  SCN5A N A c.393-5C>T N A ECO:0005514. Splice site mutation phenotypic evidence I n  v i t r o Minigene assays and iPSC-CMs (iPSC derived cardiomyocytes) with edited genome by CRISPR for 3 variants that weren’t compatible with minigene approach.In silico predictor: SpliceAI was used to predict the splicing consequences of each assayed variant. For each vari ant, four predicted probabilities were obtained: probabilities of introducing a splice Acceptor Gain (AG), Acceptor Loss (AL) , Donor Gain (DG), or Donor Loss (DL) accompanied by a predicted position of such change relative to each variant. Spl ic i ng  o utcome s ( RT -P C R) 2 Control iPSCs from a healthy donor.Variant c.1032G>A  study 2 WTNo PCR input for all RT-PCR experiments 2 3  f o r  m i n i g e n e  a s s a y s  Biological: wildtype/mutantsTriplicate amplification of RT-PCR products Statistical analyses were performed with a two-tailed unpaired t-test implemented in R. Error bars correspond to the standard error of the mean. Results were presented as SEM and p value was p<0.01 Stats, neg control, pos control, SpliceAI prediction Y e s Putative splice-altering variants were identified from a recent curation of variants from Walsh et al. Variants were considered putative splice-altering variants if they were identified in at least 1 case of BrS (SCN5A) or LQTS (KCNQ1 and KCNH2).  and were not predicted to affect the coding sequence of the protein. For minigene assays, all   bands were confirmed by Sanger sequencing. We deemed minigene results inconclusive if the PSI of WT plasmid was less than 30%. We considered a >50% disruption of WT splicing to fulfill the PS3 criteria, while the absence of splice perturbation (<10% change in PSI compared to WT) fulfilled the BS3 criteria. To obtain minigene constructs, PCR products were gel extracted (Qiagen) then restriction digested with SalI and NotI (New England Biolabs). The plasmid similarly underwent double digestion with SalI and NotI, followed by treatment with Calf Intestinal Phosphatase (Promega). The digested products were ligated together with T4 ligase (New England Biolabs). An aliquot of the ligation mix was transformed into DH5α competent cells by heat shock (Thermo Scientific) and cells were grown overnight at 37°C incubated with LB broth and 1 mg/mL ampicillin. Plasmid DNA was extracted using the Qiagen Miniprep kit. Each variant of interest was introduced using the QuikChange Lightning Multi Kit (Agilent) with 1 primer per variant using primers designed using the online QuikChange Primer Design tool.  The sequences of wild-type and variant plasmids were confirmed using Sanger sequencing and the entire insert sequences were compared to the GrCh38 reference genome sequence to ensure there were no unanticipated variants present. HEK cells were cultured at 37°C in humidified 95% air/5% CO2 incubator in Dulbecco’s Eagle’s medium supplemented with 10% fetal bovine serum, 1% non-essential amino acids, and 1% penicillin/streptomycin. At 30% confluency they were transfected with 500 ng of plasmid using FuGENE 6 (Promega) following manufacturer’s instructions. For iPSC-CMs, primers for CRISPR gRNAs were designed using the online CRISPOR tool and guides were cloned into a plasmid which was co-electroporated innto control iPSCs from a healthy donor with a repair olignucleotide template with the variant of interest and a PAM site variant to disrupt re-cutting. After 48 h, GFP+ single cells were sorted on a BD Fortessa 5-laser instrument and sub-cloned. Each subclone was genotyped by variant-specific primers. Sanger sequencing of amplified DNA identified clones with the correct heterozygous variant. iPSCs were maintained on plates coated with Matrigel (BD Biosciences) in mTeSR plus media (STEMCELL) at 37°C in a humidified 95% air/5% CO2 incubator. At 60-80% confluency, iPSCs were differentiated into iPSC-CMs using a monolayer chemical method. iPSC-CMs were harvested at day 30 of differentiation following the RNeasy Minikit protocol (Qiagen). The amplified cDNA was separated using 2% agarose gel electrophoresis, extracted as above, and analyzed with Sanger sequencing. For TA cloning, the gel extracted product was ligated into the pGEM®-T Vector (Promega) using the supplied kit per manufacturer’s instructions. After ligation and transformation, single colonies  were grown up, DNA was extracted with the Qiagen Miniprep kit as above, and transcript composition determined by Sanger sequencing. Functionally abnormal*. Previously shown to induce exon skipping, but due to the non-standard splice site usage, this specific implementation of the assay may lead to inappropriate conclusions. No change in splicing. // VUS → LB 

Functional Assays Reclassify Suspected Splice-Altering Variants of Uncertain Significance in Mendelian Channelopathies https://doi.org/10.1161/CIRCGEN.122.003782 B r u g a d a  S y n d r o m e  SCN5A N A c . 4 4 3 7 + 5 G > A N A ECO:0005514. Splice site mutation phenotypic evidence I n  v i t r o Minigene assays and iPSC-CMs (iPSC derived cardiomyocytes) with edited genome by CRISPR for 3 variants that weren’t compatible with minigene approach.In silico predictor: SpliceAI was used to predict the splicing consequences of each assayed variant. For each variant, four predicted probabilit ies were obtained: probabilities of introducing a splice Acceptor Gain (AG), Acceptor Loss (AL), Donor Gain (DG), or Donor Loss (DL) accompanied by a predicted position of such change relative to each variant. Spl ic i ng  o utcome s ( RT -P C R) 2 Control iPSCs from a healthy donor.Variant c.1032G>A  study 2 WTNo PCR input for all RT-PCR experiments 2 3  f o r  m i n i g e n e  a s s a y s  Biological: wildtype/mutantsTriplicate amplification of RT-PCR products Statistical analyses were performed with a two-tailed unpaired t-test implemented in R. Error bars correspond to the standard error of the mean. Results were presented as SEM and p value was p<0.01 Stats, neg control, pos control, SpliceAI prediction Y e s Putative splice-altering variants were identified from a recent curation of variants from Walsh et al. Variants were considered putative splice-altering variants if they were identified in at least 1 case of BrS (SCN5A) or LQTS (KCNQ1 and KCNH2).  and were not predicted to affect the coding sequence of the protein. For minigene assays, all   bands were confirmed by Sanger sequencing. We deemed minigene results inconclusive if the PSI of WT plasmid was less than 30%. We considered a >50% disruption of WT splicing to fulfill the PS3 criteria, while the absence of splice perturbation (<10% change in PSI compared to WT) fulfilled the BS3 criteria. To obtain minigene constructs, PCR products were gel extracted (Qiagen) then restriction digested with SalI and NotI (New England Biolabs). The plasmid similarly underwent double digestion with SalI and NotI, followed by treatment with Calf Intestinal Phosphatase (Promega). The digested products were ligated together with T4 ligase (New England Biolabs). An aliquot of the ligation mix was transformed into DH5α competent cells by heat shock (Thermo Scientific) and cells were grown overnight at 37°C incubated with LB broth and 1 mg/mL ampicillin. Plasmid DNA was extracted using the Qiagen Miniprep kit. Each variant of interest was introduced using the QuikChange Lightning Multi Kit (Agilent) with 1 primer per variant using primers designed using the online QuikChange Primer Design tool.  The sequences of wild-type and variant plasmids were confirmed using Sanger sequencing and the entire insert sequences were compared to the GrCh38 reference genome sequence to ensure there were no unanticipated variants present. HEK cells were cultured at 37°C in humidified 95% air/5% CO2 incubator in Dulbecco’s Eagle’s medium supplemented with 10% fetal bovine serum, 1% non-essential amino acids, and 1% penicillin/streptomycin. At 30% confluency they were transfected with 500 ng of plasmid using FuGENE 6 (Promega) following manufacturer’s instructions. For iPSC-CMs, primers for CRISPR gRNAs were designed using the online CRISPOR tool and guides were cloned into a plasmid which was co-electroporated innto control iPSCs from a healthy donor with a repair olignucleotide template with the variant of interest and a PAM site variant to disrupt re-cutting. After 48 h, GFP+ single cells were sorted on a BD Fortessa 5-laser instrument and sub-cloned. Each subclone was genotyped by variant-specific primers. Sanger sequencing of amplified DNA identified clones with the correct heterozygous variant. iPSCs were maintained on plates coated with Matrigel (BD Biosciences) in mTeSR plus media (STEMCELL) at 37°C in a humidified 95% air/5% CO2 incubator. At 60-80% confluency, iPSCs were differentiated into iPSC-CMs using a monolayer chemical method. iPSC-CMs were harvested at day 30 of differentiation following the RNeasy Minikit protocol (Qiagen). The amplified cDNA was separated using 2% agarose gel electrophoresis, extracted as above, and analyzed with Sanger sequencing. For TA cloning, the gel extracted product was ligated into the pGEM®-T Vector (Promega) using the supplied kit per manufacturer’s instructions. After ligation and transformation, single colonies  were grown up, DNA was extracted with the Qiagen Miniprep kit as above, and transcript composition determined by Sanger sequencing. Functionally abnormal. RT-PCR and WT RNA approx. same size, but aberrant splicing of edited allele → frameshift variant. // VUS → LP 

A trafficking-defic ient KCNQ1 mutation, T587M, c auses a severe phenotype of long QT syndrome by interfering with intracellular hERG transport 10.1 016 /j .j jcc .20 18 .10 .01 1  L o n g  Q T  S y n d r o m e  K C N Q 1 N A N A p . R 2 5 9 C OBI:0002178. Whole-cell patch clamp assay I n  v i t r o HEK293 cells transfected with cDNAs for WT and KCNQ1 mutations. Whole-cell patch-clamp and FRET Expression of hERG and effect of KCNQ1 mutations on Ikr-like currents, molecular interaction between KCNQ1 and hERG when co-expressed in HEK293 cells. 2 GFP (green fluorescent protein) transfected into HEK cells)As KCNQ1-R259C could be transported to the surface membrane alone and alter voltage-dependent gating of the KCNQ1 channel it was employed as a positive control 1 W T 2 3 1 Biological: wildtype/mutantControl (GFP) n=25; KCNQ1-WT n=33, KCNQ1-T587 n=31, KCNQ1-R259C n=31 All data are expressed as mean ± SEM. Multiple comparisons among groups were carried out using one-way ANOVA, with Bonferroni's least significant difference as the post hoc test. A p-value of <0.05 5 was considered as statistically significant. Pos control, neg control, stat s  Y e s The complementary deoxyribonucleic acid (cDNA) encoding human KCNQ1-WT (GenBank AF00057) was subcloned into pCI vector (Promega, Madison, WI, USA). KCNQ1 mutations R259C and T587M were constructed using a QuikChangeTM Site-Directed Mutagenesis Kit according to the manufacturer's instructions (Stratagene, La Jolla, CA, USA), and subcloned into pCI vector. All mutants were fully sequenced to ensure fidelity. The KCNE1 cDNA (GenBank M26685) was subcloned into pIRES/CD8 vector. The two expres sion vectors were generously provided by Dr J. Barhanin (Institut de Pharmacologie Moléculaire et Cellulaire, CNRS, Nice, France). The KCNH2 -WT cDNA (GenBank AF363636) kindly provided by Dr M. Sanguinetti (University of Utah, Salt Lake City, UT, USA) was subcloned into pIRES1hyg vector (Clontech, Mountain View, CA, USA), which contains the hygromycin-resistance gene. Human embryonic kidney (HEK293) cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum and antibiotics (100 IU mL-1 penicillin and 100 mg mL-1 streptomycin) under a humidified atmosphere of 5% CO2/95% air at 37ºC. To obtain stably transfected cell line, HEK293 cells  were transfected with KCNH2- WT using the lipofectamine method according to the manufacturer’s instructions (Invitrogen). After selection for 15-20 days, single colonies were picked and tested for Ikr current. The stably transfected (hERG- HEK) cells were cultured in the DMEM containing 250 mg/mL hygromycin B (Invitrogen) . To reconstitute co-expression of both IKs and IK, KCNQ1 and GFP were transiently transfected into hERG-HEK cells with or without KCNE1 using the lipofectamine method. 48h after transfection, cells were transferred to a bath chamber with Tyrode’s solution and maintained at 37±1ºC. Patch-clamp experiments were conducted on GFP-positive cells. The whole-cell membrane current was measured using an EPC-8 amplifier (HEKA, Lambrecht, Germany) with a resistance setting of 2.5–3.5 MOhms. For FRET assays, CFP-tagged KCNQ1 for WT and mutants and YFP-tagged KCNH2 were constructed with ECFP-N1 and EYFP-N1 vectors (Clontech), respectively. The tagged genes were transiently co-transfected into HEK 293 cells using lipofectamine. Forty-eight hours after transfection, FRET experi ments were performed at room temperature.  Functionally normal. No significant effect. Interacted with hERG in cytosol and plasma membrane (like WT) 

A trafficking-deficient KCNQ1 mutation, T587M, causes a severe phenotype of long QT syndrome by interfering with intracellular hERG transport 10.1 016 /j .j jcc .20 18 .10 .01 1  L o n g  Q T  S y n d r o m e  K C N Q 1 N A N A p.T587M OBI:0002178. Whole-cell patch clamp assay I n  v i t r o HEK293 cells transfected with cDNAs for WT and KCNQ1 mutations. Whole-cell patch-clamp and FRET Expression of hERG and effect of KCNQ1 mutations on Ikr-like currents, molecular interaction between KCNQ1 and hERG when co-expressed in HEK293 cells. 2 GFP (green fluorescent protein) transfected into HEK cells)As KCNQ1-R259C could be transported to the surface membrane alone and alter voltage-dependent gating of the KCNQ1 channel it was employed as a positive control 1 W T 2 3 1 Biological: wildtype/mutantControl (GFP) n=25; KCNQ1-WT n=33, KCNQ1-T587 n=31, KCNQ1-R259C n=31 All data are expressed as mean ± SEM. Multiple comparisons among groups were carried out using one-way ANOVA, with Bonferroni's least significant difference as the post hoc test. A p-value of <0.05 5 was considered as statistically significant. Pos control, neg control, stat s  Y e s The complementary deoxyribonucleic acid (cDNA) encoding human KCNQ1-WT (GenBank AF00057) was subcloned into pCI vector (Promega, Madison, WI, USA). KCNQ1 mutations R259C and T587M were constructed using a QuikChangeTM Site-Directed Mutagenesis Kit according to the manufacturer's instructions (Stratagene, La Jolla, CA, USA), and subcloned into pCI vector. All mutants were fully sequenced to ensure fidelity. The KCNE1 cDNA (GenBank M26685) was subcloned into pIRES/CD8 vector. The two expres sion vectors were generously provided by Dr J. Barhanin (Institut de Pharmacologie Moléculaire et Cellulaire, CNRS, Nice, France). The KCNH2 -WT cDNA (GenBank AF363636) kindly provided by Dr M. Sanguinetti (University of Utah, Salt Lake City, UT, USA) was subcloned into pIRES1hyg vector (Clontech, Mountain View, CA, USA), which contains the hygromycin-resistance gene. Human embryonic kidney (HEK293) cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum and antibiotics (100 IU mL-1 penicillin and 100 mg mL-1 streptomycin) under a humidified atmosphere of 5% CO2/95% air at 37ºC. To obtain stably transfected cell line, HEK293 cells  were transfected with KCNH2- WT using the lipofectamine method according to the manufacturer’s instructions (Invitrogen). After selection for 15-20 days, single colonies were picked and tested for Ikr current. The stably transfected (hERG- HEK) cells were cultured in the DMEM containing 250 mg/mL hygromycin B (Invitrogen). To reconstitute co-expression of both IKs and IK, KCNQ1 and GFP were transiently transfected into hERG-HEK cells with or without KCNE1 using the lipofectamine method. 48h after transfection, cells were transferred to a bath chamber with Tyrode’s solution and maintained at 37±1ºC. Patch-clamp experiments were conducted on GFP-positive cells. The whole-cell membrane current was measured using an EPC-8 amplifier (HEKA, Lambrecht, Germany) with a resistance setting of 2.5–3.5 MOhms. For FRET assays, CFP-tagged KCNQ1 for WT and mutants and YFP-tagged KCNH2 were constructed with ECFP-N1 and EYFP-N1 vectors (Clontech), respectively. The tagged genes were transiently co-transfected into HEK 293 cells using lipofectamine. Forty-eight hours after transfection, FRET experi ments were performed at room temperature.  Functionally abnormal. When co-expressed with KCNH2 the Ikr current decreased without affecting gating kinetics. Interaction only in cytosol & hERG proteins seldom transported to cell membrane → mutation impaired trafficking of hERG to the cell membrane. Possible explanation: threonine at codon 587 is part of a domain that is essential for the channel assembly to form functional tetramers of Iks, so the mutant might fail to associate with WT subunits, weakening the effects on Iks.  

A new KCNQ1 mutation at the S5 segment that impairs its association with KCNE1 is responsible for short QT syndrome 1 0 . 1 0 9 3 / c v r / c v v 1 9 6  S h o r t  Q T  S y n d r o m e K C N Q 1 N A N A p.F279I OBI:0002178. Whole-cell patch clamp assay I n  v i t r o COS7 and HEK293 cells were transfected with WT Kv7.1/KCNE1 or F279I Kv7.1/KCNE1 channels. Experiments performed were perforated patch-clamp on COS7 and HEK293 cells, co-immunoprecipitation on HEK293 cells,  western blot on HEK293 cell protein extracts, FRET on HEK293 cells. Current density, activation kinetics, assembly of channels, APD 1 Kv7.1CFP/Kv7.1YFP co-localization in PML (FRET) 2 2: WT & Kv7.1CFP/Kv1.5YFP co-localization in PML (FRET) 4 COS7: voltage dependance 9 samples, reversal potential 6-14 samples, membrane potencial 8-12 samplesHEL293: FRET 25-35 cells/group, c o i m m u n o p re ci p i t a t i o n  4 Biological replicates: wildtype/mutantsCOS7 cells: Voltage dependence of activation measurements on WT were performed for n = 8–9 samples and on mutant n=9. For deactivation, for reversal potential F279I/KCEN1 n=6-14 and membrane potential n=8-12.HEK293 cells: FRET on WT or mutant Kv7.1/KCNE1: n = 25–35 cells/group.  Coimmunprecipitation was p e r f o r m e d  o n  n  =  4 . Data are presented as mean values±SEM. Two-way ANOVA repetitive measurements test followed by the Bonferroni test were used to assess statistical significance where appropriate. A value of P < 0.05 was considered significant. Computer simulation data, stats  Y e s The institutional review board at The Heart Hospital, Institute of Cardiovascular Science (London), approved the study, and the patient provided written informed consent. The study conforms to the Declarations of Helsinki. Human Kv7.1 cDNA in pTLN vector was provided by Dr. T. Jentsch (Leibniz-Institut für Molekulare Pharmakologie and Max-Delbrück-Centrum für Molekulare Medizin, Berlin, Germany). Human KCNE1 cDNA in pHA vector was obtained from Dr. S. de la Luna (Centro de Regulación Genómica-CRG, Barcelona, Spain). The F279I mutation was cloned in the pEYFP-N1-KCNQ1 plasmid by PCR using mutant primers and the QuickChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies) following manufacturer’s instructions. COS7, HEK293, and HL-1 cells were transiently transfected with Kv7.1YFP (WT, F279I, or WT/F279I) and KCNE1CFP by using Fugene6 (COS7 and HL-1) or MetafecteTMPro (HEK293), following the manufacturer’s instructions. For total protein extraction from HEK293, cells were washed twice (six well dishes) with ice-cold PBS, they were homogenized, and cell extracts were prepared. The African green monkey kidney-derived cell line COS7 was obtained from the American Type Culture Collection (Rockville, MD). COS7 and HEK293 cells cultured at 37ºC in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 1% L-Glutamine (Gibco), and antibiotics (Gibco, Paisley, UK) in a 5% CO2 atmosphere. COS7cells were transiently transfected with Fugene6 (Promega) at 60% confluence. HEK293 cells, for molecular biology experiments cells were plated in 100-mm culture dishes and for confocal microscopy studies on poly-D-lysine coated coverslips. In these experiments, transient transfection was performed using MetafecteTMPro (Biontex) at nearly 80% confluence. HL-1 cells  were kindly provided by Dr. Lisardo Boscá (Instituto de Investigaciones Biomédicas CSIC-UAM, Madrid, Spain) and were grown in Claycomb Medium (Sigma-Aldrich) supplemented with 1% L-Glutamine (Gibco), 0.1mM of norepinephrine (Sigma-Aldrich), 10% of FBS and antibiotics (Gibco, Paisley, UK). Cells were cultured in 60mm pretreated dishes with 0.02% of gelatin solution (Sigma-Aldrich) supplemented with fibronectin and bovine plasma (Calbiochem), in a 5% CO2 atmosphere at 37ºC. Cells were transiently transfected with Fugene6 (Promega) at 80% confluence. Functionally abnormal. In the absence of KCNE1, F279I Kv7.1 current exhibited a lesser degree of inactivation than WT Kv7.1. Also, functional analysis of F279I Kv7.1 in the presence of KCNE1 revealed a negative shift in the activation curve and an acceleration of the activation kinetics leading to a gain of function in IKs. The co-assembly between F279I Kv7.1 channels and KCNE1 was markedly decreased compared with WT Kv7.1 channels. All these effects contribute to the increase of IKs when channels incorporate F279I Kv7.1 subunits, as shown by a computer model simulation that predicts a shortening of the action potential. 

Most myopathic lamin variants aggregate: a functional genomics approach for assessing variants of uncertain signific ance 10.1038/s41525-021-00265-x Dilated CardiomyopathyLong QT Syndrome LMNA N A N A 14 variants ECO:0001563. Cell growth assay evidence I n  v i t r o Functional analysis of 178 mutations. 2 DIFFERENTE OVEREXPRESSION MODELS Cells: HEK 293 and C2C12 myoblasts. Immunoblotting, IgD solubility assay, aggregation analysis (12 or 24 well plates), Human iPSC-cardiomyocytes differentiation, flow cytometry AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: percentage of GFP-positive cells that exhibit nuclear aggregation.AGGREGATION PROPENSITY OF LMNA VARIANTS IgD: IgD variants are more prone to aggregate in HEK 293 cells compared to C2C12 myoblastIn vitro solubility assay we recently reported where decreased solubility serves as a proxy for protein instability- Lamin A aggregation is major determinant for skeletal and cardiac laminopathies- In vitro solubility assay showed that aggregation-prone variants in immunoglobulin domain correlate with domain destabilization- Myopathic-associated LMNA variants show aggregation patterns in iPSC-CMs 1 6 16 pathogenic controls (classified in ClinVar and aggregated in HEK 293 + C2C12 myoblasts) 1 6 In silico: 15 variant controls identified in control population in genomADFlow cytometry: negative control did not receive primary antibodyWT 2 ≥ 3 Biological: wildtype/mutants “at least one western blot for each”AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: variants were overexpressed in HEK 293 cells and C2C12 myoblasts. transfections analyzed ≥3. All aggregation data are presented as mean ± SD. One-way analysis of variance with Dunn’s post hoc test was used to determine differences between variants and WT. P < 0.05 was considered statistically significant. S t a t s ,  c o n t r o l s Y e s All missense variants were made using the QuikChange II XL kit (Agilent) using primers designed by Integrated DNA Technologies. The template for mutagenesis was pcDNA3 N195K lamin A (Addgene #32708) which we mutated back to WT using forward and reverse primer. HEK 293 cells (ATCC) were maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing 1 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. C2C12 myoblasts (MilliporeSigma) were maintained in DMEM containing 4.5 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. iPS cells (DF19-9-11T.H cells from WiCell Stem Bank) were maintained on Matrigel -coated plates using StemFlex media (ThermoFisher) before differentiation. iPSC-CMs older than Day 30 were maintained on Matrigel-coated 6-well plates in RPMI + B27 (ThermoFisher) until transient transfection and imaging experiments. All cells were maintained in a humidified incubator at 37 °C and 5% CO2.  Functionally abnormal. 80% of the skeletal disease and ~47% of the cardiac disease-linked variants we studied cause significant aggregation, revealing that myopathic laminopathies are predominantly protein misfolding, aggregation-prone diseases.  Further, we performed a ROC-curve analysis using our aggregation data set and HEK 293 cells and C2C12 myoblasts exhibit AUCs of 91% and 77%, respectively, which supports aggregation as being a good predictor for myopathic disease compared to lipodystrophy and progeria laminopathies.  
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Diseño y desarrollo de una fuente de datos sobre estudios funcionales asociados al criterio PS3/BS3 de las guías ACMG-AMP 2015 y aplicación en cardiopatías familiares 
 
 

 
 

Most myopathic lamin variants aggregate: a functional genomics approach for assessing variants of uncertain significance 10.1038/s41525-021-00265-x Dilated CardiomyopathyLong QT Syndrome LMNA N A N A p . R 1 9 0 W ECO:0001563. Cell growth assay evidence I n  v i t r o Functional analysis of 178 mutations. 2 DIFFERENTE OVEREXPRESSION MODELS Cells: HEK 293 and C2C12 myoblasts. Immunoblotting, IgD solubility assay, aggregation analysis (12 or 24 well plates), Human iPSC-cardiomyocytes differentiation, flow cytometry AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: percentage of GFP-positive cells that exhibit nuclear aggregation.AGGREGATION PROPENSITY OF LMNA VARIANTS IgD: IgD variants are more prone to aggregate in HEK 293 cells compared to C2C12 myoblastIn vitro solubility assay we recently reported where decreased solubility serves as a proxy for protein instability- Lamin A aggregation is major determinant for skeletal and cardiac laminopathies- In vitro solubility assay showed that aggregation-prone variants in immunoglobulin domain correlate with domain destabilization- Myopathic-associated LMNA variants show aggregation patterns in iPSC-CMs 1 6 16 pathogenic controls (classified in ClinVar and aggregated in HEK 293 + C2C12 myoblasts) 1 6 In silico: 15 variant controls identified in control population in genomADFlow cytometry: negative control did not receive primary antibodyWT 2 ≥ 3 Biological: wildtype/mutants “at least one western blot for each”AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: variants were overexpressed in HEK 293 cells and C2C12 myoblasts. transfections analyzed ≥3. All aggregation data are presented as mean ± SD. One-way analysis of variance with Dunn’s post hoc test was used to determine differences between variants and WT. P < 0.05 was considered statistically significant. S t a t s ,  c o n t r o l s Y e s All missense variants were made using the QuikChange II XL kit (Agilent) using primers designed by Integrated DNA Technologies. The template for mutagenesis was pcDNA3 N195K lamin A (Addgene #32708) which we mutated back to WT using forward and reverse primer. HEK 293 cells (ATCC) were maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing 1 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. C2C12 myoblasts (MilliporeSigma) were maintained in DMEM containing 4.5 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. iPS cells (DF19-9-11T.H cells from WiCell Stem Bank) were maintained on Matrigel -coated plates using StemFlex media (ThermoFisher) before differentiation. iPSC-CMs older than Day 30 were maintained on Matrigel-coated 6-well plates in RPMI + B27 (ThermoFisher) until transient transfection and imaging experiments. All cells were maintained in a humidified incubator at 37 °C and 5% CO2.  Functionally abnormal. Forms aggregates in transfected cells and causes abnormal nuclear shape. 

Most myopathic lamin variants aggregate: a functional genomics approach for assessing variants of uncertain significance 10.1038/s41525-021-00265-x Dilated CardiomyopathyLong QT Syndrome LMNA N A N A p . A 2 4 6 V ECO:0001563. Cell growth assay evidence I n  v i t r o Functional analysis of 178 mutations. 2 DIFFERENTE OVEREXPRESSION MODELS Cells: HEK 293 and C2C12 myoblasts. Immunoblotting, IgD solubility assay, aggregation analysis (12 or 24 well plates), Human iPSC-cardiomyocytes differentiation, flow cytometry AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: percentage of GFP-positive cells that exhibit nuclear aggregation.AGGREGATION PROPENSITY OF LMNA VARIANTS IgD: IgD variants are more prone to aggregate in HEK 293 cells compared to C2C12 myoblastIn vitro solubility assay we recently reported where decreased solubility serves as a proxy for protein instability- Lamin A aggregation is major determinant for skeletal and cardiac laminopathies- In vitro solubility assay showed that aggregation-prone variants in immunoglobulin domain correlate with domain destabilization- Myopathic-associated LMNA variants show aggregation patterns in iPSC-CMs 1 6 16 pathogenic controls (classified in ClinVar and aggregated in HEK 293 + C2C12 myoblasts) 1 6 In silico: 15 variant controls identified in control population in genomADFlow cytometry: negative control did not receive primary antibodyWT 2 ≥ 3 Biological: wildtype/mutants “at least one western blot for each”AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: variants were overexpressed in HEK 293 cells and C2C12 myoblasts. transfections analyzed ≥3. All aggregation data are presented as mean ± SD. One-way analysis of variance with Dunn’s post hoc test was used to determine differences between variants and WT. P < 0.05 was considered statistically significant. S t a t s ,  c o n t r o l s Y e s All missense variants were made using the QuikChange II XL kit (Agilent) using primers designed by Integrated DNA Technologies. The template for mutagenesis was pcDNA3 N195K lamin A (Addgene #32708) which we mutated back to WT using forward and reverse primer. HEK 293 cells (ATCC) were maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing 1 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. C2C12 myoblasts (MilliporeSigma) were maintained in DMEM containing 4.5 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. iPS cells (DF19-9-11T.H cells from WiCell Stem Bank) were maintained on Matrigel -coated plates using StemFlex media (ThermoFisher) before differentiation. iPSC-CMs older than Day 30 were maintained on Matrigel-coated 6-well plates in RPMI + B27 (ThermoFisher) until transient transfection and imaging experiments. All cells were maintained in a humidified incubator at 37 °C and 5% CO2.  Functionally abnormal. Forms aggregates in transfected cells and causes abnormal nuclear shape. Our studies revealed that myopathic laminopathies are predominantly protein misfolding, aggregation-prone diseases and proved with ROC curves how aggregation as being a good predictor for myopathic disease compared to lipodystrophy and progeria laminopathies.  

Most myopathic lamin variants aggregate: a functional genomics approach for assessing variants of uncertain significance 10.1038/s41525-021-00265-x Dilated CardiomyopathyLong QT Syndrome LMNA N A N A p.R249Q ECO:0001563. Cell growth assay evidence I n  v i t r o Functional analysis of 178 mutations. 2 DIFFERENTE OVEREXPRESSION MODELS Cells: HEK 293 and C2C12 myoblasts. Immunoblotting, IgD solubility assay, aggregation analysis (12 or 24 well plates), Human iPSC-cardiomyocytes differentiation, flow cytometry AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: percentage of GFP-positive cells that exhibit nuclear aggregation.AGGREGATION PROPENSITY OF LMNA VARIANTS IgD: IgD variants are more prone to aggregate in HEK 293 cells compared to C2C12 myoblastIn vitro solubility assay we recently reported where decreased solubility serves as a proxy for protein instability- Lamin A aggregation is major determinant for skeletal and cardiac laminopathies- In vitro solubility assay showed that aggregation-prone variants in immunoglobulin domain correlate with domain destabilization- Myopathic-associated LMNA variants show aggregation patterns in iPSC-CMs 1 6 16 pathogenic controls (classified in ClinVar and aggregated in HEK 293 + C2C12 myoblasts) 1 6 In silico: 15 variant controls identified in control population in genomADFlow cytometry: negative control did not receive primary antibodyWT 2 ≥ 3 Biological: wildtype/mutants “at least one western blot for each”AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: variants were overexpressed in HEK 293 cells and C2C12 myoblasts. transfections analyzed ≥3. All aggregation data are presented as mean ± SD. One-way analysis of variance with Dunn’s post hoc test was used to determine differences between variants and WT. P < 0.05 was considered statistically significant. S t a t s ,  c o n t r o l s Y e s All missense variants were made using the QuikChange II XL kit (Agilent) using primers designed by Integrated DNA Technologies. The template for mutagenesis was pcDNA3 N195K lamin A (Addgene #32708) which we mutated back to WT using forward and reverse primer. HEK 293 cells (ATCC) were maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing 1 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. C2C12 myoblasts (MilliporeSigma) were maintained in DMEM containing 4.5 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. iPS cells (DF19-9-11T.H cells from WiCell Stem Bank) were maintained on Matrigel -coated plates using StemFlex media (ThermoFisher) before differentiation. iPSC-CMs older than Day 30 were maintained on Matrigel-coated 6-well plates in RPMI + B27 (ThermoFisher) until transient transfection and imaging experiments. All cells were maintained in a humidified incubator at 37 °C and 5% CO2.  Functionally abnormal. Forms aggregates in transfected cells and causes abnormal nuclear shape. Our studies revealed that myopathic laminopathies are predominantly protein misfolding, aggregation-prone diseases and proved with ROC curves how aggregation as being a good predictor for myopathic disease compared to lipodystrophy and progeria laminopathies.  

Most myopathic lamin variants aggregate: a functional genomics approach for assessing variants of uncertain significance 10.1038/s41525-021-00265-x Dilated CardiomyopathyLong QT Syndrome LMNA N A N A p . D 2 5 7 Y ECO:0001563. Cell growth assay evidence I n  v i t r o Functional analysis of 178 mutations. 2 DIFFERENTE OVEREXPRESSION MODELS Cells: HEK 293 and C2C12 myoblasts. Immunoblotting, IgD solubility assay, aggregation analysis (12 or 24 well plates), Human iPSC-cardiomyocytes differentiation, flow cytometry AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: percentage of GFP-positive cells that exhibit nuclear aggregation.AGGREGATION PROPENSITY OF LMNA VARIANTS IgD: IgD variants are more prone to aggregate in HEK 293 cells compared to C2C12 myoblastIn vitro solubility assay we recently reported where decreased solubility serves as a proxy for protein instability- Lamin A aggregation is major determinant for skeletal and cardiac laminopathies- In vitro solubility assay showed that aggregation-prone variants in immunoglobulin domain correlate with domain destabilization- Myopathic-associated LMNA variants show aggregation patterns in iPSC-CMs 1 6 16 pathogenic controls (classified in ClinVar and aggregated in HEK 293 + C2C12 myoblasts) 1 6 In silico: 15 variant controls identified in control population in genomADFlow cytometry: negative control did not receive primary antibodyWT 2 ≥ 3 Biological: wildtype/mutants “at least one western blot for each”AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: variants were overexpressed in HEK 293 cells and C2C12 myoblasts. transfections analyzed ≥3. All aggregation data are presented as mean ± SD. One-way analysis of variance with Dunn’s post hoc test was used to determine differences between variants and WT. P < 0.05 was considered statistically significant. S t a t s ,  c o n t r o l s Y e s All missense variants were made using the QuikChange II XL kit (Agilent) using primers designed by Integrated DNA Technologies. The template for mutagenesis was pcDNA3 N195K lamin A (Addgene #32708) which we mutated back to WT using forward and reverse primer. HEK 293 cells (ATCC) were maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing 1 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. C2C12 myoblasts (MilliporeSigma) were maintained in DMEM containing 4.5 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. iPS cells (DF19-9-11T.H cells from WiCell Stem Bank) were maintained on Matrigel -coated plates using StemFlex media (ThermoFisher) before differentiation. iPSC-CMs older than Day 30 were maintained on Matrigel-coated 6-well plates in RPMI + B27 (ThermoFisher) until transient transfection and imaging experiments. All cells were maintained in a humidified incubator at 37 °C and 5% CO2.  Functionally abnormal. Forms aggregates in transfected cells and causes abnormal nuclear shape. Our studies revealed that myopathic laminopathies are predominantly protein misfolding, aggregation-prone diseases and proved with ROC curves how aggregation as being a good predictor for myopathic disease compared to lipodystrophy and progeria laminopathies.  

Most myopathic lamin variants aggregate: a functional genomics approach for assessing variants of uncertain significance 10.1038/s41525-021-00265-x Dilated CardiomyopathyLong QT Syndrome LMNA N A N A p.E358K ECO:0001563. Cell growth assay evidence I n  v i t r o Functional analysis of 178 mutations. 2 DIFFERENTE OVEREXPRESSION MODELS Cells: HEK 293 and C2C12 myoblasts. Immunoblotting, IgD solubility assay, aggregation analysis (12 or 24 well plates), Human iPSC-cardiomyocytes differentiation, flow cytometry AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: percentage of GFP-positive cells that exhibit nuclear aggregation.AGGREGATION PROPENSITY OF LMNA VARIANTS IgD: IgD variants are more prone to aggregate in HEK 293 cells compared to C2C12 myoblastIn vitro solubility assay we recently reported where decreased solubility serves as a proxy for protein instability- Lamin A aggregation is major determinant for skeletal and cardiac laminopathies- In vitro solubility assay showed that aggregation-prone variants in immunoglobulin domain correlate with domain destabilization- Myopathic-associated LMNA variants show aggregation patterns in iPSC-CMs 1 6 16 pathogenic controls (classified in ClinVar and aggregated in HEK 293 + C2C12 myoblasts) 1 6 In silico: 15 variant controls identified in control population in genomADFlow cytometry: negative control did not receive primary antibodyWT 2 ≥ 3 Biological: wildtype/mutants “at least one western blot for each”AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: variants were overexpressed in HEK 293 cells and C2C12 myoblasts. transfections analyzed ≥3. All aggregation data are presented as mean ± SD. One-way analysis of variance with Dunn’s post hoc test was used to determine differences between variants and WT. P < 0.05 was considered statistically significant. S t a t s ,  c o n t r o l s Y e s All missense variants were made using the QuikChange II XL kit (Agilent) using primers designed by Integrated DNA Technologies. The template for mutagenesis was pcDNA3 N195K lamin A (Addgene #32708) which we mutated back to WT using forward and reverse primer. HEK 293 cells (ATCC) were maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing 1 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. C2C12 myoblasts (MilliporeSigma) were maintained in DMEM containing 4.5 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. iPS cells (DF19-9-11T.H cells from WiCell Stem Bank) were maintained on Matrigel -coated plates using StemFlex media (ThermoFisher) before differentiation. iPSC-CMs older than Day 30 were maintained on Matrigel-coated 6-well plates in RPMI + B27 (ThermoFisher) until transient transfection and imaging experiments. All cells were maintained in a humidified incubator at 37 °C and 5% CO2.  Functionally abnormal. Forms aggregates in transfected cells and causes abnormal nuclear shape. Our studies revealed that myopathic laminopathies are predominantly protein misfolding, aggregation-prone diseases and proved with ROC curves how aggregation as being a good predictor for myopathic disease compared to lipodystrophy and progeria laminopathies.  

Most myopathic lamin variants aggregate: a functional genomics approach for assessing variants of uncertain significance 10.1038/s41525-021-00265-x Dilated CardiomyopathyLong QT Syndrome LMNA N A N A p . R 3 7 7 H ECO:0001563. Cell growth assay evidence I n  v i t r o Functional analysis of 178 mutations. 2 DIFFERENTE OVEREXPRESSION MODELS Cells: HEK 293 and C2C12 myoblasts. Immunoblotting, IgD solubility assay, aggregation analysis (12 or 24 well plates), Human iPSC-cardiomyocytes differentiation, flow cytometry AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: percentage of GFP-positive cells that exhibit nuclear aggregation.AGGREGATION PROPENSITY OF LMNA VARIANTS IgD: IgD variants are more prone to aggregate in HEK 293 cells compared to C2C12 myoblastIn vitro solubility assay we recently reported where decreased solubility serves as a proxy for protein instability- Lamin A aggregation is major determinant for skeletal and cardiac laminopathies- In vitro solubility assay showed that aggregation-prone variants in immunoglobulin domain correlate with domain destabilization- Myopathic-associated LMNA variants show aggregation patterns in iPSC-CMs 1 6 16 pathogenic controls (classified in ClinVar and aggregated in HEK 293 + C2C12 myoblasts) 1 6 In silico: 15 variant controls identified in control population in genomADFlow cytometry: negative control did not receive primary antibodyWT 2 ≥ 3 Biological: wildtype/mutants “at least one western blot for each”AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: variants were overexpressed in HEK 293 cells and C2C12 myoblasts. transfections analyzed ≥3. All aggregation data are presented as mean ± SD. One-way analysis of variance with Dunn’s post hoc test was used to determine differences between variants and WT. P < 0.05 was considered statistically significant. S t a t s ,  c o n t r o l s Y e s All missense variants were made using the QuikChange II XL kit (Agilent) using primers designed by Integrated DNA Technologies. The template for mutagenesis was pcDNA3 N195K lamin A (Addgene #32708) which we mutated back to WT using forward and reverse primer. HEK 293 cells (ATCC) were maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing 1 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. C2C12 myoblasts (MilliporeSigma) were maintained in DMEM containing 4.5 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. iPS cells (DF19-9-11T.H cells from WiCell Stem Bank) were maintained on Matrigel -coated plates using StemFlex media (ThermoFisher) before differentiation. iPSC-CMs older than Day 30 were maintained on Matrigel-coated 6-well plates in RPMI + B27 (ThermoFisher) until transient transfection and imaging experiments. All cells were maintained in a humidified incubator at 37 °C and 5% CO2.  Functionally abnormal. Forms aggregates in transfected cells and causes abnormal nuclear shape. Our studies revealed that myopathic laminopathies are predominantly protein misfolding, aggregation-prone diseases and proved with ROC curves how aggregation as being a good predictor for myopathic disease compared to lipodystrophy and progeria laminopathies.  

Most myopathic lamin variants aggregate: a functional genomics approach for assessing variants of uncertain significance 10.1038/s41525-021-00265-x Dilated CardiomyopathyLong QT Syndrome LMNA N A N A p.L435P ECO:0001563. Cell growth assay evidence I n  v i t r o Functional analysis of 178 mutations. 2 DIFFERENTE OVEREXPRESSION MODELS Cells: HEK 293 and C2C12 myoblasts. Immunoblotting, IgD solubility assay, aggregation analysis (12 or 24 well plates), Human iPSC-cardiomyocytes differentiation, flow cytometry AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: percentage of GFP-positive cells that exhibit nuclear aggregation.AGGREGATION PROPENSITY OF LMNA VARIANTS IgD: IgD variants are more prone to aggregate in HEK 293 cells compared to C2C12 myoblastIn vitro solubility assay we recently reported where decreased solubility serves as a proxy for protein instability- Lamin A aggregation is major determinant for skeletal and cardiac laminopathies- In vitro solubility assay showed that aggregation-prone variants in immunoglobulin domain correlate with domain destabilization- Myopathic-associated LMNA variants show aggregation patterns in iPSC-CMs 1 6 16 pathogenic controls (classified in ClinVar and aggregated in HEK 293 + C2C12 myoblasts) 1 6 In silico: 15 variant controls identified in control population in genomADFlow cytometry: negative control did not receive primary antibodyWT 2 ≥ 3 Biological: wildtype/mutants “at least one western blot for each”AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: variants were overexpressed in HEK 293 cells and C2C12 myoblasts. transfections analyzed ≥3. All aggregation data are presented as mean ± SD. One-way analysis of variance with Dunn’s post hoc test was used to determine differences between variants and WT. P < 0.05 was considered statistically significant. S t a t s ,  c o n t r o l s Y e s All missense variants were made using the QuikChange II XL kit (Agilent) using primers designed by Integrated DNA Technologies. The template for mutagenesis was pcDNA3 N195K lamin A (Addgene #32708) which we mutated back to WT using forward and reverse primer. HEK 293 cells (ATCC) were maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing 1 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. C2C12 myoblasts (MilliporeSigma) were maintained in DMEM containing 4.5 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. iPS cells (DF19-9-11T.H cells from WiCell Stem Bank) were maintained on Matrigel -coated plates using StemFlex media (ThermoFisher) before differentiation. iPSC-CMs older than Day 30 were maintained on Matrigel-coated 6-well plates in RPMI + B27 (ThermoFisher) until transient transfection and imaging experiments. All cells were maintained in a humidified incubator at 37 °C and 5% CO2.  Functionally abnormal. Forms aggregates in transfected cells and causes abnormal nuclear shape. Our studies revealed that myopathic laminopathies are predominantly protein misfolding, aggregation-prone diseases and proved with ROC curves how aggregation as being a good predictor for myopathic disease compared to lipodystrophy and progeria laminopathies.  

Most myopathic lamin variants aggregate: a functional genomics approach for assessing variants of uncertain significance 10.1038/s41525-021-00265-x Dilated CardiomyopathyLong QT Syndrome LMNA N A N A p . T 4 5 3 I ECO:0001563. Cell growth assay evidence I n  v i t r o Functional analysis of 178 mutations. 2 DIFFERENTE OVEREXPRESSION MODELS Cells: HEK 293 and C2C12 myoblasts. Immunoblotting, IgD solubility assay, aggregation analysis (12 or 24 well plates), Human iPSC-cardiomyocytes differentiation, flow cytometry AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: percentage of GFP-positive cells that exhibit nuclear aggregation.AGGREGATION PROPENSITY OF LMNA VARIANTS IgD: IgD variants are more prone to aggregate in HEK 293 cells compared to C2C12 myoblastIn vitro solubility assay we recently reported where decreased solubility serves as a proxy for protein instability- Lamin A aggregation is major determinant for skeletal and cardiac laminopathies- In vitro solubility assay showed that aggregation-prone variants in immunoglobulin domain correlate with domain destabilization- Myopathic-associated LMNA variants show aggregation patterns in iPSC-CMs 1 6 16 pathogenic controls (classified in ClinVar and aggregated in HEK 293 + C2C12 myoblasts) 1 6 In silico: 15 variant controls identified in control population in genomADFlow cytometry: negative control did not receive primary antibodyWT 2 ≥ 3 Biological: wildtype/mutants “at least one western blot for each”AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: variants were overexpressed in HEK 293 cells and C2C12 myoblasts. transfections analyzed ≥3. All aggregation data are presented as mean ± SD. One-way analysis of variance with Dunn’s post hoc test was used to determine differences between variants and WT. P < 0.05 was considered statistically significant. S t a t s ,  c o n t r o l s Y e s All missense variants were made using the QuikChange II XL kit (Agilent) using primers designed by Integrated DNA Technologies. The template for mutagenesis was pcDNA3 N195K lamin A (Addgene #32708) which we mutated back to WT using forward and reverse primer. HEK 293 cells (ATCC) were maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing 1 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. C2C12 myoblasts (MilliporeSigma) were maintained in DMEM containing 4.5 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. iPS cells (DF19-9-11T.H cells from WiCell Stem Bank) were maintained on Matrigel -coated plates using StemFlex media (ThermoFisher) before differentiation. iPSC-CMs older than Day 30 were maintained on Matrigel-coated 6-well plates in RPMI + B27 (ThermoFisher) until transient transfection and imaging experiments. All cells were maintained in a humidified incubator at 37 °C and 5% CO2.  Functionally abnormal. Forms aggregates in transfected cells and causes abnormal nuclear shape. Our studies revealed that myopathic laminopathies are predominantly protein misfolding, aggregation-prone diseases and proved with ROC curves how aggregation as being a good predictor for myopathic disease compared to lipodystrophy and progeria laminopathies.  

Most myopathic lamin variants aggregate: a functional genomics approach for assessing variants of uncertain significance 10.1038/s41525-021-00265-x Dilated CardiomyopathyLong QT Syndrome LMNA N A N A p.R482L ECO:0001563. Cell growth assay evidence I n  v i t r o Functional analysis of 178 mutations. 2 DIFFERENTE OVEREXPRESSION MODELS Cells: HEK 293 and C2C12 myoblasts. Immunoblotting, IgD solubility assay, aggregation analysis (12 or 24 well plates), Human iPSC-cardiomyocytes differentiation, flow cytometry AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: percentage of GFP-positive cells that exhibit nuclear aggregation.AGGREGATION PROPENSITY OF LMNA VARIANTS IgD: IgD variants are more prone to aggregate in HEK 293 cells compared to C2C12 myoblastIn vitro solubility assay we recently reported where decreased solubility serves as a proxy for protein instability- Lamin A aggregation is major determinant for skeletal and cardiac laminopathies- In vitro solubility assay showed that aggregation-prone variants in immunoglobulin domain correlate with domain destabilization- Myopathic-associated LMNA variants show aggregation patterns in iPSC-CMs 1 6 16 pathogenic controls (classified in ClinVar and aggregated in HEK 293 + C2C12 myoblasts) 1 6 In silico: 15 variant controls identified in control population in genomADFlow cytometry: negative control did not receive primary antibodyWT 2 ≥ 3 Biological: wildtype/mutants “at least one western blot for each”AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: variants were overexpressed in HEK 293 cells and C2C12 myoblasts. transfections analyzed ≥3. All aggregation data are presented as mean ± SD. One-way analysis of variance with Dunn’s post hoc test was used to determine differences between variants and WT. P < 0.05 was considered statistically significant. S t a t s ,  c o n t r o l s Y e s All missense variants were made using the QuikChange II XL kit (Agilent) using primers designed by Integrated DNA Technologies. The template for mutagenesis was pcDNA3 N195K lamin A (Addgene #32708) which we mutated back to WT using forward and reverse primer. HEK 293 cells (ATCC) were maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing 1 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. C2C12 myoblasts (MilliporeSigma) were maintained in DMEM containing 4.5 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. iPS cells (DF19-9-11T.H cells from WiCell Stem Bank) were maintained on Matrigel -coated plates using StemFlex media (ThermoFisher) before differentiation. iPSC-CMs older than Day 30 were maintained on Matrigel-coated 6-well plates in RPMI + B27 (ThermoFisher) until transient transfection and imaging experiments. All cells were maintained in a humidified incubator at 37 °C and 5% CO2.  Functionally abnormal. Forms aggregates in transfected cells and causes abnormal nuclear shape. Our studies revealed that myopathic laminopathies are predominantly protein misfolding, aggregation-prone diseases and proved with ROC curves how aggregation as being a good predictor for myopathic disease compared to lipodystrophy and progeria laminopathies.  
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Most myopathic lamin variants aggregate: a functional genomics approach for assessing variants of uncertain significance 10.1038/s41525-021-00265-x Dilated CardiomyopathyLong QT Syndrome LMNA N A N A p.L530P ECO:0001563. Cell growth assay evidence I n  v i t r o Functional analysis of 178 mutations. 2 DIFFERENTE OVEREXPRESSION MODELS Cells: HEK 293 and C2C12 myoblasts. Immunoblotting, IgD solubility assay, aggregation analysis (12 or 24 well plates), Human iPSC-cardiomyocytes differentiation, flow cytometry AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: percentage of GFP-positive cells that exhibit nuclear aggregation.AGGREGATION PROPENSITY OF LMNA VARIANTS IgD: IgD variants are more prone to aggregate in HEK 293 cells compared to C2C12 myoblastIn vitro solubility assay we recently reported where decreased solubility serves as a proxy for protein instability- Lamin A aggregation is major determinant for skeletal and cardiac laminopathies- In vitro solubility assay showed that aggregation-prone variants in immunoglobulin domain correlate with domain destabilization- Myopathic-associated LMNA variants show aggregation patterns in iPSC-CMs 1 6 16 pathogenic controls (classified in ClinVar and aggregated in HEK 293 + C2C12 myoblasts) 1 6 In silico: 15 variant controls identified in control population in genomADFlow cytometry: negative control did not receive primary antibodyWT 2 ≥ 3 Biological: wildtype/mutants “at least one western blot for each”AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: variants were overexpressed in HEK 293 cells and C2C12 myoblasts. transfections analyzed ≥3. All aggregation data are presented as mean ± SD. One-way analysis of variance with Dunn’s post hoc test was used to determine differences between variants and WT. P < 0.05 was considered statistically significant. S t a t s ,  c o n t r o l s Y e s All missense variants were made using the QuikChange II XL kit (Agilent) using primers designed by Integrated DNA Technologies. The template for mutagenesis was pcDNA3 N195K lamin A (Addgene #32708) which we mutated back to WT using forward and reverse primer. HEK 293 cells (ATCC) were maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing 1 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. C2C12 myoblasts (MilliporeSigma) were maintained in DMEM containing 4.5 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. iPS cells (DF19-9-11T.H cells from WiCell Stem Bank) were maintained on Matrigel -coated plates using StemFlex media (ThermoFisher) before differentiation. iPSC-CMs older than Day 30 were maintained on Matrigel-coated 6-well plates in RPMI + B27 (ThermoFisher) until transient transfection and imaging experiments. All cells were maintained in a humidified incubator at 37 °C and 5% CO2.  Functionally abnormal. Forms aggregates in transfected cells and causes abnormal nuclear shape. Our studies revealed that myopathic laminopathies are predominantly protein misfolding, aggregation-prone diseases and proved with ROC curves how aggregation as being a good predictor for myopathic disease compared to lipodystrophy and progeria laminopathies.  

Most myopathic lamin variants aggregate: a functional genomics approach for assessing variants of uncertain significance 10.1038/s41525-021-00265-x Dilated CardiomyopathyLong QT Syndrome LMNA N A N A p . D 5 4 0 V ECO:0001563. Cell growth assay evidence I n  v i t r o Functional analysis of 178 mutations. 2 DIFFERENTE OVEREXPRESSION MODELS Cells: HEK 293 and C2C12 myoblasts. Immunoblotting, IgD solubility assay, aggregation analysis (12 or 24 well plates), Human iPSC-cardiomyocytes differentiation, flow cytometry AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: percentage of GFP-positive cells that exhibit nuclear aggregation.AGGREGATION PROPENSITY OF LMNA VARIANTS IgD: IgD variants are more prone to aggregate in HEK 293 cells compared to C2C12 myoblastIn vitro solubility assay we recently reported where decreased solubility serves as a proxy for protein instability- Lamin A aggregation is major determinant for skeletal and cardiac laminopathies- In vitro solubility assay showed that aggregation-prone variants in immunoglobulin domain correlate with domain destabilization- Myopathic-associated LMNA variants show aggregation patterns in iPSC-CMs 1 6 16 pathogenic controls (classified in ClinVar and aggregated in HEK 293 + C2C12 myoblasts) 1 6 In silico: 15 variant controls identified in control population in genomADFlow cytometry: negative control did not receive primary antibodyWT 2 ≥ 3 Biological: wildtype/mutants “at least one western blot for each”AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: variants were overexpressed in HEK 293 cells and C2C12 myoblasts. transfections analyzed ≥3. All aggregation data are presented as mean ± SD. One-way analysis of variance with Dunn’s post hoc test was used to determine differences between variants and WT. P < 0.05 was considered statistically significant. S t a t s ,  c o n t r o l s Y e s All missense variants were made using the QuikChange II XL kit (Agilent) using primers designed by Integrated DNA Technologies. The template for mutagenesis was pcDNA3 N195K lamin A (Addgene #32708) which we mutated back to WT using forward and reverse primer. HEK 293 cells (ATCC) were maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing 1 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. C2C12 myoblasts (MilliporeSigma) were maintained in DMEM containing 4.5 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. iPS cells (DF19-9-11T.H cells from WiCell Stem Bank) were maintained on Matrigel -coated plates using StemFlex media (ThermoFisher) before differentiation. iPSC-CMs older than Day 30 were maintained on Matrigel-coated 6-well plates in RPMI + B27 (ThermoFisher) until transient transfection and imaging experiments. All cells were maintained in a humidified incubator at 37 °C and 5% CO2.  Functionally abnormal. Forms aggregates in transfected cells and causes abnormal nuclear shape. Our studies revealed that myopathic laminopathies are predominantly protein misfolding, aggregation-prone diseases and proved with ROC curves how aggregation as being a good predictor for myopathic disease compared to lipodystrophy and progeria laminopathies.  

Most myopathic lamin variants aggregate: a functional genomics approach for assessing variants of uncertain significance 10.1038/s41525-021-00265-x Dilated CardiomyopathyLong QT Syndrome LMNA N A N A p . R 5 4 1 C ECO:0001563. Cell growth assay evidence I n  v i t r o Functional analysis of 178 mutations. 2 DIFFERENTE OVEREXPRESSION MODELS Cells: HEK 293 and C2C12 myoblasts. Immunoblotting, IgD solubility assay, aggregation analysis (12 or 24 well plates), Human iPSC-cardiomyocytes differentiation, flow cytometry AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: percentage of GFP-positive cells that exhibit nuclear aggregation.AGGREGATION PROPENSITY OF LMNA VARIANTS IgD: IgD variants are more prone to aggregate in HEK 293 cells compared to C2C12 myoblastIn vitro solubility assay we recently reported where decreased solubility serves as a proxy for protein instability- Lamin A aggregation is major determinant for skeletal and cardiac laminopathies- In vitro solubility assay showed that aggregation-prone variants in immunoglobulin domain correlate with domain destabilization- Myopathic-associated LMNA variants show aggregation patterns in iPSC-CMs 1 6 16 pathogenic controls (classified in ClinVar and aggregated in HEK 293 + C2C12 myoblasts) 1 6 In silico: 15 variant controls identified in control population in genomADFlow cytometry: negative control did not receive primary antibodyWT 2 ≥ 3 Biological: wildtype/mutants “at least one western blot for each”AGGREGATION PROPENSITY OF LMNA VARIANTS CCD: variants were overexpressed in HEK 293 cells and C2C12 myoblasts. transfections analyzed ≥3. All aggregation data are presented as mean ± SD. One-way analysis of variance with Dunn’s post hoc test was used to determine differences between variants and WT. P < 0.05 was considered statistically significant. S t a t s ,  c o n t r o l s Y e s All missense variants were made using the QuikChange II XL kit (Agilent) using primers designed by Integrated DNA Technologies. The template for mutagenesis was pcDNA3 N195K lamin A (Addgene #32708) which we mutated back to WT using forward and reverse primer. HEK 293 cells (ATCC) were maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing 1 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. C2C12 myoblasts (MilliporeSigma) were maintained in DMEM containing 4.5 g/L glucose, 1 mM sodium pyruvate, 4 mM L-glutamine, and 10% FBS. iPS cells (DF19-9-11T.H cells from WiCell Stem Bank) were maintained on Matrigel -coated plates using StemFlex media (ThermoFisher) before differentiation. iPSC-CMs older than Day 30 were maintained on Matrigel-coated 6-well plates in RPMI + B27 (ThermoFisher) until transient transfection and imaging experiments. All cells were maintained in a humidified incubator at 37 °C and 5% CO2.  Functionally normal. Does not form aggregates in transfected cells and does not cause abnormal nuclear shape. 

Clinical genetic s and outcome of left ventricular non-compaction cardiomyopathy 10.1 093 /eur he art j /ehx 54 5  LVNC RBM20 N A N A p.R634L BAO:BAO_0003000. RNA splicing assay I n  v i t r o RBM20 is a splice regulator of TTN. t p.R634L, which is located in a mutational hot spot of the protein (RS domain) was studied with Targeted in vitro transcript-splicing assays. They cloned WT and 3 predicted damaging variants (p.R634L, p.P798L, and p.P1105L)) and expressed them together with titin sub-fragment in HEK293 cells. Validated by splice-analysis of mini-gene constructs. HEK293 cells without RBM20 (CTRL), wild-type RBM20 (WT) and RBM20 mutations (R637L and P641L, corresponding to human R634L and P638L) (n=8). Also performed an agarose protein gel electrophoresis of isolated protein from myocardial specimens of the two available LVNC patients. In-silico prediction of variant effects included PROVEAN, GERP++, PolyPhen-2 and CADD.  Splicing activity, titin protein weight and structure (length) 1 1 :  P 6 4 1 L 2 WTLeft ventricular myocardial specimens (n=3) from road accident victims were u s e d  a s  c o n t r o l 2 PSI assay: n=3RLuc assay n=8RT-qPCR of TTN eoxon in HEK293 n=3 Biological: wildtype/mutantPSI assay: n=3RLuc assay n=8RT-qPCR on genomi minigene of human TTN exon 241-243 in HEK293 n=3 R package version 3.2.1 and GraphPad prism software was used for statistical analysis. Clinical data are shown as mean ± SD or median (1Q; 3Q). Statistical significance between groups was determined using One-Way ANOVA.  Predictions with PROVEAN, SIFT and PolyPhen2, Stats, pos controls, neg controls Y e s Patients had given written informed consent for clinical investigations and genetic testing. Clinical and genetic evaluation was approved by the local ethics committees of the centers. A peripheral blood sample was collected from each participant and genomic DNA was extracted using QIAamp DNA blood Kit (Qiagen). Endomyocardial biopsy from the patient II.3 (pedigree 16) was obtained from the apical part of the left ventricular free wall. Heart tissue of the index patient (III.2, pedigree 16) was collected from the explanted heart at the time of cardiac transplantation. All tissue samples were washed in ice-cold saline (0.9% NaCl) and immediately transferred and stored in liquid nitrogen until RNA or protein extraction. RNA was isolated using RNeasy kit according to the manufacturer’s protocol (Qiagen, Germany). Western Blot for RBM20 expression analysis was performed on 9% PAGE electrophoresis and secondary antibodies were used (Donkey-anti-Rabbit/Mouse-HRP from GE Healthcare, 1:5000). Targeted sequencing was performed with Illumina exome capture kits (Truseq or Nextera Exome Enrichment) or SureSelectXT Target Enrichment System (Agilent; Waldbronn, Germany). Sequencing was performed in-house on an Illumina HiSeq 2000, using TruSeq SBS Kit v3 and reading two times 100 bp for paired end sequencing. Primers were designed using ncbi primer-blast and PCR reactions were purified enzymatically (QIAquick Gel Extraction Kit) following the manufacturer’s protocol. RNA purity and concentration were determined using the Bioanalyzer 2100 (Agilent Technologies, UK). Sequencing libraries were generated using the TruSeq Strand Total RNA (Illumina) Kit. The raw reads were mapped to the human reference genome (GRCh37/hg19) with the burrows-wheeler alignment tool (BWA v.0.59-r16). Duplicate reads were marked only for samples prepared with the TruSeq kit . Variant calling and quality filtering of variants were performed with Genome-Analysis-Toolkit (GATK v. 1.5-21-g979a84a). For disease annotation, the Biobase Human Genome Mutation Database (HGMD) Genome Trax v.2015.4 was used. Adapter sequences and poor base calls were removed with FLEXBAR (release 2.5), reads mapping to human rRNA loci were also subtracted. The remaining reads were mapped to a whole human genome index including splice site annotations (built from EnsEMBL 79) using STAR. Results were collected and unique exon and splice junction reads counts were computed with StringTie 1.1.2. For splice reporter assays, Firefly and Renilla luciferase coding regions were inserted into an alternatively spliced and a constitutively expressed Titin PEVK exon. After 60h co-transfection with of HEK293 cells RBM20-expression or control plasmids, the Dual-Luciferase Reporter Assay System (Promega) was used to determine the ratio of Firefly to Renilla luciferase activity as an indicator of exon skipping.  Functionally abnormal. Leads to a strong increase of the ratio luciferase/Ranilla luminescence (tags of titin fragment), indicating highly defective splicing activity with reduced exon-skipping, which is predicted to result in a longer titin isoform. Both affected patients showed a marked shift towards a very high-molecular-weight titin protein. This giant isoform is not present in controls or non-mutated-RBM20 of Dilated Cardiomyopathy patients (summary of last sentence: giant N2BA isoform is only expressed due to defective RBM20). 

Clinical genetics and outcome of left ventricular non-compaction cardiomyopathy 10.1 093 /eur he art j /ehx 54 5  LVNC RBM21 N A N A p.P798L BAO:BAO_0003000. RNA splicing assay I n  v i t r o RBM20 is a splice regulator of TTN. t p.R634L, which is located in a mutational hot spot of the protein (RS domain) was studied with Targeted in vitro transcript-splicing assays. They cloned WT and 3 predicted damaging variants (p.R634L, p.P798L, and p.P1105L)) and expressed them together with titin sub-fragment in HEK293 cells. Validated by splice-analysis of mini-gene constructs. HEK293 cells without RBM20 (CTRL), wild-type RBM20 (WT) and RBM20 mutations (R637L and P641L, corresponding to human R634L and P638L) (n=8). Also performed an agarose protein gel electrophoresis of isolated protein from myocardial specimens of the two available LVNC patients. In-silico prediction of variant effects included PROVEAN, GERP++, PolyPhen-2 and CADD.  Splicing activity, titin protein weight and structure (length) 1 1 :  P 6 4 1 L 2 WTLeft ventricular myocardial specimens (n=3) from road accident victims were u s e d  a s  c o n t r o l 2 PSI assay: n=3RLuc assay n=8RT-qPCR of TTN eoxon in HEK293 n=3 Biological: wildtype/mutantPSI assay: n=3RLuc assay n=8RT-qPCR on genomi minigene of human TTN exon 241-243 in HEK293 n=3 R package version 3.2.1 and GraphPad prism software was used for statistical analysis. Clinical data are shown as mean ± SD or median (1Q; 3Q). Statistical significance between groups was determined using One-Way ANOVA.  Predictions with PROVEAN, SIFT and PolyPhen2, Stats, pos controls, neg controls Y e s Patients had given written informed consent for clinical investigations and genetic testing. Clinical and genetic evaluation was approved by the local ethics committees of the centers. A peripheral blood sample was collected from each participant and genomic DNA was extracted using QIAamp DNA blood Kit (Qiagen). Endomyocardial biopsy from the patient II.3 (pedigree 16) was obtained from the apical part of the left ventricular free wall. Heart tissue of the index patient (III.2, pedigree 16) was collected from the explanted heart at the time of cardiac transplantation. All tissue samples were washed in ice-cold saline (0.9% NaCl) and immediately transferred and stored in liquid nitrogen until RNA or protein extraction. RNA was isolated using RNeasy kit according to the manufacturer’s protocol (Qiagen, Germany). Western Blot for RBM20 expression analysis was performed on 9% PAGE e lectrophoresis and secondary antibodies were used (Donkey-anti-Rabbit/Mouse-HRP from GE Healthcare, 1:5000). Targeted sequencing was performed with Illumina exome capture kits (Truseq or Nextera Exome Enrichment) or SureSelectXT Target Enrichment System (Agilent; Waldbronn, Germany). Sequencing was performed in-house on an Illumina HiSeq 2000, using TruSeq SBS Kit v3 and reading two times 100 bp for paired end sequencing. Primers were designed using ncbi primer-blast and PCR reactions were purified enzymatically (QIAquick Gel Extraction Kit) following the manufacturer’s protocol. RNA purity and concentration were determined using the Bioanalyzer 2100 (Agilent Technologies, UK). Sequencing libraries were generated using the TruSeq Strand Total RNA (Illumina) Kit. The raw reads were mapped to the human reference genome (GRCh37/hg19) with the burrows-wheeler alignment tool (BWA v.0.59-r16). Duplicate reads were marked only for samples prepared with the TruSeq kit . Variant calling and quality filtering of variants were performed with Genome-Analysis-Toolkit (GATK v. 1.5-21-g979a84a). For disease annotation, the Biobase Human Genome Mutation Database (HGMD) Genome Trax v.2015.4 was used. Adapter sequences and poor base calls were removed with FLEXBAR (release 2.5), reads mapping to human rRNA loci were also subtracted. The remaining reads were mapped to a whole human genome index including splice site annotations (built from EnsEMBL 79) using STAR. Results were collected and unique exon and splice junction reads counts were computed with StringTie 1.1.2. For splice reporter assays, Firefly and Renilla luciferase coding regions were inserted into an alternatively spliced and a constitutively expressed Titin PEVK exon. After 60h co-transfection with of HEK293 cells RBM20-expression or control plasmids, the Dual-Luciferase Reporter Assay System (Promega) was used to determine the ratio of Firefly to Renilla luciferase activity as an indicator of exon skipping.  Functionally normal. Did not show altered titin splicing 

Clinical genetics and outcome of left ventricular non-compaction cardiomyopathy 10.1 093 /eur he art j /ehx 54 5  LVNC RBM22 N A N A p . P 1 1 0 5 L BAO:BAO_0003000. RNA splicing assay I n  v i t r o RBM20 is a splice regulator of TTN. t p.R634L, which is located in a mutational hot spot of the protein (RS domain) was studied with Targeted in vitro transcript-splicing assays. They cloned WT and 3 predicted damaging variants (p.R634L, p.P798L, and p.P1105L)) and expressed them together with titin sub-fragment in HEK293 cells. Validated by splice-analysis of mini-gene constructs. HEK293 cells without RBM20 (CTRL), wild-type RBM20 (WT) and RBM20 mutations (R637L and P641L, corresponding to human R634L and P638L) (n=8). Also performed an agarose protein gel electrophoresis of isolated protein from myocardial specimens of the two available LVNC patients. In-silico prediction of variant effects included PROVEAN, GERP++, PolyPhen-2 and CADD.  Splicing activity, titin protein weight and structure (length) 1 1 :  P 6 4 1 L 2 WTLeft ventricular myocardial specimens (n=3) from road accident victims were u s e d  a s  c o n t r o l 2 PSI assay: n=3RLuc assay n=8RT-qPCR of TTN eoxon in HEK293 n=3 Biological: wildtype/mutantPSI assay: n=3RLuc assay n=8RT-qPCR on genomi minigene of human TTN exon 241-243 in HEK293 n=3 R package version 3.2.1 and GraphPad prism software was used for statistical analysis. Clinical data are shown as mean ± SD or median (1Q; 3Q). Statistical significance between groups was determined using One-Way ANOVA.  Predictions with PROVEAN, SIFT and PolyPhen2, Stats, pos controls, neg controls Y e s Patients had given written informed consent for clinical investigations and genetic testing. Clinical and genetic evaluation was approved by the local ethics committees of the centers. A peripheral blood sample was collected from each participant and genomic DNA was extracted using QIAamp DNA blood Kit (Qiagen). Endomyocardial biopsy from the patient II.3 (pedigree 16) was obtained from the apical part of the left ventricular free wall. Heart tissue of the index patient (III.2, pedigree 16) was collected from the explanted heart at the time of cardiac transplantation. All tissue samples were washed in ice-cold saline (0.9% NaCl) and immediately transferred and stored in liquid nitrogen until RNA or protein extraction. RNA was isolated using RNeasy kit according to the manufacturer’s protocol (Qiagen, Germany). Western Blot for RBM20 expression analysis was performed on 9% PAGE electrophoresis and secondary antibodies were used (Donkey-anti-Rabbit/Mouse-HRP from GE Healthcare, 1:5000). Targeted sequencing was performed with Illumina exome capture kits (Truseq or Nextera Exome Enrichment) or SureSelectXT Target Enrichment System (Agilent; Waldbronn, Germany). Sequencing was performed in-house on an Illumina HiSeq 2000, using TruSeq SBS Kit v3 and reading two times 100 bp for paired end sequencing. Primers were designed using ncbi primer-blast and PCR reactions were purified enzymatically (QIAquick Gel Extraction Kit) following the manufacturer’s protocol. RNA purity and concentration were determined using the Bioanalyzer 2100 (Agilent Technologies, UK). Sequencing libraries were generated using the TruSeq Strand Total RNA (Illumina) Kit. The raw reads were mapped to the hum an reference genome (GRCh37/hg19) with the burrows-wheeler alignment tool (BWA v.0.59-r16). Duplicate reads were marked only for samples prepared with the TruSeq kit . Variant calling and quality filtering of variants were performed with Genome-Analysis-Toolkit (GATK v. 1.5-21-g979a84a). For disease annotation, the Biobase Human Genome Mutation Database (HGMD) Genome Trax v.2015.4 was used. Adapter sequences and poor base calls were removed with FLEXBAR (release 2.5), reads mapping to human rRNA loci were also subtracted. The remaining reads were mapped to a whole human genome index including splice site annotations (built from EnsEMBL 79) using STAR. Results were collected and unique exon and splice junction reads counts were computed with StringTie 1.1.2. For splice reporter assays, Firefly and Renilla luciferase coding regions were inserted into an alternatively spliced and a constitutively expressed Titin PEVK exon. After 60h co-transfection with of HEK293 cells RBM20-expression or control plasmids, the Dual-Luciferase Reporter Assay System (Promega) was used to determine the ratio of Firefly to Renilla luciferase activity as an indic ator of exon skipping.  Functionally normal. Did not show altered titin splicing 

Functional study of a KCNH2 mutant: Novel insights on the pathogenesis of the LQT2 syndrome 1 0 . 1 1 1 1 / j c m m . 1 4 5 2 1 L o n g  Q T  S y n d r o m e 2  K C N H 2 N A c . 3 0 1 7 d e l G N A OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Homotetramers of heterotetramers of G1006fs/49 expressed in HEK293 cells. Electrophysiological experiments-Confocal analysis, western blot (Densitometric analysis performed on 3 independent Western blotting experiments), electrophysiological recordings (patch clamp, whole-cell experiments). KCNH2 channel expression: • confocal analysis and WB: homotetramers reach plasma membrane too, delayed migration of bands, co expression mutant and KCNH2 resulted in colocalization co-localization at plasma membrane and within intracellular compartiments.• electrophysiological effect• Activation k i n e t i c s 1 Control extracellular solution (cells=6) for NS1643 tests. 1 W T 2 HEK293 cells plated in one well of a 6‐multiwell cell cultureChannel inactivation:KCNH2 Homotetramers: cells=4Mutant homotetramers: cells = 4KCNH2&mutant Heterotetramers: cells = 4Channel recovery from inactivation : KCNH2 homotetramers : cells = 7Mutant homotetramers : cells =6KCNH2&mutant heterotetrames : cells = 8Currents with and without NS1643 to evaluate channel inactivation rate: KCNH2 Control extracellular solution: Cells = 6 KCNH2 with NS1643: cells = 6 Biological: wildtype/mutantHEK293 cells plated in one well of a 6‐multiwell cell cultureChannel inactivation:KCNH2 Homotetramers: cells=4Mutant homotetramers: cells = 4KCNH2&mutant Heterotetramers: cells = 4Channel recovery from inactivation : KCNH2 homotetramers : cells = 7Mutant homotetramers : cells =6KCNH2&mutant heterotetrames : cells = 8Currents with and without NS1643 to evaluate channel inactivation rate: KCNH2 Control extracellular solution: Cells = 6 KCNH2 with NS1643: cells = 6 GraphPad Prism 6. Data are given as mean ± standard error of the mean. Statistical analysis was per‐ formed using two‐way ANOVA test for multiple comparisons. P=<0.005 Stats, pos control, neg control  Y e s Written informed consent was obtained from all patients or parents of minors included in the study. This project conforms to the prin‐ ciples outlined in the Declaration of Helsinki and was approved by the Ethics Committee of University Hospital Consortium, Policlinico of Bari, Italy. HEK293 (human embryonic kidney, ATCC® CRL‐1573™) cells were grown in Dulbecco's modified Eagle medium (DMEM) GlutaMAX® (Thermo Fisher Scientific) supplemented with 10% of FBS (Thermo Fisher Scientific) and 1% of penicillin‐streptomycin (Thermo Fisher Sc ientific, Waltham) at 37°C with 5% di CO2. For the expression of both wild‐type and mutant KCNH2 channels in HEK293 cell, two constructs for  protein expression in mammalian systems provided by VectorBuilder (Cyagen Biosciences) were used. The wild-type channel was expressed with the Em‐GFP tag protein and the mutant channel was expressed with the mCherry tag protein. For  both confocal microscopy, Western blotting and electrophysiological experiments, HEK293 cells plated in one well of a 6‐multiwell cell culture support at  70%‐90% of confluence were transiently transfected with KCNH2 and/or the mutant G1006fs/49 constructs using Lipofectamine 2000 (Invitrogen Corporation) following manufacturer’s instructions. For confocal analysis, transfected cells were plated on sterile 15-mm-diameter coverslips (Thermo Fisher Scientific) already coated with Poly-L-Lys for 20 minutes at RT (Sigma‐Aldrich). After adhesion, the cells were fixed in ice‐cold 100% methanol (Sigma‐Aldrich) for 5 minutes. Electrophysiological recordings were all  performed at room temperature from transiently transfected HEK293 cells that were trypsinized and plated on 35‐mm petri dishes coated with Poly‐L‐Lys (20 minutes at room temperature; Sigma‐Aldrich) 3‐4 hours before the experiments at about 30% of confluence. AxoScope 10.4 (Molecular Devices) and pClamp 10.4 (Molecular Devices) were used to acquire and analyse the data. Functionally abnormal. Heterozygous mutation on exon 13 of KCNH2. It is functional at the plasma membrane even when co‐expressed with KCNH2  and it exerts a dominant‐negative effect on KCNH2 conferring specific biophysical properties to the heterotetrameric channel such as a significant delay in the voltage‐sensitive transition to the open state, faster kinetics of both inactivation and recovery from the inactivation. Also, activation kinetics of the G1006fs/49 heterotetrameric channels is partially restored by a specific KCNH2 activator 

Utilization of the genome aggregation database, in silico tools, and heterologous expression patch-clamp studies to identify and demote previously published type 2 long QT syndrome: Causat ive var iants from pathogenic to likely benign 10.1016/j.hrthm.2019.08.014  L o n g  Q T  S y n d r o m e  2  K C N H 2 N A N A p.I96V OBI:0002178. Whole-cell patch clamp assay In silicoIn vitro 337 Long QT Syndrome associated MVs were compiled and assessed with in silico tools (paralog conservation ortholog conservation, Grantham values, SIFT, PolyPhen2, Mutation Assessor, KvSNP, and MutPred). Those with minor allele frequency (MAF) and benign prediction were demoted, ultra-rare variants absent from gnomAD but benign prediction were considered as potential false positives and characterized functionally with whole cell patch clamp. (TSA 201 cells). Channel trafficking was assessed with western blotting In silico: MAF and presence in gnomADIn vitro: electrophysiology and channel trafficking 1 WB: loading control:  GAPDH  1 W T 2 9 Biological: wildtype/mutantsIn silico: n=141,352 individualsp.I96V: n= 9 Student’s t-tests were performed to determine statistical significance between two groups.  A Kruskal-Wallis test followed by Dunn’s multiple comparisons test were used to determine statistical significance between three groups . A p<0.05 was considered to be significant. Stats, neg controls, in silic o  Y e s Prediction analysis with paralog conservation ortholog conservation, Grantham values, SIFT, PolyPhen2, Mutation Assessor, KvSNP, and MutPred. Eight variants were characterized functionally. Wild-type KCNH2 cDNA was subcloned into pIRES2-EGFP (Clontech, Mountain View, CA) to produce pIRES2-KCNH2-WT-EGFP.  The Quickchange XL Site-Directed Mutagenesis Kit was used to engineer the variants into pIRES2-KCNH2-WT-EGFP. The p.G187S and p.A203T variants in pIRES2-KCNH2-WT-EGFP were produced by GeneScript (Piscataway, NJ).  DNA sequencing was used to confirm the integrity of all vectors. TSA 201 Cells were cultured in Dulbecco’s Modification of Eagle’s Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS), 1.0% L-glutamine, and 1.2% penicillin/streptomycin solution in a 5% CO2 incubator at 37°C. Heterologous expression of KCNH2 was accomplished by using Lipofectamine (Invitrogen) to co-transfect WT and mutant. The transfection media was replaced with fresh OPTI-MEM after 4-6 hours. Transfected TSA 201 cells were cultured in OPTI-MEM and incubated for 48 hours before electrophysiological experiments or lysate collection. Standard whole-cell patch clamp technique was used to measure KCNH2-WT and KCNH2-variant-containing IKr currents at room temperature (22-24°C) using an Axopatch 200B amplifier, Digidata 1440A, and pclamp version 10.4 software (Axon Instruments, Sunnyvale, CA). Functionally normal. Statistically significant (p<0.05) activation and deactivation voltage, less then 10mV, not significant. → likely benign 

Utilization of the genome aggregation database, in silico tools, and heterologous expression patch-clamp studies to identify and demote previously published type 2 long QT syndrome: Causative variants from pathogenic to likely benign 10.1016/j.hrthm.2019.08.014  L o n g  Q T  S y n d r o m e  2  K C N H 2 N A N A p . P 2 4 1 L OBI:0002178. Whole-cell patch clamp assayECO:0006341. Computational structure m o d e l i n g  e v i d e n c e In silicoIn vitro 338 Long QT Syndrome associated MVs were compiled and assessed with in silico tools (paralog conservation ortholog conservation, Grantham values, SIFT, PolyPhen2, Mutation Assessor, KvSNP, and MutPred). Those with minor allele frequency (MAF) and benign prediction were demoted, ultra-rare variants absent from gnomAD but benign prediction were considered as potential false positives and characterized functionally with whole cell patch clamp. (TSA 201 cells). Channel trafficking was assessed with western blotting In silico: MAF and presence in gnomADIn vitro: electrophysiology and channel trafficking 1 WB: loading control:  GAPDH  1 W T 2 1 2 p . P 2 4 1 L :  n =  1 2  Student’s t-tests were performed to determine statistical significance between two groups.  A Kruskal-Wallis test followed by Dunn’s multiple comparisons test were used to determine statistical significance between three groups . A p<0.05 was considered to be significant. Stats, neg controls, in silic o  Y e s Prediction analysis with paralog conservation ortholog conservation, Grantham values, SIFT, PolyPhen2, Mutation Assessor, KvSNP, and MutPred. Eight variants were characterized functionally. Wild-type KCNH2 cDNA was subcloned into pIRES2-EGFP (Clontech, Mountain View, CA) to produce pIRES2-KCNH2-WT-EGFP.  The Quickchange XL Site-Directed Mutagenesis Kit was used to engineer the variants into pIRES2-KCNH2-WT-EGFP. The p.G187S and p.A203T variants in pIRES2-KCNH2-WT-EGFP were produced by GeneScript (Piscataway, NJ).  DNA sequencing was used to confirm the integrity of all vectors. TSA 201 Cells were cultured in Dulbecco’s Modification of Eagle’s Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS), 1.0% L-glutamine, and 1.2% penicillin/streptomycin solution in a 5% CO2 incubator at 37°C. Heterologous expression of KCNH2 was accomplished by using Lipofectamine (Invitrogen) to co-transfect WT and mutant. The transfection media was replaced with fresh OPTI-MEM after 4-6 hours. Transfected TSA 201 cells were cultured in OPTI-MEM and incubated for 48 hours before electrophysiological experiments or lysate collection. Standard whole-cell patch clamp technique was used to measure KCNH2-WT and KCNH2-variant-containing IKr currents at room temperature (22-24°C) using an Axopatch 200B amplifier, Digidata 1440A, and pclamp version 10.4 software (Axon Instruments, Sunnyvale, CA). Functionally normal. All likely benign 

Utilization of the genome aggregation database, in silico tools, and heterologous expression patch-clamp studies to identify and demote previously published type 2 long QT syndrome: Causative variants from pathogenic to likely benign 10.1016/j.hrthm.2019.08.014  L o n g  Q T  S y n d r o m e  2  K C N H 2 N A N A p.H254Q OBI:0002178. Whole-cell patch clamp assayECO:0006341. Computational structure m o d e l i n g  e v i d e n c e In silicoIn vitro 339 Long QT Syndrome associated MVs were compiled and assessed with in silico tools (paralog conservation ortholog conservation, Grantham values, SIFT, PolyPhen2, Mutation Assessor, KvSNP, and MutPred). Those with minor allele frequency (MAF) and benign prediction were demoted, ultra-rare variants absent from gnomAD but benign prediction were considered as potential false positives and characterized functionally with whole cell patch clamp. (TSA 201 cells). Channel trafficking was assessed with western blotting In silico: MAF and presence in gnomADIn vitro: electrophysiology and channel trafficking 1 WB: loading control:  GAPDH  1 W T 2 1 4 p . H 2 5 4 Q :  n =  1 4 Student’s t-tests were performed to determine statistical significance between two groups.  A Kruskal-Wallis test followed by Dunn’s multiple comparisons test were used to determine statistical significance between three groups . A p<0.05 was considered to be significant. Stats, neg controls, in silic o  Y e s Prediction analysis with paralog conservation ortholog conservation, Grantham values, SIFT, PolyPhen2, Mutation Assessor, KvSNP, and MutPred. Eight variants were characterized functionally. Wild-type KCNH2 cDNA was subcloned into pIRES2-EGFP (Clontech, Mountain View, CA) to produce pIRES2-KCNH2-WT-EGFP.  The Quickchange XL Site-Directed Mutagenesis Kit was used to engineer the variants into pIRES2-KCNH2-WT-EGFP. The p.G187S and p.A203T variants in pIRES2-KCNH2-WT-EGFP were produced by GeneScript (Piscataway, NJ).  DNA sequencing was used to confirm the integrity of all vectors. TSA 201 Cells were cultured in Dulbecco’s Modification of Eagle’s Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS), 1.0% L-glutamine, and 1.2% penicillin/streptomycin solution in a 5% CO2 incubator at 37°C. Heterologous expression of KCNH2 was accomplished by using Lipofectamine (Invitrogen) to co-transfect WT and mutant. The transfection media was replaced with fresh OPTI-MEM after 4-6 hours. Transfected TSA 201 cells were cultured in OPTI-MEM and incubated for 48 hours before electrophysiological experiments or lysate collection. Standard whole-cell patch clamp technique was used to measure KCNH2-WT and KCNH2-variant-containing IKr currents at room temperature (22-24°C) using an Axopatch 200B amplifier, Digidata 1440A, and pclamp version 10.4 software (Axon Instruments, Sunnyvale, CA). Functionally abnormal*. Abnormal peak current function (gain of function), current density changes, not enough to be considered a Short QT Syndrome indicator 

Utilization of the genome aggregation database, in silico tools, and heterologous expression patch-clamp studies to identify and demote previously published type 2 long QT syndrome: Causative variants from pathogenic to likely benign 10.1016/j.hrthm.2019.08.014  L o n g  Q T  S y n d r o m e  2  K C N H 2 N A N A p . G 3 1 4 S OBI:0002178. Whole-cell patch clamp assayECO:0006341. Computational structure m o d e l i n g  e v i d e n c e In silicoIn vitro 340 Long QT Syndrome associated MVs were compiled and assessed with in silico tools (paralog conservation ortholog conservation, Grantham values, SIFT, PolyPhen2, Mutation Assessor, KvSNP, and MutPred). Those with minor allele frequency (MAF) and benign prediction were demoted, ultra-rare variants absent from gnomAD but benign prediction were considered as potential false positives and characterized functionally with whole cell patch clamp. (TSA 201 cells). Channel trafficking was assessed with western blotting In silico: MAF and presence in gnomADIn vitro: electrophysiology and channel trafficking 1 WB: loading control:  GAPDH  1 W T 2 1 1 p . G 3 1 4 S :  n =  1 1 Student’s t-tests were performed to determine statistical significance between two groups.  A Kruskal-Wallis test followed by Dunn’s multiple comparisons test were used to determine statistical significance between three groups . A p<0.05 was considered to be significant. Stats, neg controls, in silic o  Y e s Prediction analysis with paralog conservation ortholog conservation, Grantham values, SIFT, PolyPhen2, Mutation Assessor, KvSNP, and MutPred. Eight variants were characterized functionally. Wild-type KCNH2 cDNA was subcloned into pIRES2-EGFP (Clontech, Mountain View, CA) to produce pIRES2-KCNH2-WT-EGFP.  The Quickchange XL Site-Directed Mutagenesis Kit was used to engineer the variants into pIRES2-KCNH2-WT-EGFP. The p.G187S and p.A203T variants in pIRES2-KCNH2-WT-EGFP were produced by GeneScript (Piscataway, NJ).  DNA sequencing was used to confirm the integrity of all vectors. TSA 201 Cells were cultured in Dulbecco’s Modification of Eagle’s Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS), 1.0% L-glutamine, and 1.2% penicillin/streptomycin solution in a 5% CO2 incubator at 37°C. Heterologous expression of KCNH2 was accomplished by using Lipofectamine (Invitrogen) to co-transfect WT and mutant. The transfection media was replaced with fresh OPTI-MEM after 4-6 hours. Transfected TSA 201 cells were cultured in OPTI-MEM and incubated for 48 hours before electrophysiological experiments or lysate collection. Standard whole-cell patch clamp technique was used to measure KCNH2-WT and KCNH2-variant-containing IKr currents at room temperature (22-24°C) using an Axopatch 200B amplifier, Digidata 1440A, and pclamp version 10.4 software (Axon Instruments, Sunnyvale, CA). Functionally normal. Statistically significant (p<0.05) deactivation voltage, less then 10mV, not significant. → likely benign 

Utilization of the genome aggregation database, in silico tools, and heterologous expression patch-clamp studies to identify and demote previously published type 2 long QT syndrome: Causative variants from pathogenic to likely benign 10.1016/j.hrthm.2019.08.014  L o n g  Q T  S y n d r o m e  2  K C N H 2 N A N A p.P935S OBI:0002178. Whole-cell patch clamp assayECO:0006341. Computational structure m o d e l i n g  e v i d e n c e In silicoIn vitro 341 Long QT Syndrome associated MVs were compiled and assessed with in silico tools (paralog conservation ortholog conservation, Grantham values, SIFT, PolyPhen2, Mutation Assessor, KvSNP, and MutPred). Those with minor allele frequency (MAF) and benign prediction were demoted, ultra-rare variants absent from gnomAD but benign prediction were considered as potential false positives and characterized functionally with whole cell patch clamp. (TSA 201 cells). Channel trafficking was assessed with western blotting In silico: MAF and presence in gnomADIn vitro: electrophysiology and channel trafficking 1 WB: loading control:  GAPDH  1 W T 2 1 2 p . P 9 3 5 S :  n =  1 2  Student’s t-tests were performed to determine statistical significance between two groups.  A Kruskal-Wallis test followed by Dunn’s multiple comparisons test were used to determine statistical significance between three groups . A p<0.05 was considered to be significant. Stats, neg controls, in silic o  Y e s Prediction analysis with paralog conservation ortholog conservation, Grantham values, SIFT, PolyPhen2, Mutation Assessor, KvSNP, and MutPred. Eight variants were characterized functionally. Wild-type KCNH2 cDNA was subcloned into pIRES2-EGFP (Clontech, Mountain View, CA) to produce pIRES2-KCNH2-WT-EGFP.  The Quickchange XL Site-Directed Mutagenesis Kit was used to engineer the variants into pIRES2-KCNH2-WT-EGFP. The p.G187S and p.A203T variants in pIRES2-KCNH2-WT-EGFP were produced by GeneScript (Piscataway, NJ).  DNA sequencing was used to confirm the integrity of all vectors. TSA 201 Cells were cultured in Dulbecco’s Modification of Eagle’s Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS), 1.0% L-glutamine, and 1.2% penicillin/streptomycin solution in a 5% CO2 incubator at 37°C. Heterologous expression of KCNH2 was accomplished by using Lipofectamine (Invitrogen) to co-transfect WT and mutant. The transfection media was replaced with fresh OPTI-MEM after 4-6 hours. Transfected TSA 201 cells were cultured in OPTI-MEM and incubated for 48 hours before electrophysiological experiments or lysate collection. Standard whole-cell patch clamp technique was used to measure KCNH2-WT and KCNH2-variant-containing IKr currents at room temperature (22-24°C) using an Axopatch 200B amplifier, Digidata 1440A, and pclamp version 10.4 software (Axon Instruments, Sunnyvale, CA). Functionally normal. Statistically significant (p<0.05) activation voltage, less then 10mV, not significant. → likely benign 
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Diseño y desarrollo de una fuente de datos sobre estudios funcionales asociados al criterio PS3/BS3 de las guías ACMG-AMP 2015 y aplicación en cardiopatías familiares 
 
 

 
 

Utilization of the genome aggregation database, in silico tools, and heterologous expression patch-clamp studies to identify and demote previously published type 2 long QT syndrome: Causative variants from pathogenic to likely benign 10.1016/j.hrthm.2019.08.014  L o n g  Q T  S y n d r o m e  2  K C N H 2 N A N A p . P 9 6 3 T OBI:0002178. Whole-cell patch clamp assayECO:0006341. Computational structure m o d e l i n g  e v i d e n c e In silicoIn vitro 342 Long QT Syndrome associated MVs were compiled and assessed with in silico tools (paralog conservation ortholog conservation, Grantham values, SIFT, PolyPhen2, Mutation Assessor, KvSNP, and MutPred). Those with minor allele frequency (MAF) and benign prediction were demoted, ultra-rare variants absent from gnomAD but benign prediction were considered as potential false positives and characterized functionally with whole cell patch clamp. (TSA 201 cells). Channel trafficking was assessed with western blotting In silico: MAF and presence in gnomADIn vitro: electrophysiology and channel trafficking 1 WB: loading control:  GAPDH  1 W T 2 1 1 p . P 9 6 3 T :  n =  1 1  Student’s t-tests were performed to determine statistical significance between two groups.  A Kruskal-Wallis test followed by Dunn’s multiple comparisons test were used to determine statistical significance between three groups . A p<0.05 was considered to be significant. Stats, neg controls, in silic o  Y e s Prediction analysis with paralog conservation ortholog conservation, Grantham values, SIFT, PolyPhen2, Mutation Assessor, KvSNP, and MutPred. Eight variants were characterized functionally. Wild-type KCNH2 cDNA was subcloned into pIRES2-EGFP (Clontech, Mountain View, CA) to produce pIRES2-KCNH2-WT-EGFP.  The Quickchange XL Site-Directed Mutagenesis Kit was used to engineer the variants into pIRES2-KCNH2-WT-EGFP. The p.G187S and p.A203T variants in pIRES2-KCNH2-WT-EGFP were produced by GeneScript (Piscataway, NJ).  DNA sequencing was used to confirm the integrity of all vectors. TSA 201 Cells were cultured in Dulbecco’s Modification of Eagle’s Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS), 1.0% L-glutamine, and 1.2% penicillin/streptomycin solution in a 5% CO2 incubator at 37°C. Heterologous expression of KCNH2 was accomplished by using Lipofectamine (Invitrogen) to co-transfect WT and mutant. The transfection media was replaced with fresh OPTI-MEM after 4-6 hours. Transfected TSA 201 cells were cultured in OPTI-MEM and incubated for 48 hours before electrophysiological experiments or lysate collection. Standard whole-cell patch clamp technique was used to measure KCNH2-WT and KCNH2-variant-containing IKr currents at room temperature (22-24°C) using an Axopatch 200B amplifier, Digidata 1440A, and pclamp version 10.4 software (Axon Instruments, Sunnyvale, CA). Functionally normal. All likely benign 

Utilization of the genome aggregation database, in silico tools, and heterologous expression patch-clamp studies to identify and demote previously published type 2 long QT syndrome: Causative variants from pathogenic to likely benign 10.1016/j.hrthm.2019.08.014  L o n g  Q T  S y n d r o m e  2  K C N H 2 N A N A p . G 1 8 7 S OBI:0002178. Whole-cell patch clamp assayECO:0006341. Computational structure m o d e l i n g  e v i d e n c e In silicoIn vitro 343 Long QT Syndrome associated MVs were compiled and assessed with in silico tools (paralog conservation ortholog conservation, Grantham values, SIFT, PolyPhen2, Mutation Assessor, KvSNP, and MutPred). Those with minor allele frequency (MAF) and benign prediction were demoted, ultra-rare variants absent from gnomAD but benign prediction were considered as potential false positives and characterized functionally with whole cell patch clamp. (TSA 201 cells). Channel trafficking was assessed with western blotting In silico: MAF and presence in gnomADIn vitro: electrophysiology and channel trafficking 1 WB: loading control:  GAPDH  1 W T 2 1 2 p . G 1 8 7 S :  n =  1 2 Student’s t-tests were performed to determine statistical significance between two groups.  A Kruskal-Wallis test followed by Dunn’s multiple comparisons test were used to determine statistical significance between three groups . A p<0.05 was considered to be significant. Stats, neg controls, in silic o  Y e s Prediction analysis with paralog conservation ortholog conservation, Grantham values, SIFT, PolyPhen2, Mutation Assessor, KvSNP, and MutPred. Eight variants were characterized functionally. Wild-type KCNH2 cDNA was subcloned into pIRES2-EGFP (Clontech, Mountain View, CA) to produce pIRES2-KCNH2-WT-EGFP.  The Quickchange XL Site-Directed Mutagenesis Kit was used to engineer the variants into pIRES2-KCNH2-WT-EGFP. The p.G187S and p.A203T variants in pIRES2-KCNH2-WT-EGFP were produced by GeneScript (Piscataway, NJ).  DNA sequencing was used to confirm the integrity of all vectors. TSA 201 Cells were cultured in Dulbecco’s Modification of Eagle’s Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS), 1.0% L-glutamine, and 1.2% penicillin/streptomycin solution in a 5% CO2 incubator at 37°C. Heterologous expression of KCNH2 was accomplished by using Lipofectamine (Invitrogen) to co-transfect WT and mutant. The transfection media was replaced with fresh OPTI-MEM after 4-6 hours. Transfected TSA 201 cells were cultured in OPTI-MEM and incubated for 48 hours before electrophysiological experiments or lysate collection. Standard whole-cell patch clamp technique was used to measure KCNH2-WT and KCNH2-variant-containing IKr currents at room temperature (22-24°C) using an Axopatch 200B amplifier, Digidata 1440A, and pclamp version 10.4 software (Axon Instruments, Sunnyvale, CA). Functionally normal. All likely benign 

Utilization of the genome aggregation database, in silico tools, and heterologous expression patch-clamp studies to identify and demote previously published type 2 long QT syndrome: Causative variants from pathogenic to likely benign 10.1016/j.hrthm.2019.08.014  L o n g  Q T  S y n d r o m e  2  K C N H 2 N A N A p . A 2 0 3 T OBI:0002178. Whole-cell patch clamp assayECO:0006341. Computational structure m o d e l i n g  e v i d e n c e In silicoIn vitro 344 Long QT Syndrome associated MVs were compiled and assessed with in silico tools (paralog conservation ortholog conservation, Grantham values, SIFT, PolyPhen2, Mutation Assessor, KvSNP, and MutPred). Those with minor allele frequency (MAF) and benign prediction were demoted, ultra-rare variants absent from gnomAD but benign prediction were considered as potential false positives and characterized functionally with whole cell patch clamp. (TSA 201 cells). Channel trafficking was assessed with western blotting In silico: MAF and presence in gnomADIn vitro: electrophysiology and channel trafficking 1 WB: loading control:  GAPDH  1 W T 2 1 1 p . A 2 0 3 T :  n =  1 1 Student’s t-tests were performed to determine statistical significance between two groups.  A Kruskal-Wallis test followed by Dunn’s multiple comparisons test were used to determine statistical significance between three groups . A p<0.05 was considered to be significant. Stats, neg controls, in silic o  Y e s Prediction analysis with paralog conservation ortholog conservation, Grantham values, SIFT, PolyPhen2, Mutation Assessor, KvSNP, and MutPred. Eight variants were characterized functionally. Wild-type KCNH2 cDNA was subcloned into pIRES2-EGFP (Clontech, Mountain View, CA) to produce pIRES2-KCNH2-WT-EGFP.  The Quickchange XL Site-Directed Mutagenesis Kit was used to engineer the variants into pIRES2-KCNH2-WT-EGFP. The p.G187S and p.A203T variants in pIRES2-KCNH2-WT-EGFP were produced by GeneScript (Piscataway, NJ).  DNA sequencing was used to confirm the integrity of all vectors. TSA 201 Cells were cultured in Dulbecco’s Modification of Eagle’s Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS), 1.0% L-glutamine, and 1.2% penicillin/streptomycin solution in a 5% CO2 incubator at 37°C. Heterologous expression of KCNH2 was accomplished by using Lipofectamine (Invitrogen) to co-transfect WT and mutant. The transfection media was replaced with fresh OPTI-MEM after 4-6 hours. Transfected TSA 201 cells were cultured in OPTI-MEM and incubated for 48 hours before electrophysiological experiments or lysate collection. Standard whole-cell patch clamp technique was used to measure KCNH2-WT and KCNH2-variant-containing IKr currents at room temperature (22-24°C) using an Axopatch 200B amplifier, Digidata 1440A, and pclamp version 10.4 software (Axon Instruments, Sunnyvale, CA). Functionally normal*. Abnormal tail current function (gain of function) but not enough to be considered a Short QT Syndrome indicator, statistically significant (p<0.05) activation and deactivation voltage, less then 10mV, not significant . → likely benign 

Functional analysis of KCNH2 gene mutations of type 2 long QT syndrome in larval zebrafish using microscopy and electrocardio graphy 10.1007/s00380-018-1231-4  L o n g  Q T  S y n d r o m e  2  K C N H 2 N A N A p . E 6 3 7 K   OBI:0001672. Gene knock-down assayECO:0000179: animal model system study evidence I n  v i v o Larval zebrafish with kcnh2a-knockdown (human KCNH2 orthologue). MO targeting kcnh2a was injected alone or with WT/mutant cRNA into zebrafish embryos. Ability of E637K mutant channel to restore normal repolarization in zebrafish. Cardiac repolarization phenotypes were screened using light microscopy and QT interval was measured by ECG analysis.  N A N A 2 WTFive-mismatch control MO 5 3 times, separate times. At least 50 embryos in each group were screened and evaluated. Microscopic evaluation of repolarizationControls: n = 80MO n = 71WT+MO n = 80E637K + MO n = 88Evaluation of heart rate and QT interval in larval zebrafish ECGsControls n = 22MO alone n = 10MO+WT KCNH2 n = 5MO+ E637K KCNH2 n = 6 Biological: wildtype/mutantsExperiments were repeated more than three times on separate days. At least 50 embryos were screened and evaluated in each group. Microscopic evaluation of repolarizationControls: n = 80MO n = 71WT+MO n = 80E637K + MO n = 88Evaluation of heart rate and QT interval in larval zebrafish ECGsControls n = 22MO alone n = 10MO+WT KCNH2 n = 5MO+ E637K KCNH2 n = 6 Statistical analysis was performed using JMP® 11 (SAS Institute Inc., Cary, NC, USA). Continuous data were expressed as mean±standard deviation (SD). Continuous variables were compared with an independent Student ’s t test. For the microscopic assessment, the distribution patterns of repolarization phenotypes were evaluated with Fisher’s exact test with the MO alone group defned as a reference. The QTc interval of each group was compared with Tukey’s HSD method. A p value < 0.05 was considered statistically significant. Stats, pos control, neg control  Y e s This research protocol was approved by the Bioethical Committee on Medical Researches of Kanazawa University School of Medicine (Kanazawa, Japan), and written informed consent was obtained from all subjects or their guardians. Zebrafish were raised and maintained at 28 °C on a 14-h light/10-h dark cycle. The hSPGFF3A zebrafish strain expresses the green fluorescent protein (GFP) in its heart tissue and was used in this experiment. Embryos were collected after mating at 9 o’clock in the morning and then transferred to E3 embryo medium for zebrafish. They were maintained in an incubator at 28 °C and medium was changed daily until 72 hpf. We used an MO targeted against the translational site of human KCNH2 orthologue, kcnh2a (Gene Tools LLC, Philomath, OR). KCNH2 cDNA in the PGH19 vector was provided by Dr. Gail Robertson (University of Wisconsin). KCNH2 E637K cDNA was constructed by an overlap extension strategy. WT and variant were linearized by digestion with NotI. Capped and tailed RNAs were synthesized using a mMessage mMachine T7 Ultra kit (Life Technologies, Carlsbad, CA) and were purified using the MEGAclear ™ Kit (Life Technologies, Carlsbad, CA). In a preliminary study, we optimized the amount of MO for use in microinjection. Zebrafsh embryos (hspGFF3A strain) at the 1–2 cell stage were microinjected with kcnh2a ATG MO alone or co-injected with WT or mutant KCNH2 cRNAs. The experiments were repeated more than three times on separate days. After injection, embryos were raised in an incubator at 28 °C. Cardiac repolarization phenotypes were evaluated at 72 hpf at room temperature through light microscopy (Nikon, SMZ 745T, Tokyo, Japan). Zebrafish was anesthetized with tricaine for ECG recordings.  Functionally normal. In the MO alone group, 17% of zebrafish had a normal phenotype. QTc was significantly prolonged in the MO alone group compared to the control group. Co-injection of WT KCNH2 cRNA shortened the QTc interval, however, that of the E637K did not. Interestingly, in the MO +E637K KCNH2 injection group the rate of normal conduction signifcantly decreased compared to the MO+WT KCNH2 cRNA. 

Mutations in NEXN, a Z-Disc Gene, Are Associated with Hypertrophic Cardiomyopathy https://doi.org/10.1016/j.ajhg.2010.10.002 Hypertrohpic  Cardiomyopathy  N E X N N A c . 3 9 1 C > G p . Q 1 3 1 E BAO:BAO_0000129. Immunoassay I n  v i t r o Both variants absent from NCB dbSNP database. In silico: Polyphen2 and sift: both might be disease-causing.created NEXN expression vectors and performed an immunocytochemistry study. Because the p.Q131E mutation is exactly situated in the first actin-binding domain of nexilin, we also generated fragment clones containing this binding domain. C2C12 cells were transfected with WT or mutant V5-tagged NEXN constructs.Coimmunoprecipitation assay: human α-actin cDNA was clones and co-transfected with NEXN-V5 vector into HEK 293 cells. Immunoprecipitation and subsequent immunoblotting w e r e  p e r f o r m e d Localization: both variants presented local accumulations in cytoplasm, instead of being distributed along F-actin as the wt. N A N A 2 WT. Coimmunoprecipitation assays: untransfected cells 3 N A Bioogical:  wildtype/mutant s  N A Neg controls, in silico validation  N o N A Functionally abnormal. Missense, in silico analysis predicted deleterious effect. Cellular transfection studies showed that the two mutations resulted in local accumulations of nexilin instead of distribution along F-actin, and the expressed fragment of actin-binding domain containing p.Q131E completely lost the ability to bind F-actin in C2C12 cells. Co-immunoprecipitation assay indicated that it decreased the binding of full-length NEXN to α-actin and abolished interaction between fragment of acting-binding domain and α-actin. 

Mutations in NEXN, a Z-Disc Gene, Are Associated with Hypertrophic Cardiomyopathy https://doi.org/10.1016/j.ajhg.2010.10.002 Hypertrohpic  Cardiomyopathy  N E X N N A c . 8 3 5 C > T p . R 2 7 9 C BAO:BAO_0000129. Immunoassay In vitroIn silico validati o n Both variants absent from NCB dbSNP database. In silico: Polyphen2 and sift: both might be disease-causing.created NEXN expression vectors and performed an immunocytochemistry study. Because the p.Q131E mutation is exactly situated in the first actin-binding domain of nexilin, we also generated fragment clones containing this binding domain. C2C12 cells were transfected with WT or mutant V5-tagged NEXN constructs.Coimmunoprecipitation assay: human α-actin cDNA was clones and co-transfected with NEXN-V5 vector into HEK 293 cells. Immunoprecipitation and subsequent immunoblotting w e r e  p e r f o r m e d Localization: both variants presented local accumulations in cytoplasm, instead of being distributed along F-actin as the wt. N A N A 2 WT. Coimmunoprecipitation assays: untransfected cells 3 N A Biological:  wildtype/mutants N A Neg controls, in silico validation  N o N A Functionally abnormal. Missense, in silico analysis predicted deleterious effect. The two mutations resulted in local accumulations of nexilin instead of distribution along F-actin. 

Functional Studies and In Silico Analyses to Evaluate Non-Coding Variants in Inherited Cardiomyopathies 1 0 . 3 3 9 0 / i j m s 1 7 1 1 1 8 8 3 Hypertrohpic CardiomyopathyBrugada Syndrom e M Y B P C 3 N A c . 5 0 6 - 2 A > C   N A ECO:0005514. Splice site mutation phenotypic evidence In vitro In silico We found 136 different mutations, of which 11 intronic variants were in the region of splice sites. We did not analyze non-coding variants already functionally characterized or intronic variants affecting canonic splicing sites when we did not have the patient’s mRNA. Thus, we focused on five non-coding variants found in five independent patients (affected by Hypert rohpic Cardiomyopathy or Brugada Syndrome). In silico analysis was performed to verify potential role of variants identified in screening. Genomic sequences (WT and mutant) were processed by the Alamut software using five splicing prediction tools (SpliceSiteFinder-like, MaxEntScan, Neural Network Splice, GeneSplicer, and Human Splicing Finder). Analysis of peripheral blood of one of the MYBPC3 c.506-2A<C. Other mutations were studied with transfected HEK 293 cells (Since neither the RNA of Hypertrohpic Cardiomyopathy patients carrying mutation MYBPC3-c.2308+3G>C, MYBPC3-c.906-7G>T or ACTC1-c.617-7T>C, nor the RNA of a Brugada Syndrome patient carrying the SCN5A-c.393-5C>A mutation was available, we used a minigene system to verify the results obtained with the Alamut predictor software). Potential role of variant and their effect on splicing. N A N A 1 W T 3 N A Biological:  wildtype/mutants N A I n  s i l i c o  p r e d i c t i o n ,   Y e s Genomic DNA was isolated from peripheral whole blood with the Nucleon BACC2 kit (GE Healthcare, Life Sciences, Little Chalfont Buckinghamshire, UK). All coding exons of genes involved in inherited cardiomyopathies associated with sudden death were amplified by PCR and analyzed. Informed consent to perform genetic analysis was obtained from patients according to the second Helsinki Declaration. Alamut software was used for in silico prediction of splice-affecting nucleotide variants and using five splicing prediction tools (SpliceSiteFinder-like, MaxEntScan, Neural Network Splice, GeneSplicer, and Human Splicing Finder). For in vitro splicing analysis of MYBPC3 c.506-2A>C variant, total RNA was directly extracted from patients’ peripheral blood by Trizol Reagent (Thermo Fischer Scientific, Waltham, MA, USA). RNA retro-transcription was performed using specific primers. For in vitro RNA splicing analysis by minigene, the genomic regions affected by non-coding mutations were amplified by PCR using PCR Master Mix (Promega, Madison, WI, USA). The PCR fragments were cloned into the pMGene vector, the product was digested by KpnI restriction enzyme and dephosphorylated. The digested inserts were then cloned into the pMGene vector using the LigaFast Rapid DNA Ligation System (Promega) and clones were sequenced. HEK-293 cells were grown in Dulbecco’s modified eagle medium supplemented with 10% FBS, 2 mM L-glutamine and 1% penicillin/streptomycin in a humidified, 5% CO2 atmosphere at 37 ◦C. Cells were transiently transfected with WT or mutated pMGene using FuGene HD (Promega). Forty-eight hours after transfection, cells were collected, and RNA was extracted by Trizol Reagent (Life Technologies). RNA retrotranscription was performed by SuperScript VILO (Life Technologies) using random primers. Functionally abnormal. Loss of canonical splice site and the activation of a cryptic 30 splice site at position c.513, that induces the loss of seven nucleotides of exon 5. Consistent with in silico prediction of severely affected splicing process. 

Functional Studies and In Silico Analyses to Evaluate Non-Coding Variants in Inherited Cardiomyopathies 1 0 . 3 3 9 0 / i j m s 1 7 1 1 1 8 8 3 Hypertrohpic CardiomyopathyBrugada Syndrom e M Y B P C 3 N A c . 9 0 6 - 7 G > T N A ECO:0005514. Splice site mutation phenotypic evidence In vitro In silico We found 136 different mutations, of which 11 intronic variants were in the region of splice sites. We did not analyze non-coding variants already functionally characterized or intronic variants affecting canonic splicing sites when we did not have the patient’s mRNA. Thus, we focused on five non-coding variants found in five independent patients (affected by Hypertrohpic Cardiomyopathy or Brugada Syndrome). In silico analysis to verify potential role of variants identified in screening. Genomic sequences (WT and mutant) were processed by the Alamut software using five splicing prediction tools (SpliceSiteFinder-like, MaxEntScan, Neural Network Splice, GeneSplicer, and Human Splicing Finder). Analysis of peripheral blood of one of the MYBPC3 c.506-2A<C. Other mutations were studied with transfected HEK 293 cells (Since neither the RNA of Hypertrohpic Cardiomyopathy patients carrying mutation MYBPC3-c.2308+3G>C, MYBPC3-c.906-7G>T or ACTC1-c.617-7T>C, nor the RNA of a Brugada Syndrome patient carrying the SCN5A-c.393-5C>A mutation was available, we used a minigene system to verify the results obtained with the Alamut predictor software). Potential role of variant and their effect on splicing. N A N A 1 W T 3 N A Biological:  wildtype/mutants N A I n  s i l i c o  p r e d i c t i o n ,   Y e s Genomic DNA was isolated from peripheral whole blood with the Nucleon BACC2 kit (GE Healthcare, Life Sciences, Little Chalfont Buckinghamshire, UK). All coding exons of genes involved in inherited cardiomyopathies associated with sudden death were amplified by PCR and analyzed. Informed consent to perform genetic analysis was obtained from patients according to the second Helsinki Declaration. Alamut software was used for in silico prediction of splice-affecting nucleotide variants and using five splicing prediction tools (SpliceSiteFinder-like, MaxEntScan, Neural Network Splice, GeneSplicer, and Human Splicing Finder). For in vitro splicing analysis of MYBPC3 c.506-2A>C variant, total RNA was directly extracted from patients’ peripheral blood by Trizol Reagent (Thermo Fischer Scientific, Waltham, MA, USA). RNA retro-transcription was performed using specific primers. For in vitro RNA splicing analysis by minigene, the genomic regions affected by non-coding mutations were amplified by PCR using PCR Master Mix (Promega, Madison, WI, USA). The PCR fragments were cloned into the pMGene vector, the product was digested by KpnI restriction enzyme and dephosphorylated. The digested inserts were then cloned into the pMGene vector using the LigaFast Rapid DNA Ligation System (Promega) and clones were sequenced. HEK-293 cells were grown in Dulbecco’s modified eagle medium supplemented with 10% FBS, 2 mM L-glutamine and 1% penicillin/streptomycin in a humidified, 5% CO2 atmosphere at 37 ◦C. Cells were transiently transfected with WT or mutated pMGene using FuGene HD (Promega). Forty-eight hours after transfection, cells were collected, and RNA was extracted by Trizol Reagent (Life Technologies). RNA retrotranscription was performed by SuperScript VILO (Life Technologies) using random primers. Functionally normal. No alterations were found compared with WT although in silico analysis predicted small increase in the efficiency of the splicing acceptor site. 

Functional Studies and In Silico Analyses to Evaluate Non-Coding Variants in Inherited Cardiomyopathies 1 0 . 3 3 9 0 / i j m s 1 7 1 1 1 8 8 3 Hypertrohpic CardiomyopathyBrugada Syndrom e M Y B P C 3 N A c . 2 3 0 8 + 3 G > C N A ECO:0005514. Splice site mutation phenotypic evidence In vitro In silico We found 136 different mutations, of which 11 intronic variants were in the region of splice sites. We did not analyze non-coding variants already functionally characterized or intronic variants affecting canonic splicing sites when we did not have the patient’s mRNA. Thus, we focused on five non-coding variants found in five independent patients (affected by Hypertrohpic Cardiomyopathy or Brugada Syndrome). In silico analysis to verify potential role of variants identified in screening. Genomic sequences (WT and mutant) were processed by the Alamut software using five splicing prediction tools (SpliceSiteFinder-like, MaxEntScan, Neural Network Splice, GeneSplicer, and Human Splicing Finder). Analysis of peripheral blood of one of the MYBPC3 c.506-2A<C. Other mutations were studied with transfected HEK 293 cells (Since neither the RNA of Hypertrohpic Cardiomyopathy patients carrying mutation MYBPC3-c.2308+3G>C, MYBPC3-c.906-7G>T or ACTC1-c.617-7T>C, nor the RNA of a Brugada Syndrome patient carrying the SCN5A-c.393-5C>A mutation was available, we used a minigene system to verify the results obtained with the Alamut predictor software). Potential role of variant and their effect on splicing. N A N A 1 W T 3 N A Biological:  wildtype/mutants N A I n  s i l i c o  p r e d i c t i o n ,   Y e s Genomic DNA was isolated from peripheral whole blood with the Nucleon BACC2 kit (GE Healthcare, Life Sciences, Little Chalfont Buckinghamshire, UK). All coding exons of genes involved in inherited cardiomyopathies associated with sudden death were amplified by PCR and analyzed. Informed consent to perform genetic analysis was obtained from patients according to the second Helsinki Declaration. Alamut software was used for in silico prediction of splice-affecting nucleotide variants and using five splicing prediction tools (SpliceSiteFinder-like, MaxEntScan, Neural Network Splice, GeneSplicer, and Human Splicing Finder). For in vitro splicing analysis of MYBPC3 c.506-2A>C variant, total RNA was directly extracted from patients’ peripheral blood by Trizol Reagent (Thermo Fischer Scientific, Waltham, MA, USA). RNA retro-transcription was performed using specific primers. For in vitro RNA splicing analysis by minigene, the genomic regions affected by non-coding mutations were amplified by PCR using PCR Master Mix (Promega, Madison, WI, USA). The PCR fragments were cloned into the pMGene vector, the product was digested by KpnI restriction enzyme and dephosphorylated. The digested inserts were then cloned into the pMGene vector using the LigaFast Rapid DNA Ligation System (Promega) and clones were sequenced. HEK-293 cells were grown in Dulbecco’s modified eagle medium supplemented with 10% FBS, 2 mM L-glutamine and 1% penicillin/streptomycin in a humidified, 5% CO2 atmosphere at 37 ◦C. Cells were transiently transfected with WT or mutated pMGene using FuGene HD (Promega). Forty-eight hours after transfection, cells were collected, and RNA was extracted by Trizol Reagent (Life Technologies). RNA retrotranscription was performed by SuperScript VILO (Life Technologies) using random primers. Functionally abnormal. WT generated 2 transcripts (normal and alternative), but variant only generated one (alternative), which is similar to in silico prediction of altered pre-mRNA processing and prediction of one exon skipping. 

Functional Studies and In Silico Analyses to Evaluate Non-Coding Variants in Inherited Cardiomyopathies 1 0 . 3 3 9 0 / i j m s 1 7 1 1 1 8 8 3 Hypertrohpic CardiomyopathyBrugada Syndrom e S C N 5 A N A c . 3 9 3 - 5 C > A N A ECO:0005514. Splice site mutation phenotypic evidence In vitro In silico We found 136 different mutations, of which 11 intronic variants were in the region of splice sites. We did not analyze non-coding variants already functionally characterized or intronic variants affecting canonic splicing sites when we did not have the patient’s mRNA. Thus, we focused on five non-coding variants found in five independent patients (affected by Hypertrohpic Cardiomyopathy or Brugada Syndrome). In silico analysis to verify potential role of variants identified in screening. Genomic sequences (WT and mutant) were processed by the Alamut software using five splicing prediction tools (SpliceSiteFinder-like, MaxEntScan, Neural Network Splice, GeneSplicer, and Human Splicing Finder). Analysis of peripheral blood of one of the MYBPC3 c.506-2A<C. Other mutations were studied with transfected HEK 293 cells (Since neither the RNA of Hypertrohpic Cardiomyopathy patients carrying mutation MYBPC3-c.2308+3G>C, MYBPC3-c.906-7G>T or ACTC1-c.617-7T>C, nor the RNA of a Brugada Syndrome patient carrying the SCN5A-c.393-5C>A mutation was available, we used a minigene system to verify the results obtained with the Alamut predictor software). Potential role of variant and their effect on splicing. N A N A 1 W T 3 N A Biological:  wildtype/mutants N A I n  s i l i c o  p r e d i c t i o n ,   Y e s Genomic DNA was isolated from peripheral whole blood with the Nucleon BACC2 kit (GE Healthcare, Life Sciences, Little Chalfont Buckinghamshire, UK). All coding exons of genes involved in inherited cardiomyopathies associated with sudden death were amplified by PCR and analyzed. Informed consent to perform genetic analysis was obtained from patients according to the second Helsinki Declaration. Alamut software was used for in silico prediction of splice-affecting nucleotide variants and using five splicing prediction tools (SpliceSiteFinder-like, MaxEntScan, Neural Network Splice, GeneSplicer, and Human Splicing Finder). For in vitro splicing analysis of MYBPC3 c.506-2A>C variant, total RNA was directly extracted from patients’ peripheral blood by Trizol Reagent (Thermo Fischer Scientific, Waltham, MA, USA). RNA retro-transcription was performed using specific primers. For in vitro RNA splicing analysis by minigene, the genomic regions affected by non-coding mutations were amplified by PCR using PCR Master Mix (Promega, Madison, WI, USA). The PCR fragments were cloned into the pMGene vector, the product was digested by KpnI restriction enzyme and dephosphorylated. The digested inserts were then cloned into the pMGene vector using the LigaFast Rapid DNA Ligation System (Promega) and clones were sequenced. HEK-293 cells were grown in Dulbecco’s modified eagle medium supplemented with 10% FBS, 2 mM L-glutamine and 1% penicillin/streptomycin in a humidified, 5% CO2 atmosphere at 37 ◦C. Cells were transiently transfected with WT or mutated pMGene using FuGene HD (Promega). Forty-eight hours after transfection, cells were collected, and RNA was extracted by Trizol Reagent (Life Technologies). RNA retrotranscription was performed by SuperScript VILO (Life Technologies) using random primers. Functionally abnormal. Generation of alternative transcript generated from skipping exon, which causes the in-frame deletion of 30 amino acids in the protein. Consistent with in silico predicion of altered pre-mRNA processing and skipping of one exon. However, two tools of the software predicted creation of a novel acceptor site, but it wasn't confirmed. 

Functional Studies and In Silico Analyses to Evaluate Non-Coding Variants in Inherited Cardiomyopathies 1 0 . 3 3 9 0 / i j m s 1 7 1 1 1 8 8 3 Hypertrohpic CardiomyopathyBrugada Syndrom e A C T C 1 N A c . 6 1 7 - 7 T > C N A ECO:0005514. Splice site mutation phenotypic evidence In vitro In silico We found 136 different mutations, of which 11 intronic variants were in the region of splice sites. We did not analyze non-coding variants already functionally characterized or intronic variants affecting canonic splicing sites when we did not have the patient’s mRNA. Thus, we focused on five non-coding variants found in five independent patients (affected by Hypertrohpic Cardiomyopathy or Brugada Syndrome). In silico analysis to verify potential role of variants identified in screening. Genomic sequences (WT and mutant) were processed by the Alamut software using five splicing prediction tools (SpliceSiteFinder-like, MaxEntScan, Neural Network Splice, GeneSplicer, and Human Splicing Finder). Analysis of peripheral blood of one of the MYBPC3 c.506-2A<C. Other mutations were studied with transfected HEK 293 cells (Since neither the RNA of Hypertrohpic Cardiomyopathy patients carrying mutation MYBPC3-c.2308+3G>C, MYBPC3-c.906-7G>T or ACTC1-c.617-7T>C, nor the RNA of a Brugada Syndrome patient carrying the SCN5A-c.393-5C>A mutation was available, we used a minigene system to verify the results obtained with the Alamut predictor software). Potential role of variant and their effect on splicing. N A N A 1 W T 3 N A Biological:  wildtype/mutants N A I n  s i l i c o  p r e d i c t i o n ,   Y e s Genomic DNA was isolated from peripheral whole blood with the Nucleon BACC2 kit (GE Healthcare, Life Sciences, Little Chalfont Buckinghamshire, UK). All coding exons of genes involved in inherited cardiomyopathies associated with sudden death were amplified by PCR and analyzed. Informed consent to perform genetic analysis was obtained from patients according to the second Helsinki Declaration. Alamut software was used for in silico prediction of splice-affecting nucleotide variants and using five splicing prediction tools (SpliceSiteFinder-like, MaxEntScan, Neural Network Splice, GeneSplicer, and Human Splicing Finder). For in vitro splicing analysis of MYBPC3 c.506-2A>C variant, total RNA was directly extracted from patients’ peripheral blood by Trizol Reagent (Thermo Fischer Scientific, Waltham, MA, USA). RNA retro-transcription was performed using specific primers. For in vitro RNA splicing analysis by minigene, the genomic regions affected by non-coding mutations were amplified by PCR using PCR Master Mix (Promega, Madison, WI, USA). The PCR fragments were cloned into the pMGene vector, the product was digested by KpnI restriction enzyme and dephosphorylated. The digested inserts were then cloned into the pMGene vector using the LigaFast Rapid DNA Ligation System (Promega) and clones were sequenced. HEK-293 cells were grown in Dulbecco’s modified eagle medium supplemented with 10% FBS, 2 mM L-glutamine and 1% penicillin/streptomycin in a humidified, 5% CO2 atmosphere at 37 ◦C. Cells were transiently transfected with WT or mutated pMGene using FuGene HD (Promega). Forty-eight hours after transfection, cells were collected, and RNA was extracted by Trizol Reagent (Life Technologies). RNA retrotranscription was performed by SuperScript VILO (Life Technologies) using random primers. Functionally normal. No alterations were found compared with WT, which was consistent with in silico predictions where 3 algorithms predicted no differences between WT and mutant and the other two revealed minimal differences.  

Proteomic and Functional Studies Reveal Detyrosinated Tubulin as Treatment Target in Sarcomere Mutation -Induced Hypertrophic Cardiomyopathy 10.1161/CIRCHEARTFAILURE.120.007022 Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 2 3 7 3 i n s G N A ECO:0000179: animal model system study evidence I n  v i t r o A proteomics screen was performed in cardiac tissue from 39 Hypertrohpic Cardiomyopathy SMP patients, 11Hypertrohpic Cardiomyop athy SMN patients, and 8 nonfailing controls. A novel MYBPC3 2373insG mouse model was used to confirm functional relevance of our proteomic findings. Intact adult cardiomyocytes were isolated from 4 WT and 6 homozygous MYBPC3 2373insG mice and contractility measurements were performed. Protein levels: In all Hypertrohpic Cardiomyopathy patient samples, we found lower levels of metabolic pathway proteins and higher levels of extracellular matrix proteins.Contractility measurements were performed. Changes in sarcomere length w e r e  a l s o  r e c o r d e d . N A N A 1 W T 2 M U T  7 ,  W T  8  Biological: wildtype/mutantsMYBPC3 2373insG mice: 7  and 8 WTMYBPC3 772G>A: 6 and 6 WT Beta-binomial statistics, p<0.05, quantile normalization and log2 transformation, , venn diagrams, two tailed t tests Stats, neg control, pos control  Y e s Tissue of the interventricular septum (IVS) of 50 patients with HCM was obtained during myectomy surgery to relieve LV outflow tract obstruction or after heart transplantation. Samples of IVS from 8 healthy nonfailing donors were obtained from the Sydney Heart Bank (HREC Univ Sydney 2012/030) and served as controls. For proteomics analysis, pulverized frozen tissue was homogenized in reducing sample buffer with a glass tissue grinder. Proteins were denatured by heating to 99°C for 5 minutes, after which samples were sonicated and heated again. Debris was removed by centrifugation at maximum speed for 10 minutes in a microcentrifuge (Sigma, 1 -15K). Proteins were separated using 1D SDS-PAGE, with samples alternated loaded on the gels which were fixed with ethanol and phosphoric acid and stained with Coomassie blue. Each gel lane was cut into 5 pieces and digested. Samples were measured by liquid chromatography-mass spectrometry (LC-MS). Injections alternated between all different group samples to minimize experimental bias between groups. Analysis of the experiment was performed as described in Piersma et al. Peptides were separated using an Ultimate 3000 Nano LC-MS/MS system (Dionex LC-Packings, Amsterdam, The Netherlands). The study protocol for the human tissue samples was approved by the local medical ethics review committees, and written informed consent was obtained from each patient before surgery. Animal experiments were performed in accordance with the Guide for the Animal Care and Use Committee of the VU University Medical Center and with approval of the Animal Care Committee of the VU University Medical Center (CCD number AVD114002016700) and conform the guidelines from Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes. The MYBPC32373insG mouse model was engineered using CRISPR/Cas9. The MYBPC3772G>A mice were developed previously and maintained on a blackswiss genetic background. Intact adult cardiomyocytes were isolated and cells were suspended in plating medium (Lonza and Sigma-Aldrich). The cells were incubated for 1 hour at 37°C in humidified air with 5% CO2 to let them attach to the coated dish. Afterwards, nonattached cells were removed by washing cells with preheated culture medium (Sigma-Aldrich and Life technologies). Cells were incubated with dimethyl sulfoxide or parthenolide (Sigma) for 2 hours. Contractility measurements were performed in Tyrode solution at 37°C using the MultiCell system (CytoCypher, the Netherlands).  
Functionally abnormal. This mutation introduces a new splice donor site in exon 25 leading to a frameshift and premature stop codon resulting in an expected truncated protein of 95 kDa. Homozygous MYBPC32373insG mice replicated the tubulin detyrosination without an increase in total α-tubulin levels. In detail, detyrosinated  tubulin and desmin levels were markedly higher in mutant MYBPC3 mice than WT mice. Mutant mice had a severe cardiac phenotype characterized by higher ventricular wight to body wight ratio, increased LV anterior wall diameter nd IVS thickness, lower ejection fraction, increaed  LV internal diameter and longer isovolumetric relaxation time than WT mice. Single cardiomyocytes from MYBPC32373insG hearts showed contractile deficits compared with WT as shown by an increase in time to peak of contraction and an impaired relaxation shown by an increase in time to baseline.  

Proteomic and Functional Studies Reveal Detyrosinated Tubulin as Treatment Target in Sarcomere Mutation-Induced Hypertrophic Cardiomyopathy 10.1161/CIRCHEARTFAILURE.120.007022 Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 7 7 2 G > A N A ECO:0000179: animal model system study evidence I n  v i t r o A proteomics screen was performed in cardiac tissue from 39 Hypertrohpic Cardiomyopathy SMP patients, 11Hypertrohpic Cardiomyopathy SMN patients, and 8 nonfailing controls. A novel MYBPC3 2373insG mouse model was used to confirm functional relevance of our proteomic findings. Intact adult cardiomyocytes were isolated from 4 WT and 6 homozygous MYBPC3 2373insG mice and contractility measurements were performed. Protein levels: In all Hypertrohpic Cardiomyopathy patient samples, we found lower levels of metabolic pathway proteins and higher levels of extracellular matrix proteins.Contractility measurements were performed. Changes in sarcomere length w e r e  a l s o  r e c o r d e d . N A N A 1 W T 2 M U T  6 ,  W T  7  Biological: wildtype/mutantsMYBPC3 2373insG mice: 7  and 8 WTMYBPC3 772G>A: 6 and 6 WT Beta-binomial statistics, p<0.05, quantile normalization and log2 transformation, , venn diagrams, two tailed t tests Stats, neg control, pos control  Y e s Tissue of the interventricular septum (IVS) of 50 patients with HCM was obtained during myectomy surgery to relieve LV outflow tract obstruction or after heart transplantation. Samples of IVS from 8 healthy nonfailing donors were obtained from the Sydney Heart Bank (HREC Univ Sydney 2012/030) and served as controls. For proteomics analysis, pulverized frozen tissue was homogenized in reducing sample buffer with a glass tissue grinder. Proteins were denatured by heating to 99°C for 5 minutes, after which samples were sonicated and heated again. Debris was removed by centrifugation at maximum speed for 10 minutes in a microcentrifuge (Sigma, 1-15K). Proteins were separated using 1D SDS-PAGE, with samples alternated loaded on the gels which were fixed with ethanol and phosphoric acid and stained with Coomassie blue. Each gel lane was cut into 5 pieces and digested. Samples were measured by liquid chromatography-mass spectrometry (LC-MS). Injections alternated between all different group samples to minimize experimental bias between groups. Analysis of the experiment was performed as described in Piersma et al. Peptides were separated using an Ultimate 3000 Nano LC-MS/MS system (Dionex LC-Packings, Amsterdam, The Netherlands). The study protocol for the human tissue samples was approved by the local medical ethics review committees, and written informed consent was obtained from each patient before surgery. Animal experiments were performed in accordance with the Guide for the Animal Care and Use Committee of the VU University Medical Center and with approval of the Animal Care Committee of the VU University Medical Center (CCD number AVD114002016700) and conform the guidelines from Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes. The MYBPC32373insG mouse model was engineered using CRISPR/Cas9. The MYBPC3772G>A mice were developed previously and maintained on a blackswiss genetic background. Intact adult cardiomyocytes were isolated and cells were suspended in plating medium (Lonza and Sigma-Aldrich). The cells were incubated for 1 hour at 37°C in humidified air with 5% CO2 to let them attach to the coated dish. Afterwards, nonattached cells were removed by washing cells with preheated culture medium (Sigma-Aldrich and Life technologies). Cells were incubated with dimethyl sulfoxide or parthenolide (Sigma) for 2 hours. Contractility measurements were performed in Tyrode solution at 37°C using the MultiCell system (CytoCypher, the Netherlands).   
Functionally abnormal. Homozygous MYBPC3772G>A mice display an increase in total α-tubulin with a trend to increased tubulin detyrosination. They showed a strong accumulation of  α-tubulin and no difference in tyrosinated tubulin compared with their WT littermates.  

Protein Thermodynamic Destabilization in the Assessment of Pathogenicity of a Variant of Uncertain Significance in Cardiac Myosin Binding Protein C 10.1007/s12265-020-09959-6  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 1 8 0 9 T > G p . I 6 0 3 M BAO:BAO_0003000. RNA splicing assay I n  v i t r o BLR(DE3) E . coli strain expressing WT or mutant cDNA p.I603M of MYBPC3. evaluated if the c.1809T>G (p.I603M) variant induces alterations in RNA splicing and protein stability, the variant doesn’t perturb structure of domain at 25ºC, but thermodynamic stability of the mutant C4 is severely compromised at lower temperatures. → p.I603M variant alters stability of central C4 domain, which can lead to more frequent protein unfolding that can result in degradation of cMyBPC, which might lead to cMyBPC haploinsufficiency, a believed to be major pathogenic mechanism in truncating variants. 1 N o n - c a r r i e r  c o n t r o l  1 W T 2 N A Biological:  wildtype/mutants R M S D N e g  c o n t r o l ,  p o s  c o n t r o l Y e s Human samples to perform genetic analysis were obtained following informed consent of patients according to the Declaration of Helsinki. Genomic DNA was isolated from peripheral whole blood as previously described. All relevant exons of genes involved in HCM were amplified by PCR and analysed by automatic sequencing. Prediction of splice-affecting variants were performed with Alamut software (Alamut® Visual, Interactive Biosoftware) and splicing prediction of genomic sequences were performed with five tools: SpliceSiteFinder-like, MaxEntScan, Neural Network Splice, GeneSplicer and Human Splicing Finder. RNA splicing was experimentally examined using mRNA from peripheral blood. Total RNA was extracted from lymphocyte cells of patients’ peripheral blood using TRIzol Reagent (Thermo Fischer Scientific, Waltham, MA, USA). RNA retrotranscription was performed by SuperScript VILO (Life Technologies) using random primers, obtaining cDNA which was then amplified by PCR with consecutive-exon-spanning primers. Sequences were analysed with CodonCode Aligner software (CodonCode Corporation, Dedham, MA, USA). The mutation was studied at protein level with softwares PolyPhen-2, SIFT and Provean. For modelling of cMyBPC’s C4 domain, the protein sequence Q14896 from the UniProt database was used (aa.544-aa.633). The structure was modelled using I-TASSER tool (Iterative Threading ASSEmbly Refinement), indicating immunoglobulin domain four of slow -MyBPC (2YUZ PDB) as the best template. PyMol software was used for molecular representation and RMSD calculation. For biophysical characterization, the recombinant WT and mutant were engineered and purified for thermodynamic analysis. cDNA fragment including exons 18 and 19 was amplified from cardiac RNA with oligonucleotides and cloned in a custom-modified pQE80L (Qiagen) using BamHI and BglII restriction sites. Mutant cDNA was generated by PCR site-directed mutagenesis. Final constructs were verified by Sanger sequencing. Proteins were expressed in the BLR(DE3) E . coli strain and purified from the soluble fraction using Ni-NTA acid chromatography (Qiagen). Elution was performed and further purification was achieved by size-exclusion chromatography in an AKTA Pure 25l system using a Superdex 200 Increase 10/300 GL column (GE Healthcare). Proteins were eluted in phosphate buffer, used in Circular Dichroism and Differential scanning calorimetry (DSC) experiments. Circular dichroism (CD) spectra of domain C4 were collected on a Jasco-810 spectropolarimeter. Temperature was controlled using a Peltier thermoelectric system. Protein concentration was measured, Spectra were collected for protein samples and buffer at 25 °C and 85 °C with four accumulations, thermal denaturation analyses were carried out collect ing variations of ellipticity at 230 nm as a function of temperature (25–85 °C, at a rate of 30 °C/h). Protein refolding was analyzed with a temperature ramp-down (85–25 °C) at the same speed. Data was plotted using the Igor Pro software. Calorimetric measurements were performed using a Microcal VP-DSC differential scanning calorimeter with 0.5 ml cells. Experiments were done by increasing temperature from 25 to 85 °C at a rate of 30 °C/h in a phosphate buffer. The temperature dependence of the excess heat capacity was analyzed using the Origin software (MicroCal, Northampton, MA).  Functionally abnormal. Results show that this variant does not induce alterations in RNA splicing. Regarding protein stability, p.I603M variant alters stability of central C4 domain, which can lead to more frequent protein unfolding that can result in degradation of cMyBPC, which might lead to cMyBPC haploinsufficiency, a believed to be major pathogenic mechanism in truncating variants. 

A feline orthologue of the human MYH7 c.5647G>A (p.(Glu1883Lys))variant causes hypertrophic cardiomyopathy in a DomesticShorthair cat 10.1038/s41431-019-0431-4  Hypertrohpic  Cardiomyopathy  M Y H 7 N A c . 5 6 4 7 G > A p . E 1 8 8 3 K ECO:0000179: animal model system study evidence In vitroIn silico Immunohistochemical stainings were performed, probe-based qPCR assay, UBC integrity assay, in silico predictions Morphology of cat heart ventricles and other organs, fibre distribution, elastin deposition, in silico functional effect prediction. N A N A 1 W T 2 N A Chromatograms of a homozygous wild-type cat (1) and the heterozygous case (2), Agarose gel electrophoresis of an uncleaved amplicon (1) cleaved amplicons of a homozygous wild-type cat (2) and the heterozygote case (3) and a negative control (4) N A Neg control, in silico predictions  Y e s Cat samples were gathered from the necropsy performed posterior to its euthanization (due to severe clinical signs and poor prognosis). The heart was frozen at−80 °C thereafter. A transverse slice of frozen ventricular tissue was fixated in 4% buffered formaldehyde, paraffin embedded and routinely processed for histopathological examination. Immunohistochemical stainings included elastin (Novocastra lyophilised monoclonal mouse antibody elastin, Cat No. NCL-ELASTIN, Leica biosystems, Newcastle, UK) and smooth muscle actin (monoclonal mouse anti-human smooth muscle actin clone 1A4, Cat No. M085101-2, Dako, Glostrup,Denmark). Genomic DNA was isolated from 100 mg frozen heart tissue from the case by proteinase K digestion and subsequentphenol/chloroform extraction and ethanol precipitation. The purity and quantity of the DNA were determined with the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The probe-based qPCR assay and UBC integrity assay were in-house developed. Primer pairs were designed to generate amplicons covering the complete coding regions of MYBPC3 and MYH7 on cDNA using the NCBI Primer-BLAST software. PCR was performed with Tempase Hot Start polymerase (VWR International, Leuven, Belgium) and amplicons were analysed via agarose gel electrophoresis. Sequencing reactions were performed with the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) with individual PCR primers as sequencing primers. The sequences were run at Eurofins Genomics (Ebersberg, Germany) and the results were an alysed with B i o E d i t  v 7 . 2 . 5 .  Functionally abnormal. Affects the assembly competence domain (ACD), essential for sarcomeric thick filament assembly, leading to a lower stability and higher solubility of the protein, indicating a reduced assembling capacity. 

MYBPC3 truncation mutations enhance actomyosin c ontractile mechanics in human hypertrophic cardiomyopathy 10.1016/j.yjmcc.2018.12.003  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 7 7 2 G > A N A ECO:0000179: animal model system study evidence I n  v i t r o Myocardial tissue from patients with Hypertrohpic Cardiomyopathy (n=18) + DONOR HEARTS (N=8). Apical tissue was collected from mouse knock-in model with homozygous mutation in MYBPC3 that caused C-terminal truncation. Quantitative liquid chromatography mass spectrometry, protein preparation, fluorescence image acquisition (Total internal reflection microscopy (TIRFM) single particle assay), quantification of native thin filament motion on native thick filaments, modelling of thin filament motion on thick filaments, quantific ation of thin filament motion on monomeric myosin. • Fluorescence image• Quantification of native thin filament motion on native thick filaments. Movement of short native actin-thin filament shards, isolated from a single donor heart, were quantified on myosin thick-filaments isolated from 4 Hypertrohpic Cardiomyopathy and 4 donor heart sampled.• Quantification of thin filament motion on monomeric myosin: Four experiments for each sample. N A N A 1 W T 2 4 Biological: wildtype/mutants4 Hypertrohpic Cardiomyopathy and 4 donor heart samples. Four independent thin filament isolations and experiments were performed for each of the 4 samples in the HCM and donor groups Data is presented as mean ± SEM. The data were fitted with sigmoidal dose-response curves with variable slopes and statistical significance was determined by the sum-of-squares F test and a p-value < 0.05 was considered statistically significant.  N e g  c o n tr o l s ,  p o s  c on tr o l  Y e s Myocardial tissue was obtained from the interventricular septum of subjects with HCM. Genetic testing was performed following Clinical Laboratory Improvement Amendments in certified laboratories using a standard 18 HCM gene panel. Interventricular septal tissue was obtained from gift of li fe donor hearts at time of explant. Donor hearts were perfused with cardioplegia solution before removal. All tissues were snap-frozen in liquid nitrogen immediately after excision. This study had the approval of the University of Michigan Institutional Review Board and subjects gave informed consent. Apical tissue was collected from a well characterized mouse knock -in model with a MYBPC3 truncation-causing mutation and a wild-type mouse heart, both of the same age, sex and strain. The mice were euthanized and the hearts were excised and snap-frozen in liquid nitrogen. All animal protocols were approved by the Institutional Animal Care and Use Committee at University of Cincinnati and were in accordance with the guidelines listed in the Guide for the Use and Care of Laboratory Animals published by the National Institutes of Health. Individual pieces of intact heart muscle, thick filament preparations and aliquots of C0C3 MyBP-C fragment, were solubilized in RapiGest SF Surfactant (Waters Corporation). The samples were reduced, alkylated and digested with trypsin (Promega). The resultant peptides were separated by ultra-high pressure liquid chromatography (LC) and analyzed using a Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer (MS). LC peak areas within each sample were identified and quantified using the Proteome Discoverer 2.2 (PD 2.2) software package with the Minora Feature Detector (Thermo Fisher Scientific) enabled. Data was normalized, relative molar abundances and protein isoforms were estimated for the peptides. Proteins were prepared and fluorescence images were acquired. For these, all filament sliding assays were performed at room temperature (22 ± 1°C) using a Nikon Eclipse Ti-U inverted microscope equipped with an oil immersion lens and excitation performed with Lasever Inc. 50-mW laser or Prior Scientific Lumen 200-W metal arc lamp. Images were collected using an intensified high-resolution XR/ Turbo-Z, 10-bit digital camera (Stanford Photonics). Quantification of native thin filament motion on native thick filaments was obtained. An analytic model accounting for the thick and thin filament spatial geometries in the assay was implemented to predict the effect of reduced MyBP-C content on thin filament sliding velocity along the thick filaments. Quantification of thin filament motion on monomeric myosin was obtained by epifluorescence.  Functionally abnormal. This is a Splice site donor variant.  MYBPC3 truncation mutations result in a loss of MyBP-C that enhances maximal myofilament sliding velocities, only where MyBP-C is localized within the C-zone. MyBP-C is thought to aid in thin filament activation at low calcium levels. 

MYBPC3 truncation mutations enhance actomyosin contractile mechanics in human hypertrophic cardiomyopathy 10.1016/j.yjmcc.2018.12.003  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 9 2 7 - 9 G > A N A ECO:0000179: animal model system study evidence I n  v i t r o Myocardial tissue from patients with Hypertrohpic Cardiomyopathy (n=18) + DONOR HEARTS (N=8). Apical tissue was collected from mouse knock-in model with homozygous mutation in MYBPC3 that caused C-terminal truncation. Quantitative liquid chromatography mass spectrometry, protein preparation, fluorescence image acquisition (Total internal reflection microscopy (TIRFM) single particle assay), quantification of native thin filament motion on native thick filaments, modelling of thin filament motion on thick filaments, quantific ation of thin filament motion on monomeric myosin. • Fluorescence image• Quantification of native thin filament motion on native thick filaments. Movement of short native actin-thin filament shards, isolated from a single donor heart, were quantified on myosin thick-filaments isolated from 4 Hypertrohpic Cardiomyopathy and 4 donor heart sampled.• Quantification of thin filament motion on monomeric myosin: Four experiments for each sample. M A N A 1 W T 2 4 Biological: wildtype/mutants4 Hypertrohpic Cardiomyopathy and 4 donor heart samples. Four independent thin filament isolations and experiments were performed for each of the 4 samples in the HCM and donor groups Data is presented as mean ± SEM. The data were fitted with sigmoidal dose-response curves with variable slopes and statistical significance was determined by the sum-of-squares F test and a p-value < 0.05 was considered statistically significant.  N e g  c o n tr o l s ,  p o s  c on tr o l  Y e s Myocardial tissue was obtained from the interventricular septum of subjects with HCM. Genetic testing was performed following Clinical Laboratory Improvement Amendments in certified laboratories using a standard 18 HCM gene panel. Interventricular septal tissue was obtained from gift of li fe donor hearts at time of explant. Donor hearts were perfused with cardioplegia solution before removal. All tissues were snap-frozen in liquid nitrogen immediately after excision. This study had the approval of the University of Michigan Institutional Review Board and subjects gave informed consent. Apical tissue was collected from a well characterized mouse knock -in model with a MYBPC3 truncation-causing mutation and a wild-type mouse heart, both of the same age, sex and strain. The mice were euthanized and the hearts were excised and snap-frozen in liquid nitrogen. All animal protocols were approved by the Institutional Animal Care and Use Committee at University of Cincinnati and were in accordance with the guidelines listed in the Guide for the Use and Care of Laboratory Animals published by the National Institutes of Health. Individual pieces of intact heart muscle, thick filament preparations and aliquots of C0C3 MyBP-C fragment, were solubilized in RapiGest SF Surfactant (Waters Corporation). The samples were reduced, alkylated and digested with trypsin (Promega). The resultant peptides were separated by ultra-high pressure liquid chromatography (LC) and analyzed using a Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer (MS). LC peak areas within each sample were identified and quantified using the Proteome Discoverer 2.2 (PD 2.2) software package with the Minora Feature Detector (Thermo Fisher Scientific) enabled. Data was normalized, relative molar abundances and protein isoforms were estimated for the peptides. Proteins were prepared and fluorescence images were acquired. For these, all filament sliding assays were performed at room temperature (22 ± 1°C) using a Nikon Eclipse Ti-U inverted microscope equipped with an oil immersion lens and excitation performed with Lasever Inc. 50-mW laser or Prior Scientific Lumen 200-W metal arc lamp. Images were collected using an intensified high-resolution XR/ Turbo-Z, 10-bit digital camera (Stanford Photonics). Quantification of native thin filament motion on native thick filaments was obtained. An analytic model accounting for the thick and thin filament spatial geometries in the assay was implemented to predict the effect of reduced MyBP-C content on thin filament sliding velocity along the thick filaments. Quantification of thin filament motion on monomeric myosin was obtained by epifluorescence.  Functionally abnormal. This is a Splice site acceptor variant. MYBPC3 truncation mutations result in a loss of MyBP-C that enhances maximal myofilament sliding velocities, only where MyBP-C is localized within the C-zone. MyBP-C is thought to aid in thin filament activation at low calcium levels. 

MYBPC3 truncation mutations enhance actomyosin contractile mechanics in human hypertrophic cardiomyopathy 10.1016/j.yjmcc.2018.12.003  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 1 6 2 4 + 4 A > T   N A ECO:0000179: animal model system study evidence I n  v i t r o Myocardial tissue from patients with Hypertrohpic Cardiomyopathy (n=18) + DONOR HEARTS (N=8). Apical tissue was collected from mouse knock-in model with homozygous mutation in MYBPC3 that caused C-terminal truncation. Quantitative liquid chromatography mass spectrometry, protein preparation, fluorescence image acquisition (Total internal reflection microscopy (TIRFM) single particle assay), quantification of native thin filament motion on native thick filaments, modelling of thin filament motion on thick filaments, quantification of thin filament motion on monomeric myosin. • Fluorescence image• Quantification of native thin filament motion on native thick filaments. Movement of short native actin-thin filament shards, isolated from a single donor heart, were quantified on myosin thick-filaments isolated from 4 Hypertrohpic Cardiomyopathy and 4 donor heart sampled.• Quantification of thin filament motion on monomeric myosin: Four experiments for each sample. M A N A 1 W T 2 4 Biological: wildtype/mutants4 Hypertrohpic Cardiomyopathy and 4 donor heart samples. Four independent thin filament isolations and experiments were performed for each of the 4 samples in the HCM and donor groups Data is presented as mean ± SEM. The data were fitted with sigmoidal dose-response curves with variable slopes and statistical significance was determined by the sum-of-squares F test and a p-value < 0.05 was considered statistically significant.  N e g  c o n tr o l s ,  p o s  c on tr o l  Y e s Myocardial tissue was obtained from the interventricular septum of subjects with HCM. Genetic testing was performed following Clinical Laboratory Improvement Amendments in certified laboratories using a standard 18 HCM gene panel. Interventricular septal tissue was obtained from gift of li fe donor hearts at time of explant. Donor hearts were perfused with cardioplegia solution before removal. All tissues were snap-frozen in liquid nitrogen immediately after excision. This study had the approval of the University of Michigan Institutional Review Board and subjects gave informed consent. Apical tissue was collected from a well characterized mouse knock -in model with a MYBPC3 truncation-causing mutation and a wild-type mouse heart, both of the same age, sex and strain. The mice were euthanized and the hearts were excised and snap-frozen in liquid nitrogen. All animal protocols were approved by the Institutional Animal Care and Use Committee at University of Cincinnati and were in accordance with the guidelines listed in the Guide for the Use and Care of Laboratory Animals published by the National Institutes of Health. Individual pieces of intact heart muscle, thick filament preparations and aliquots of C0C3 MyBP-C fragment, were solubilized in RapiGest SF Surfactant (Waters Corporation). The samples were reduced, alkylated and digested with trypsin (Promega). The resultant peptides were separated by ultra-high pressure liquid chromatography (LC) and analyzed using a Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer (MS). LC peak areas within each sample were identified and quantified using the Proteome Discoverer 2.2 (PD 2.2) software package with the Minora Feature Detector (Thermo Fisher Scientific) enabled. Data was normalized, relative molar abundances and protein isoforms were estimated for the peptides. Proteins were prepared and fluorescence images were acquired. For these, all filament sliding assays were performed at room temperature (22 ± 1°C) using a Nikon Eclipse Ti-U inverted microscope equipped with an oil immersion lens and excitation performed with Lasever Inc. 50-mW laser or Prior Scientific Lumen 200-W metal arc lamp. Images were collected using an intensified high-resolution XR/ Turbo-Z, 10-bit digital camera (Stanford Photonics). Quantification of native thin filament motion on native thick filaments was obtained. An analytic model accounting for the thick and thin filament spatial geometries in the assay was implemented to predict the effect of reduced MyBP-C content on thin filament sliding velocity along the thick filaments. Quantification of thin filament motion on monomeric myosin was obtained by epifluorescence.  Functionally abnormal. This is a Splice site donor variant.  MYBPC3 truncation mutations result in a loss of MyBP-C that enhances maximal myofilament sliding velocities, only where MyBP-C is localized within the C-zone. MyBP-C is thought to aid in thin filament activation at low calcium levels. 

MYBPC3 truncation mutations enhance actomyosin contractile mechanics in human hypertrophic cardiomyopathy 10.1016/j.yjmcc.2018.12.003  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 1 9 2 8 - 2 A > G   N A ECO:0000179: animal model system study evidence I n  v i t r o Myocardial tissue from patients with Hypertrohpic Cardiomyopathy (n=18) + DONOR HEARTS (N=8). Apical tissue was collected from mouse knock-in model with homozygous mutation in MYBPC3 that caused C-terminal truncation. Quantitative liquid chromatography mass spectrometry, protein preparation, fluorescence image acquisition (Total internal reflection microscopy (TIRFM) single particle assay), quantification of native thin filament motion on native thick filaments, modelling of thin filament motion on thick filaments, quantification of thin filament motion on monomeric myosin. • Fluorescence image• Quantification of native thin filament motion on native thick filaments. Movement of short native actin-thin filament shards, isolated from a single donor heart, were quantified on myosin thick-filaments isolated from 4 Hypertrohpic Cardiomyopathy and 4 donor heart sampled.• Quantification of thin filament motion on monomeric myosin: Four experiments for each sample. M A N A 1 W T 2 4 Biological: wildtype/mutants4 Hypertrohpic Cardiomyopathy and 4 donor heart samples. Four independent thin filament isolations and experiments were performed for each of the 4 samples in the HCM and donor groups Data is presented as mean ± SEM. The data were fitted with sigmoidal dose-response curves with variable slopes and statistical significance was determined by the sum-of-squares F test and a p-value < 0.05 was considered statistically significant.  N e g  c o n tr o l s ,  p o s  c on tr o l  Y e s Myocardial tissue was obtained from the interventricular septum of subjects with HCM. Genetic testing was performed following Clinical Laboratory Improvement Amendments in certified laboratories using a standard 18 HCM gene panel. Interventricular septal tissue was obtained from gift of li fe donor hearts at time of explant. Donor hearts were perfused with cardioplegia solution before removal. All tissues were snap-frozen in liquid nitrogen immediately after excision. This study had the approval of the University of Michigan Institutional Review Board and subjects gave informed consent. Apical tissue was collected from a well characterized mouse knock -in model with a MYBPC3 truncation-causing mutation and a wild-type mouse heart, both of the same age, sex and strain. The mice were euthanized and the hearts were excised and snap-frozen in liquid nitrogen. All animal protocols were approved by the Institutional Animal Care and Use Committee at University of Cincinnati and were in accordance with the guidelines listed in the Guide for the Use and Care of Laboratory Animals published by the National Institutes of Health. Individual pieces of intact heart muscle, thick filament preparations and aliquots of C0C3 MyBP-C fragment, were solubilized in RapiGest SF Surfactant (Waters Corporation). The samples were reduced, alkylated and digested with trypsin (Promega). The resultant peptides were separated by ultra-high pressure liquid chromatography (LC) and analyzed using a Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer (MS). LC peak areas within each sample were identified and quantified using the Proteome Discoverer 2.2 (PD 2.2) software package with the Minora Feature Detector (Thermo Fisher Scientific) enabled. Data was normalized, relative molar abundances and protein isoforms were estimated for the peptides. Proteins were prepared and fluorescence images were acquired. For these, all filament sliding assays were performed at room temperature (22 ± 1°C) using a Nikon Eclipse Ti-U inverted microscope equipped with an oil immersion lens and excitation performed with Lasever Inc. 50-mW laser or Prior Scientific Lumen 200-W metal arc lamp. Images were collected using an intensified high-resolution XR/ Turbo-Z, 10-bit digital camera (Stanford Photonics). Quantification of native thin filament motion on native thick filaments was obtained. An analytic model accounting for the thick and thin filament spatial geometries in the assay was implemented to predict the effect of reduced MyBP-C content on thin filament sliding velocity along the thick filaments. Quantification of thin filament motion on monomeric myosin was obtained by epifluorescence.  Functionally abnormal. This is a Splice site acceptor variant. MYBPC3 truncation mutations result in a loss of MyBP-C that enhances maximal myofilament sliding velocities, only where MyBP-C is localized within the C-zone. MyBP-C is thought to aid in thin filament activation at low calcium levels. 

MYBPC3 truncation mutations enhance actomyosin contractile mechanics in human hypertrophic cardiomyopathy 10.1016/j.yjmcc.2018.12.003  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 2 3 0 9 + 1 G > A N A ECO:0000179: animal model system study evidence I n  v i t r o Myocardial tissue from patients with Hypertrohpic Cardiomyopathy (n=18) + DONOR HEARTS (N=8). Apical tissue was collected from mouse knock-in model with homozygous mutation in MYBPC3 that caused C-terminal truncation. Quantitative liquid chromatography mass spectrometry, protein preparation, fluorescence image acquisition (Total internal reflection microscopy (TIRFM) single particle assay), quantification of native thin filament motion on native thick filaments, modelling of thin filament motion on thick filaments, quantific ation of thin filament motion on monomeric myosin. • Fluorescence image• Quantification of native thin filament motion on native thick filaments. Movement of short native actin-thin filament shards, isolated from a single donor heart, were quantified on myosin thick-filaments isolated from 4 Hypertrohpic Cardiomyopathy and 4 donor heart sampled.• Quantification of thin filament motion on monomeric myosin: Four experiments for each sample. M A N A 1 W T 2 4 Biological: wildtype/mutants4 Hypertrohpic Cardiomyopathy and 4 donor heart samples. Four independent thin filament isolations and experiments were performed for each of the 4 samples in the HCM and donor groups Data is presented as mean ± SEM. The data were fitted with sigmoidal dose-response curves with variable slopes and statistical significance was determined by the sum-of-squares F test and a p-value < 0.05 was considered statistically significant.  N e g  c o n tr o l s ,  p o s  c on tr o l  Y e s Myocardial tissue was obtained from the interventricular septum of subjects with HCM. Genetic testing was performed following Clinical Laboratory Improvement Amendments in certified laboratories using a standard 18 HCM gene panel. Interventricular septal tissue was obtained from gift of li fe donor hearts at time of explant. Donor hearts were perfused with cardioplegia solution before removal. All tissues were snap-frozen in liquid nitrogen immediately after excision. This study had the approval of the University of Michigan Institutional Review Board and subjects gave informed consent. Apical tissue was collected from a well characterized mouse knock -in model with a MYBPC3 truncation-causing mutation and a wild-type mouse heart, both of the same age, sex and strain. The mice were euthanized and the hearts were excised and snap-frozen in liquid nitrogen. All animal protocols were approved by the Institutional Animal Care and Use Committee at University of Cincinnati and were in accordance with the guidelines listed in the Guide for the Use and Care of Laboratory Animals published by the National Institutes of Health. Individual pieces of intact heart muscle, thick filament preparations and aliquots of C0C3 MyBP-C fragment, were solubilized in RapiGest SF Surfactant (Waters Corporation). The samples were reduced, alkylated and digested with trypsin (Promega). The resultant peptides were separated by ultra-high pressure liquid chromatography (LC) and analyzed using a Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer (MS). LC peak areas within each sample were identified and quantified using the Proteome Discoverer 2.2 (PD 2.2) software package with the Minora Feature Detector (Thermo Fisher Scientific) enabled. Data was normalized, relative molar abundances and protein isoforms were estimated for the peptides. Proteins were prepared and fluorescence images were acquired. For these, all filament sliding assays were performed at room temperature (22 ± 1°C) using a Nikon Eclipse Ti-U inverted microscope equipped with an oil immersion lens and excitation performed with Lasever Inc. 50-mW laser or Prior Scientific Lumen 200-W metal arc lamp. Images were collected using an intensified high-resolution XR/ Turbo-Z, 10-bit digital camera (Stanford Photonics). Quantification of native thin filament motion on native thick filaments was obtained. An analytic model accounting for the thick and thin filament spatial geometries in the assay was implemented to predict the effect of reduced MyBP-C content on thin filament sliding velocity along the thick filaments. Quantification of thin filament motion on monomeric myosin was obtained by epifluorescence.  Functionally abnormal. This is a Splice site donor variant.  MYBPC3 truncation mutations result in a loss of MyBP-C that enhances maximal myofilament sliding velocities, only where MyBP-C is localized within the C-zone. MyBP-C is thought to aid in thin filament activation at low calcium levels. 

MYBPC3 truncation mutations enhance actomyosin contractile mechanics in human hypertrophic cardiomyopathy 10.1016/j.yjmcc.2018.12.003  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 2 3 7 3 i n s G N A ECO:0000179: animal model system study evidence I n  v i t r o Myocardial tissue from patients with Hypertrohpic Cardiomyopathy (n=18) + DONOR HEARTS (N=8). Apical tissue was collected from mouse knock-in model with homozygous mutation in MYBPC3 that caused C-terminal truncation. Quantitative liquid chromatography mass spectrometry, protein preparation, fluorescence image acquisition (Total internal reflection microscopy (TIRFM) single particle assay), quantification of native thin filament motion on native thick filaments, modelling of thin filament motion on thick filaments, quantific ation of thin filament motion on monomeric myosin. • Fluorescence image• Quantification of native thin filament motion on native thick filaments. Movement of short native actin-thin filament shards, isolated from a single donor heart, were quantified on myosin thick-filaments isolated from 4 Hypertrohpic Cardiomyopathy and 4 donor heart sampled.• Quantification of thin filament motion on monomeric myosin: Four experiments for each sample. M A N A 1 W T 2 4 Biological: wildtype/mutants4 Hypertrohpic Cardiomyopathy and 4 donor heart samples. Four independent thin filament isolations and experiments were performed for each of the 4 samples in the HCM and donor groups Data is presented as mean ± SEM. The data were fitted with sigmoidal dose-response curves with variable slopes and statistical significance was determined by the sum-of-squares F test and a p-value < 0.05 was considered statistically significant.  N e g  c o n tr o l s ,  p o s  c on tr o l  Y e s Myocardial tissue was obtained from the interventricular septum of subjects with HCM. Genetic testing was performed following Clinical Laboratory Improvement Amendments in certified laboratories using a standard 18 HCM gene panel. Interventricular septal tissue was obtained from gift of li fe donor hearts at time of explant. Donor hearts were perfused with cardioplegia solution before removal. All tissues were snap-frozen in liquid nitrogen immediately after excision. This study had the approval of the University of Michigan Institutional Review Board and subjects gave informed consent. Apical tissue was collected from a well characterized mouse knock -in model with a MYBPC3 truncation-causing mutation and a wild-type mouse heart, both of the same age, sex and strain. The mice were euthanized and the hearts were excised and snap-frozen in liquid nitrogen. All animal protocols were approved by the Institutional Animal Care and Use Committee at University of Cincinnati and were in accordance with the guidelines listed in the Guide for the Use and Care of Laboratory Animals published by the National Institutes of Health. Individual pieces of intact heart muscle, thick filament preparations and aliquots of C0C3 MyBP-C fragment, were solubilized in RapiGest SF Surfactant (Waters Corporation). The samples were reduced, alkylated and digested with trypsin (Promega). The resultant peptides were separated by ultra-high pressure liquid chromatography (LC) and analyzed using a Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer (MS). LC peak areas within each sample were identified and quantified using the Proteome Discoverer 2.2 (PD 2.2) software package with the Minora Feature Detector (Thermo Fisher Scientific) enabled. Data was normalized, relative molar abundances and protein isoforms were estimated for the peptides. Proteins were prepared and fluorescence images were acquired. For these, all filament sliding assays were performed at room temperature (22 ± 1°C) using a Nikon Eclipse Ti-U inverted microscope equipped with an oil immersion lens and excitation performed with Lasever Inc. 50-mW laser or Prior Scientific Lumen 200-W metal arc lamp. Images were collected using an intensified high-resolution XR/ Turbo-Z, 10-bit digital camera (Stanford Photonics). Quantification of native thin filament motion on native thick filaments was obtained. An analytic model accounting for the thick and thin filament spatial geometries in the assay was implemented to predict the effect of reduced MyBP-C content on thin filament sliding velocity along the thick filaments. Quantification of thin filament motion on monomeric myosin was obtained by epifluorescence.  Functionally abnormal. This variant is an Insertion that causes a frameshift. MYBPC3 truncation mutations result in a loss of MyBP-C that enhances maximal myofilament sliding velocities, only where MyBP-C is localized within the C-zone. MyBP-C is thought to aid in thin filament activation at low calcium levels. 

MYBPC3 truncation mutations enhance actomyosin contractile mechanics in human hypertrophic cardiomyopathy 10.1016/j.yjmcc.2018.12.003  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 2 9 0 5 + 1 G > A N A ECO:0000179: animal model system study evidence I n  v i t r o Myocardial tissue from patients with Hypertrohpic Cardiomyopathy (n=18) + DONOR HEARTS (N=8). Apical tissue was collected from mouse knock-in model with homozygous mutation in MYBPC3 that caused C-terminal truncation. Quantitative liquid chromatography mass spectrometry, protein preparation, fluorescence image acquisition (Total internal reflection microscopy (TIRFM) single particle assay), quantification of native thin filament motion on native thick filaments, modelling of thin filament motion on thick filaments, quantification of thin filament motion on monomeric myosin. • Fluorescence image• Quantification of native thin filament motion on native thick filaments. Movement of short native actin-thin filament shards, isolated from a single donor heart, were quantified on myosin thick-filaments isolated from 4 Hypertrohpic Cardiomyopathy and 4 donor heart sampled.• Quantification of thin filament motion on monomeric myosin: Four experiments for each sample. M A N A 1 W T 2 4 Biological: wildtype/mutants4 Hypertrohpic Cardiomyopathy and 4 donor heart samples. Four independent thin filament isolations and experiments were performed for each of the 4 samples in the HCM and donor groups Data is presented as mean ± SEM. The data were fitted with sigmoidal dose-response curves with variable slopes and statistical significance was determined by the sum-of-squares F test and a p-value < 0.05 was considered statistically significant.  N e g  c o n tr o l s ,  p o s  c on tr o l  Y e s Myocardial tissue was obtained from the interventricular septum of subjects with HCM. Genetic testing was performed following Clinical Laboratory Improvement Amendments in certified laboratories using a standard 18 HCM gene panel. Interventricular septal tissue was obtained from gift of life donor hearts at time of explant. Donor hearts were perfused with cardioplegia solution before removal. All tissues were snap-frozen in liquid nitrogen immediately after excision. This study had the approval of the University of Michigan Institutional Review Board and subjects gave informed consent. Apical tissue was collected from a well characterized mouse knock -in model with a MYBPC3 truncation-causing mutation and a wild-type mouse heart, both of the same age, sex and strain. The mice were euthanized and the hearts were excised and snap-frozen in liquid nitrogen. All animal protocols were approved by the Institutional Animal Care and Use Committee at University of Cincinnati and were in accordance with the guidelines listed in the Guide for the Use and Care of Laboratory Animals published by the National Institutes of Health. Individual pieces of intact heart muscle, thick filament preparations and aliquots of C0C3 MyBP-C fragment, were solubilized in RapiGest SF Surfactant (Waters Corporation). The samples were reduced, alkylated and digested with trypsin (Promega). The resultant peptides were separated by ultra-high pressure liquid chromatography (LC) and analyzed using a Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer (MS). LC peak areas within each sample were identified and quantified using the Proteome Discoverer 2.2 (PD 2.2) software package with the Minora Feature Detector (Thermo Fisher Scientific) enabled. Data was normalized, relative molar abundances and protein isoforms were estimated for the peptides. Proteins were prepared and fluorescence images were acquired. For these, all filament sliding assays were performed at room temperature (22 ± 1°C) using a Nikon Eclipse Ti-U inverted microscope equipped with an oil immersion lens and excitation performed with Lasever Inc. 50-mW laser or Prior Scientific Lumen 200-W metal arc lamp. Images were collected using an intensified high-resolution XR/ Turbo-Z, 10-bit digital camera (Stanford Photonics). Quantification of native thin filament motion on native thick filaments was obtained. An analytic model accounting for the thick and thin filament spatial geometries in the assay was implemented to predict the effect of reduced MyBP-C content on thin filament sliding velocity along the thick filaments. Quantification of thin filament motion on monomeric myosin was obtained by epifluorescence.  Functionally abnormal. This is a Splice site donor variant.  MYBPC3 truncation mutations result in a loss of MyBP-C that enhances maximal myofilament sliding velocities, only where MyBP-C is localized within the C-zone. MyBP-C is thought to aid in thin filament activation at low calcium levels. 
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Diseño y desarrollo de una fuente de datos sobre estudios funcionales asociados al criterio PS3/BS3 de las guías ACMG-AMP 2015 y aplicación en cardiopatías familiares 
 
 

 
 

MYBPC3 truncation mutations enhance actomyosin contractile mechanics in human hypertrophic cardiomyopathy 10.1016/j.yjmcc.2018.12.003  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 3 1 0 0 d e l G N A ECO:0000179: animal model system study evidence I n  v i t r o Myocardial tissue from patients with Hypertrohpic Cardiomyopathy (n=18) + DONOR HEARTS (N=8). Apical tissue was collected from mouse knock-in model with homozygous mutation in MYBPC3 that caused C-terminal truncation. Quantitative liquid chromatography mass spectrometry, protein preparation, fluorescence image acquisition (Total internal reflection microscopy (TIRFM) single particle assay), quantification of native thin filament motion on native thick filaments, modelling of thin filament motion on thick filaments, quantification of thin filament motion on monomeric myosin. • Fluorescence image• Quantification of native thin filament motion on native thick filaments. Movement of short native actin-thin filament shards, isolated from a single donor heart, were quantified on myosin thick-filaments isolated from 4 Hypertrohpic Cardiomyopathy and 4 donor heart sampled.• Quantification of thin filament motion on monomeric myosin: Four experiments for each sample. M A N A 1 W T 2 4 Biological: wildtype/mutants4 Hypertrohpic Cardiomyopathy and 4 donor heart samples. Four independent thin filament isolations and experiments were performed for each of the 4 samples in the HCM and donor groups Data is presented as mean ± SEM. The data were fitted with sigmoidal dose-response curves with variable slopes and statistical significance was determined by the sum-of-squares F test and a p-value < 0.05 was considered statistically significant.  N e g  c o n tr o l s ,  p o s  c on tr o l  Y e s Myocardial tissue was obtained from the interventricular septum of subjects with HCM. Genetic testing was performed following Clinical Laboratory Improvement Amendments in certified laboratories using a standard 18 HCM gene panel. Interventricular septal tissue was obtained from gift of life donor hearts at time of explant. Donor hearts were perfused with cardioplegia solution before removal. All tissues were snap-frozen in liquid nitrogen immediately after excision. This study had the approval of the University of Michigan Institutional Review Board and subjects gave informed consent. Apical tissue was collected from a well characterized mouse knock -in model with a MYBPC3 truncation-causing mutation and a wild-type mouse heart, both of the same age, sex and strain. The mice were euthanized and the hearts were excised and snap-frozen in liquid nitrogen. All animal protocols were approved by the Institutional Animal Care and Use Committee at University of Cincinnati and were in accordance with the guidelines listed in the Guide for the Use and Care of Laboratory Animals published by the National Institutes of Health. Individual pieces of intact heart muscle, thick filament preparations and aliquots of C0C3 MyBP-C fragment, were solubilized in RapiGest SF Surfactant (Waters Corporation). The samples were reduced, alkylated and digested with trypsin (Promega). The resultant peptides were separated by ultra-high pressure liquid chromatography (LC) and analyzed using a Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer (MS). LC peak areas within each sample were identified and quantified using the Proteome Discoverer 2.2 (PD 2.2) software package with the Minora Feature Detector (Thermo Fisher Scientific) enabled. Data was normalized, relative molar abundances and protein isoforms were estimated for the peptides. Proteins were prepared and fluorescence images were acquired. For these, all filament sliding assays were performed at room temperature (22 ± 1°C) using a Nikon Eclipse Ti-U inverted microscope equipped with an oil immersion lens and excitation performed with Lasever Inc. 50-mW laser or Prior Scientific Lumen 200-W metal arc lamp. Images were collected using an intensified high-resolution XR/ Turbo-Z, 10-bit digital camera (Stanford Photonics). Quantification of native thin filament motion on native thick filaments was obtained. An analytic model accounting for the thick and thin filament spatial geometries in the assay was implemented to predict the effect of reduced MyBP-C content on thin filament sliding velocity along the thick filaments. Quantification of thin filament motion on monomeric myosin was obtained by epifluorescence.  Functionally abnormal. This variant is a Deletion that causes a frameshift. MYBPC3 truncation mutations result in a loss of MyBP-C that enhances maximal myofilament sliding velocities, only where MyBP-C is localized within the C-zone. MyBP-C is thought to aid in thin filament activation at low calcium levels. 

MYBPC3 truncation mutations enhance actomyosin contractile mechanics in human hypertrophic cardiomyopathy 10.1016/j.yjmcc.2018.12.003  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 3 1 9 2 i n s C  N A ECO:0000179: animal model system study evidence I n  v i t r o Myocardial tissue from patients with Hypertrohpic Cardiomyopathy (n=18) + DONOR HEARTS (N=8). Apical tissue was collected from mouse knock-in model with homozygous mutation in MYBPC3 that caused C-terminal truncation. Quantitative liquid chromatography mass spectrometry, protein preparation, fluorescence image acquisition (Total internal reflection microscopy (TIRFM) single particle assay), quantification of native thin filament motion on native thick filaments, modelling of thin filament motion on thick filaments, quantification of thin filament motion on monomeric myosin. • Fluorescence image• Quantification of native thin filament motion on native thick filaments. Movement of short native actin-thin filament shards, isolated from a single donor heart, were quantified on myosin thick-filaments isolated from 4 Hypertrohpic Cardiomyopathy and 4 donor heart sampled.• Quantification of thin filament motion on monomeric myosin: Four experiments for each sample. M A N A 1 W T 2 4 Biological: wildtype/mutants4 Hypertrohpic Cardiomyopathy and 4 donor heart samples. Four independent thin filament isolations and experiments were performed for each of the 4 samples in the HCM and donor groups Data is presented as mean ± SEM. The data were fitted with sigmoidal dose-response curves with variable slopes and statistical significance was determined by the sum-of-squares F test and a p-value < 0.05 was considered statistically significant.  N e g  c o n tr o l s ,  p o s  c on tr o l  Y e s Myocardial tissue was obtained from the interventricular septum of subjects with HCM. Genetic testing was performed following Clinical Laboratory Improvement Amendments in certified laboratories using a standard 18 HCM gene panel. Interventricular septal tissue was obtained from gift of li fe donor hearts at time of explant. Donor hearts were perfused with cardioplegia solution before removal. All tissues were snap-frozen in liquid nitrogen immediately after excision. This study had the approval of the University of Michigan Institutional Review Board and subjects gave informed consent. Apical tissue was collected from a well characterized mouse knock -in model with a MYBPC3 truncation-causing mutation and a wild-type mouse heart, both of the same age, sex and strain. The mice were euthanized and the hearts were excised and snap-frozen in liquid nitrogen. All animal protocols were approved by the Institutional Animal Care and Use Committee at University of Cincinnati and were in accordance with the guidelines listed in the Guide for the Use and Care of Laboratory Animals published by the National Institutes of Health. Individual pieces of intact heart muscle, thick filament preparations and aliquots of C0C3 MyBP-C fragment, were solubilized in RapiGest SF Surfactant (Waters Corporation). The samples were reduced, alkylated and digested with trypsin (Promega). The resultant peptides were separated by ultra-high pressure liquid chromatography (LC) and analyzed using a Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer (MS). LC peak areas within each sample were identified and quantified using the Proteome Discoverer 2.2 (PD 2.2) software package with the Minora Feature Detector (Thermo Fisher Scientific) enabled. Data was normalized, relative molar abundances and protein isoforms were estimated for the peptides. Proteins were prepared and fluorescence images were acquired. For these, all filament sliding assays were performed at room temperature (22 ± 1°C) using a Nikon Eclipse Ti-U inverted microscope equipped with an oil immersion lens and excitation performed with Lasever Inc. 50-mW laser or Prior Scientific Lumen 200-W metal arc lamp. Images were collected using an intensified high-resolution XR/ Turbo-Z, 10-bit digital camera (Stanford Photonics). Quantification of native thin filament motion on native thick filaments was obtained. An analytic model accounting for the thick and thin filament spatial geometries in the assay was implemented to predict the effect of reduced MyBP-C content on thin filament sliding velocity along the thick filaments. Quantification of thin filament motion on monomeric myosin was obtained by epifluorescence.  Functionally abnormal. This variant is an Insertion that causes a frameshift. MYBPC3 truncation mutations result in a loss of MyBP-C that enhances maximal myofilament sliding velocities, only where MyBP-C is localized within the C-zone. MyBP-C is thought to aid in thin filament activation at low calcium levels. 

MYBPC3 truncation mutations enhance actomyosin contractile mechanics in human hypertrophic cardiomyopathy 10.1016/j.yjmcc.2018.12.003  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 3 2 2 6 _ 3 2 2 7 i n s T  N A ECO:0000179: animal model system study evidence I n  v i t r o Myocardial tissue from patients with Hypertrohpic Cardiomyopathy (n=18) + DONOR HEARTS (N=8). Apical tissue was collected from mouse knock-in model with homozygous mutation in MYBPC3 that caused C-terminal truncation. Quantitative liquid chromatography mass spectrometry, protein preparation, fluorescence image acquisition (Total internal reflection microscopy (TIRFM) single particle assay), quantification of native thin filament motion on native thick filaments, modelling of thin filament motion on thick filaments, quantification of thin filament motion on monomeric myosin. • Fluorescence image• Quantification of native thin filament motion on native thick filaments. Movement of short native actin-thin filament shards, isolated from a single donor heart, were quantified on myosin thick-filaments isolated from 4 Hypertrohpic Cardiomyopathy and 4 donor heart sampled.• Quantification of thin filament motion on monomeric myosin: Four experiments for each sample. M A N A 1 W T 2 4 Biological: wildtype/mutants4 Hypertrohpic Cardiomyopathy and 4 donor heart samples. Four independent thin filament isolations and experiments were performed for each of the 4 samples in the HCM and donor groups Data is presented as mean ± SEM. The data were fitted with sigmoidal dose-response curves with variable slopes and statistical significance was determined by the sum-of-squares F test and a p-value < 0.05 was considered statistically significant.  N e g  c o n tr o l s ,  p o s  c on tr o l  Y e s Myocardial tissue was obtained from the interventricular septum of subjects with HCM. Genetic testing was performed following Clinical Laboratory Improvement Amendments in certified laboratories using a standard 18 HCM gene panel. Interventricular septal tissue was obtained from gift of life donor hearts at time of explant. Donor hearts were perfused with cardioplegia solution before removal. All tissues were snap-frozen in liquid nitrogen immediately after excision. This study had the approval of the University of Michigan Institutional Review Board and subjects gave informed consent. Apical tissue was collected from a well characterized mouse knock -in model with a MYBPC3 truncation-causing mutation and a wild-type mouse heart, both of the same age, sex and strain. The mice were euthanized and the hearts were excised and snap-frozen in liquid nitrogen. All animal protocols were approved by the Institutional Animal Care and Use Committee at University of Cincinnati and were in accordance with the guidelines listed in the Guide for the Use and Care of Laboratory Animals published by the National Institutes of Health. Individual pieces of intact heart muscle, thick filament preparations and aliquots of C0C3 MyBP-C fragment, were solubilized in RapiGest SF Surfactant (Waters Corporation). The samples were reduced, alkylated and digested with trypsin (Promega). The resultant peptides were separated by ultra-high pressure liquid chromatography (LC) and analyzed using a Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer (MS). LC peak areas within each sample were identified and quantified using the Proteome Discoverer 2.2 (PD 2.2) software package with the Minora Feature Detector (Thermo Fisher Scientific) enabled. Data was normalized, relative molar abundances and protein isoforms were estimated for the peptides. Proteins were prepared and fluorescence images were acquired. For these, all filament sliding assays were performed at room temperature (22 ± 1°C) using a Nikon Eclipse Ti-U inverted microscope equipped with an oil immersion lens and excitation performed with Lasever Inc. 50-mW laser or Prior Scientific Lumen 200-W metal arc lamp. Images were collected using an intensified high-resolution XR/ Turbo-Z, 10-bit digital camera (Stanford Photonics). Quantification of native thin filament motion on native thick filaments was obtained. An analytic model accounting for the thick and thin filament spatial geometries in the assay was implemented to predict the effect of reduced MyBP-C content on thin filament sliding velocity along the thick filaments. Quantification of thin filament motion on monomeric myosin was obtained by epifluorescence.  Functionally abnormal. This variant is an Insertion that causes a frameshift. MYBPC3 truncation mutations result in a loss of MyBP-C that enhances maximal myofilament sliding velocities, only where MyBP-C is localized within the C-zone. MyBP-C is thought to aid in thin filament activation at low calcium levels. 

MYBPC3 truncation mutations enhance actomyosin contractile mechanics in human hypertrophic cardiomyopathy 10.1016/j.yjmcc.2018.12.003  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 3 3 3 0 + 5 G > C N A ECO:0000179: animal model system study evidence I n  v i t r o Myocardial tissue from patients with Hypertrohpic Cardiomyopathy (n=18) + DONOR HEARTS (N=8). Apical tissue was collected from mouse knock-in model with homozygous mutation in MYBPC3 that caused C-terminal truncation. Quantitative liquid chromatography mass spectrometry, protein preparation, fluorescence image acquisition (Total internal reflection microscopy (TIRFM) single particle assay), quantification of native thin filament motion on native thick filaments, modelling of thin filament motion on thick filaments, quantification of thin filament motion on monomeric myosin. • Fluorescence image• Quantification of native thin filament motion on native thick filaments. Movement of short native actin-thin filament shards, isolated from a single donor heart, were quantified on myosin thick-filaments isolated from 4 Hypertrohpic Cardiomyopathy and 4 donor heart sampled.• Quantification of thin filament motion on monomeric myosin: Four experiments for each sample. M A N A 1 W T 2 4 Biological: wildtype/mutants4 Hypertrohpic Cardiomyopathy and 4 donor heart samples. Four independent thin filament isolations and experiments were performed for each of the 4 samples in the HCM and donor groups Data is presented as mean ± SEM. The data were fitted with sigmoidal dose-response curves with variable slopes and statistical significance was determined by the sum-of-squares F test and a p-value < 0.05 was considered statistically significant.  N e g  c o n tr o l s ,  p o s  c on tr o l  Y e s Myocardial tissue was obtained from the interventricular septum of subjects with HCM. Genetic testing was performed following Clinical Laboratory Improvement Amendments in certified laboratories using a standard 18 HCM gene panel. Interventricular septal tissue was obtained from gift of life donor hearts at time of explant. Donor hearts were perfused with cardioplegia solution before removal. All tissues were snap-frozen in liquid nitrogen immediately after excision. This study had the approval of the University of Michigan Institutional Review Board and subjects gave informed consent. Apical tissue was collected from a well characterized mouse knock -in model with a MYBPC3 truncation-causing mutation and a wild-type mouse heart, both of the same age, sex and strain. The mice were euthanized and the hearts were excised and snap-frozen in liquid nitrogen. All animal protocols were approved by the Institutional Animal Care and Use Committee at University of Cincinnati and were in accordance with the guidelines listed in the Guide for the Use and Care of Laboratory Animals published by the National Institutes of Health. Individual pieces of intact heart muscle, thick filament preparations and aliquots of C0C3 MyBP-C fragment, were solubilized in RapiGest SF Surfactant (Waters Corporation). The samples were reduced, alkylated and digested with trypsin (Promega). The resultant peptides were separated by ultra-high pressure liquid chromatography (LC) and analyzed using a Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer (MS). LC peak areas within each sample were identified and quantified using the Proteome Discoverer 2.2 (PD 2.2) software package with the Minora Feature Detector (Thermo Fisher Scientific) enabled. Data was normalized, relative molar abundances and protein isoforms were estimated for the peptides. Proteins were prepared and fluorescence images were acquired. For these, all filament sliding assays were performed at room temperature (22 ± 1°C) using a Nikon Eclipse Ti-U inverted microscope equipped with an oil immersion lens and excitation performed with Lasever Inc. 50-mW laser or Prior Scientific Lumen 200-W metal arc lamp. Images were collected using an intensified high-resolution XR/ Turbo-Z, 10-bit digital camera (Stanford Photonics). Quantification of native thin filament motion on native thick filaments was obtained. An analytic model accounting for the thick and thin filament spatial geometries in the assay was implemented to predict the effect of reduced MyBP-C content on thin filament sliding velocity along the thick filaments. Quantification of thin filament motion on monomeric myosin was obtained by epifluorescence.  Functionally abnormal. This is a Splice site donor variant.  MYBPC3 truncation mutations result in a loss of MyBP-C that enhances maximal myofilament sliding velocities, only where MyBP-C is localized within the C-zone. MyBP-C is thought to aid in thin filament activation at low calcium levels. 

MYBPC3 truncation mutations enhance actomyosin contractile mechanics in human hypertrophic cardiomyopathy 10.1016/j.yjmcc.2018.12.003  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 3 3 3 1 - 1 G > C N A ECO:0000179: animal model system study evidence I n  v i t r o Myocardial tissue from patients with Hypertrohpic Cardiomyopathy (n=18) + DONOR HEARTS (N=8). Apical tissue was collected from mouse knock-in model with homozygous mutation in MYBPC3 that caused C-terminal truncation. Quantitative liquid chromatography mass spectrometry, protein preparation, fluorescence image acquisition (Total internal reflection microscopy (TIRFM) single particle assay), quantification of native thin filament motion on native thick filaments, modelling of thin filament motion on thick filaments, quantification of thin filament motion on monomeric myosin. • Fluorescence image• Quantification of native thin filament motion on native thick filaments. Movement of short native actin-thin filament shards, isolated from a single donor heart, were quantified on myosin thick-filaments isolated from 4 Hypertrohpic Cardiomyopathy and 4 donor heart sampled.• Quantification of thin filament motion on monomeric myosin: Four experiments for each sample. M A N A 1 W T 2 4 Biological: wildtype/mutants4 Hypertrohpic Cardiomyopathy and 4 donor heart samples. Four independent thin filament isolations and experiments were performed for each of the 4 samples in the HCM and donor groups Data is presented as mean ± SEM. The data were fitted with sigmoidal dose-response curves with variable slopes and statistical significance was determined by the sum-of-squares F test and a p-value < 0.05 was considered statistically significant.  N e g  c o n tr o l s ,  p o s  c on tr o l  Y e s Myocardial tissue was obtained from the interventricular septum of subjects with HCM. Genetic testing was performed following Clinical Laboratory Improvement Amendments in certified laboratories using a standard 18 HCM gene panel. Interventricular septal tissue was obtained from gift of life donor hearts at time of explant. Donor hearts were perfused with cardioplegia solution before removal. All tissues were snap-frozen in liquid nitrogen immediately after excision. This study had the approval of the University of Michigan Institutional Review Board and subjects gave informed consent. Apical tissue was collected from a well characterized mouse knock -in model with a MYBPC3 truncation-causing mutation and a wild-type mouse heart, both of the same age, sex and strain. The mice were euthanized and the hearts were excised and snap-frozen in liquid nitrogen. All animal protocols were approved by the Institutional Animal Care and Use Committee at University of Cincinnati and were in accordance with the guidelines listed in the Guide for the Use and Care of Laboratory Animals published by the National Institutes of Health. Individual pieces of intact heart muscle, thick filament preparations and aliquots of C0C3 MyBP-C fragment, were solubilized in RapiGest SF Surfactant (Waters Corporation). The samples were reduced, alkylated and digested with trypsin (Promega). The resultant peptides were separated by ultra-high pressure liquid chromatography (LC) and analyzed using a Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer (MS). LC peak areas within each sample were identified and quantified using the Proteome Discoverer 2.2 (PD 2.2) software package with the Minora Feature Detector (Thermo Fisher Scientific) enabled. Data was normalized, relative molar abundances and protein isoforms were estimated for the peptides. Proteins were prepared and fluorescence images were acquired. For these, all filament sliding assays were performed at room temperature (22 ± 1°C) using a Nikon Eclipse Ti-U inverted microscope equipped with an oil immersion lens and excitation performed with Lasever Inc. 50-mW laser or Prior Scientific Lumen 200-W metal arc lamp. Images were collected using an intensified high-resolution XR/ Turbo-Z, 10-bit digital camera (Stanford Photonics). Quantification of native thin filament motion on native thick filaments was obtained. An analytic model accounting for the thick and thin filament spatial geometries in the assay was implemented to predict the effect of reduced MyBP-C content on thin filament sliding velocity along the thick filaments. Quantification of thin filament motion on monomeric myosin was obtained by epifluorescence.  Functionally abnormal. This is a Splice site acceptor variant. MYBPC3 truncation mutations result in a loss of MyBP-C that enhances maximal myofilament sliding velocities, only where MyBP-C is localized within the C-zone. MyBP-C is thought to aid in thin filament activation at low calcium levels. 

MYBPC3 truncation mutations enhance actomyosin contractile mechanics in human hypertrophic cardiomyopathy 10.1016/j.yjmcc.2018.12.003  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 3 3 7 2 C > A N A ECO:0000179: animal model system study evidence I n  v i t r o Myocardial tissue from patients with Hypertrohpic Cardiomyopathy (n=18) + DONOR HEARTS (N=8). Apical tissue was collected from mouse knock-in model with homozygous mutation in MYBPC3 that caused C-terminal truncation. Quantitative liquid chromatography mass spectrometry, protein preparation, fluorescence image acquisition (Total internal reflection microscopy (TIRFM) single particle assay), quantification of native thin filament motion on native thick filaments, modelling of thin filament motion on thick filaments, quantification of thin filament motion on monomeric myosin. • Fluorescence image• Quantification of native thin filament motion on native thick filaments. Movement of short native actin-thin filament shards, isolated from a single donor heart, were quantified on myosin thick-filaments isolated from 4 Hypertrohpic Cardiomyopathy and 4 donor heart sampled.• Quantification of thin filament motion on monomeric myosin: Four experiments for each sample. M A N A 1 W T 2 4 Biological: wildtype/mutants4 Hypertrohpic Cardiomyopathy and 4 donor heart samples. Four independent thin filament isolations and experiments were performed for each of the 4 samples in the HCM and donor groups Data is presented as mean ± SEM. The data were fitted with sigmoidal dose-response curves with variable slopes and statistical significance was determined by the sum-of-squares F test and a p-value < 0.05 was considered statistically significant.  N e g  c o n tr o l s ,  p o s  c on tr o l  Y e s Myocardial tissue was obtained from the interventricular septum of subjects with HCM. Genetic testing was performed following Clinical Laboratory Improvement Amendments in certified laboratories using a standard 18 HCM gene panel. Interventricular septal tissue was obtained from gift of li fe donor hearts at time of explant. Donor hearts were perfused with cardioplegia solution before removal. All tissues were snap-frozen in liquid nitrogen immediately after excision. This study had the approval of the University of Michigan Institutional Review Board and subjects gave informed consent. Apical tissue was collected from a well characterized mouse knock -in model with a MYBPC3 truncation-causing mutation and a wild-type mouse heart, both of the same age, sex and strain. The mice were euthanized and the hearts were excised and snap-frozen in liquid nitrogen. All animal protocols were approved by the Institutional Animal Care and Use Committee at University of Cincinnati and were in accordance with the guidelines listed in the Guide for the Use and Care of Laboratory Animals published by the National Institutes of Health. Individual pieces of intact heart muscle, thick filament preparations and aliquots of C0C3 MyBP-C fragment, were solubilized in RapiGest SF Surfactant (Waters Corporation). The samples were reduced, alkylated and digested with trypsin (Promega). The resultant peptides were separated by ultra-high pressure liquid chromatography (LC) and analyzed using a Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer (MS). LC peak areas within each sample were identified and quantified using the Proteome Discoverer 2.2 (PD 2.2) software package with the Minora Feature Detector (Thermo Fisher Scientific) enabled. Data was normalized, relative molar abundances and protein isoforms were estimated for the peptides. Proteins were prepared and fluorescence images were acquired. For these, all filament sliding assays were performed at room temperature (22 ± 1°C) using a Nikon Eclipse Ti-U inverted microscope equipped with an oil immersion lens and excitation performed with Lasever Inc. 50-mW laser or Prior Scientific Lumen 200-W metal arc lamp. Images were collected using an intensified high-resolution XR/ Turbo-Z, 10-bit digital camera (Stanford Photonics). Quantification of native thin filament motion on native thick filaments was obtained. An analytic model accounting for the thick and thin filament spatial geometries in the assay was implemented to predict the effect of reduced MyBP-C content on thin filament sliding velocity along the thick filaments. Quantification of thin filament motion on monomeric myosin was obtained by epifluorescence.  Functionally abnormal. This variant results in a termination codon.  MYBPC3 truncation mutations result in a loss of MyBP-C that enhances maximal myofilament sliding velocities, only where MyBP-C is localized within the C-zone. MyBP-C is thought to aid in thin filament activation at low calcium levels. 

Increased myofilament Ca2+ sensit ivity and diastolic dysfunction as early c onsequences of Mybpc3 mutation in heterozygous knock-in mice https://doi.org/10.1016/j.yjmcc.2012.03.009 Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A N A p.E264K OBI:0001149:  gene knock in  I n  v i t r o 
Mybpc3-targeted Het and KI mice (insertion of G>A on last nucleotide of exon 6). - Assessment of myofilament function in skinned mouse ventricular trabeculae- Sarcomere shortening and Ca2+ transients in adult mouse ventricular myocytes- Echocardiography
 
- Immunoblot analysis  

The function of skinned and intact cardiac myocytes was evaluated, as well as the intact heart in an MYBPC3-targeted knock-in mouse model, carrying a point mutation associated with Hypertrohpic Cardiomyopathy. Sarcomere shortening and Ca2+ transients in adult mouse ventricular myocytes at different pacing frequencies were measured.• Myofilament Ca2+ sensitivity in Het and KI skinned ventricular trabeculae• Force-frequency in intact myocytes• Decay of 2+ transients• Compensatory molecular changes in ventricular tissue• Diastolic dysfunction 10-week old homozygous knock-in mice exhibited i) higher myofilament Ca2+ sensitivity in skinned ventricular trabeculae, ii) lower diastolic sarcomere length, and faster Ca2+ transient decay in intact myocytes, and iii) LVH, reduced fractional shortening, lower E/A and E′/A′ N A N A 1 W T 3 n = 4 - 4 2 Biological: wildtype/mutantsHigher myofilament Ca2+ sensitivity in Het and KI skinned ventricular trabeculaeForce-pCa relationship assessment: 3 groups of mice: WT n=11, HET n=13, KI n=11Western blot: WT n=4, HET n=4, KI n=4Faster decay of Ca2+ transients in Het and KI intact myocytesSarcomere shortening and Ca2+ transients at 2Hz: - Time to 90% Ca2+ decay: WT n=14 (6 mice), HET n=16 (7 mice), KI n=13 (8 mice) - Time to 90% reelengthening: WT n=32 (11 mice), HET n=42 (16 mice), KI n=36 (20 mice)Caffeine-induced Ca2+ release response: N cells/animals: 14/4 WT, 15/5 Het, and 22/5 KI.Compensatory molecular changes in Het and KI ventricular tissueDetermination of sarcomeric protein phosphorylation in ventricular tissue from 10-week-old WT, Het and KI mice: - Ser282-: WT n=5, HET n=6, KI n=6- Ser23/24-: WT n=6, HET n=6, KI n=6Determination of Ca2+ handling protein or mRNA levels in ventricular tissue from 10-week-old WT, Het and KI mice (western blots): - SECA2: WT n=6, HET n=6, KI n=6- Ser16-: WT n=6, HET n=6, KI n=6- Thr17-: WT n=6, HET n=6, KI n=6- NCX160: WT n=6, HET n=6, KI n=6- NCX120: WT n=5, HET n=6, KI n=6- NCXmRNA: WT n=6, HET n=6, KI n=6Diastolic dysfunction in Het and KI mice (echocardiography):E/A, E’/A’, E/E’: WT n=9, HET n=9, KI n=10 Data are expressed as mean± SEM. Comparisons were performed using Student's t-test, or using one-way or two-way ANOVA followed by Bonferroni's post-tests. A value of P<0.05 was considered statistically significant. C o n t r o l s ,  s t a t s  Y e s The investigation conforms to the guide for the care and use of laboratory animals published by the NIH (Publication No. 85–23, revised 1985). The Mybpc3-targeted Het and KI mice were generated by targeted insertion of a G>A transition on the last nucleotide of exon 6 and were maintained on the Black Swiss background. Mechanical function of skinned mouse cardiac trabeculae isolated from 7–8-week-old mice was assessed at 18 °C. Skinned steady-state for-pCa relationship was determined experimentally and fitted to the Hill equation to yie ld maximal Ca2+-activated force (max F) and the Hill coefficient. Adult ventricular myocytes were isolated from 13 -week-old mice. Sarcomere shortening and Ca2+ transients were simultaneously assessed upon field stimulation using a video-based sarcomere length detection system (IonOptix corporation) at room temperature. Caffeine (10 mM) was applied to determine sarcoplasmic reticulum (SR) Ca2+ content and the activity of the Na+/Ca2+ exchanger. Transthoracic echocardiography was performed using the Vevo 2100 System (VisualSonics, Toronto, Canada) in 10-week-old mice. B-mode recordings were performed using a MS 400 transducer. Pulsed -wave Doppler echocardiography was used to measure blood flow velocities through the mitral valve and Tissue Doppler imaging to measure velocities of the mitral annulus. All images were recorded digitally and analysis was performed using the Vevo 2100-software. Immunoblot analysis was also performed.  Functionally abnormal. KI mice exhibited i) higher myofilament Ca2+ sensitivity in skinned trabeculae, ii) lower diastolic SL and faster Ca2+ transient decay in intact myocytes, and iii) LVH, systolic and diastolic dysfunction in vivo.  Het mice, whose genotype closely mimics the situation in human Hypertrohpic Cardiomyopathy, exhibited higher myofilament Ca2+ sensitivity in skinned trabeculae, faster Ca2+ transient decay in intact myocytes, and diastolic dysfunction in vivo. 

Micro-exons of the cardiac myosin binding protein C gene: flanking introns contain a disproportionately large number of hypertrophic c ardiomyopathy mutat ions 1 0 . 1 0 3 8 / e j h g . 2 0 0 8 . 5 2  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 9 0 6 - 3 6 G > A N A ECO:0005512: frameshift mutation phenotypic evidence I n  s i l i c o Genotyping with single strand conformation polymorphism, sequenced for confirmation. Mutations were examined with in silico methods. Ectopic expression of mRNA in blood leukocytes in the respective patients was examined using reverse transcription-PCR. → 7 mutations were discovered d in the introns flanking the two micro-exons 10 and 14. Functional studies +  c o - s e g r e g a t i o n  a n a l y s i s Transcriptional consequence, splicing alterations N A N A N A N A N A N A N A N A In silico predictions (Shapiro-Senapathy, NetGene2 and Alternative Splice Site predictor) N o Two hundred and fifty patients diagnosed with HCM from The Heart Hospital, London, UK, were included in the study and blood samples were collected for purification of genomic DNA. Patients who were carrying micro exon mutations were recalled and asked to provide a second blood sample for isolation of peripheral blood leukocytes. Genomic DNA was extracted from EDTA-blood using the QiaAmps DNA Blood Mini Kit (Qiagen, Germany). coding regions of MYBPC3 were amplified using intronic primers according to Niimura et al. and Andersen et al. Mutation detection of amplicons was performed by automated single-strand conformation polymorphism on an Applied Biosystems ABI PRISMs 3100 and the presence of mutations confirmed by automated cycle sequencing (Applied Biosystems, Foster City, CA, USA). The potential effect of the mutations was evaluated by calculating Shapiro – Senapathy (S&S) splice site scores Neural network predictions of splice sites were performed using NetGene2 and Alternative Splice Site Predictor (ASSP). For RNA analysis, a second blood sample for RNA was provided. Peripheral blood leukocytes were isolated from a fresh blood sample and stabilized in RNAlatert (Ambion, Austin, TX, USA) and RNA was extracted using the Ambions RiboPuret Blood Kit . Reverse transcription-PCR was performed using Qiagens One-Step RT-PCR protocol with forward and reverse primers. Reverse transcription-PCR products were visualized on 2% agarose gels. All products were sequenced. All reverse transcription-PCR products that included exon 10 were cloned using Invitrogent (Carlsbad, CA, USA) TOPO TA clonings according to the manufacturer’s protocols and sequenced for confirmation. Functionally abnormal. (insertion) Transcriptional consequence: It created a de novo acceptor splice site and resulted in the inclusion of 34 nt of intron 9 into exon 10. → Frameshift, PTC in exon 12.  

Micro-exons of the cardiac myosin binding protein C gene: flanking introns contain a disproportionately large number of hypertrophic cardiomyopathy mutations 1 0 . 1 0 3 8 / e j h g . 2 0 0 8 . 5 2  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 9 0 6 - 1 5 G > C N A ECO:0005512: frameshift mutation phenotypic evidence I n  s i l i c o Genotyping with single strand conformation polymorphism, sequenced for confirmation. Mutations were examined with in silico methods. Ectopic expression of mRNA in blood leukocytes in the respective patients was examined using reverse transcription-PCR. → 7 mutations were discovered d in the introns flanking the two micro-exons 10 and 14. Functional studies +  c o - s e g r e g a t i o n  a n a l y s i s Transcriptional consequence, splicing alterations N A N A N A N A N A N A N A N A In silico predictions (Shapiro-Senapathy, NetGene2 and Alternative Splice Site predictor) N o Two hundred and fifty patients diagnosed with HCM from The Heart Hospital, London, UK, were included in the study and blood samples were collected for purification of genomic DNA. Patients who were carrying micro exon mutations were recalled and asked to provide a second blood sample for isolation of peripheral blood leukocytes. Genomic DNA was extracted from EDTA-blood using the QiaAmps DNA Blood Mini Kit (Qiagen, Germany). coding regions of MYBPC3 were amplified using intronic primers according to Niimura et al. and Andersen et al. Mutation detection of amplicons was performed by automated single-strand conformation polymorphism on an Applied Biosystems ABI PRISMs 3100 and the presence of mutations confirmed by automated cycle sequencing (Applied Biosystems, Foster City, CA, USA). The potential effect of the mutations was evaluated by calculating Shapiro – Senapathy (S&S) splice site scores Neural network predictions of splice sites were performed using NetGene2 and Alternative Splice Site Predictor (ASSP). For RNA analysis, a second blood sample for RNA was provided. Peripheral blood leukocytes were isolated from a fresh blood sample and stabilized in RNAlatert (Ambion, Austin,  TX, USA) and RNA was extracted using the Ambions RiboPuret Blood Kit . Reverse transcription-PCR was performed using Qiagens One-Step RT-PCR protocol with forward and reverse primers. Reverse transcription-PCR products were visualized on 2% agarose gels. All pr oducts were sequenced. All reverse transcription-PCR products that included exon 10 were cloned using Invitrogent (Carlsbad, CA, USA) TOPO TA clonings according to the manufacturer’s protocols and sequenced for confirmation. Functionally normal. No RNA effect 

Micro-exons of the cardiac myosin binding protein C gene: flanking introns contain a disproportionately large number of hypertrophic cardiomyopathy mutations 1 0 . 1 0 3 8 / e j h g . 2 0 0 8 . 5 2  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 9 0 6 - 1 G > C N A ECO:0005512: frameshift mutation phenotypic evidence I n  s i l i c o Genotyping with single strand conformation polymorphism, sequenced for confirmation. Mutations were examined with in silico methods. Ectopic expression of mRNA in blood leukocytes in the respective patients was examined using reverse transcription-PCR. → 7 mutations were discovered d in the introns flanking the two micro-exons 10 and 14. Functional studies +  c o - s e g r e g a t i o n  a n a l y s i s Transcriptional consequence, splicing alterations N A N A N A N A N A N A N A N A In silico predictions (Shapiro-Senapathy, NetGene2 and Alternative Splice Site predictor) N o Two hundred and fifty patients diagnosed with HCM from The Heart Hospital, London, UK, were included in the study and blood samples were collected for purification of genomic DNA. Patients who were carrying micro exon mutations were recalled and asked to provide a second blood sample for isolation of peripher al blood leukocytes. Genomic DNA was extracted from EDTA-blood using the QiaAmps DNA Blood Mini Kit (Qiagen, Germany). coding regions of MYBPC3 were amplified using intronic primers according to Niimura et al. and Andersen et al. Mutation detection of amplicons was performed by automated single-strand conformation polymorphism on an Applied Biosystems ABI PRISMs 3100 and the presence of mutations confirmed by automated cycle sequencing (Applied Biosystems, Foster City, CA, USA). The potential effect of the mutations was evaluated by calculating Shapiro – Senapathy (S&S) splice site scores Neural network predictions of splice sites were performed using NetGene2 and Alternative Splice Site Predictor (ASSP). For RNA analysis, a second blood sample for RNA was provided. Peripheral blood leukocytes were isolated from a fresh blood sample and stabilized in RNAlatert (Ambion, Austin, TX, USA) and RNA was extracted using the Ambions RiboPuret Blood Kit . Reverse transcription-PCR was performed using Qiagens One-Step RT-PCR protocol with forward and reverse primers. Reverse transcription-PCR products were visualized on 2% agarose gels. All products were sequenced. All reverse transcription-PCR products that included exon 10 were cloned using Invitrogent (Carlsbad, CA, USA) TOPO TA clonings according to the manufacturer’s protocols and sequenced for confirmation. Functionally abnormal. (deletion) Transcriptional consequence: disrupted the existing 30 splice site and activated the neighboring cryptic 30 splice site. Mutation resulted in exclusion of the first two bases of exon 10 → Frameshift, PTC exon 12 

Micro-exons of the cardiac myosin binding protein C gene: flanking introns contain a disproportionately large number of hypertrophic cardiomyopathy mutations 1 0 . 1 0 3 8 / e j h g . 2 0 0 8 . 5 2  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 9 0 8 + 3 9 G > A N A ECO:0005512: frameshift mutation phenotypic evidence I n  s i l i c o Genotyping with single strand conformation polymorphism, sequenced for confirmation. Mutations were examined with in silico methods. Ectopic expression of mRNA in blood leukocytes in the respective patients was examined using reverse transcription-PCR. → 7 mutations were discovered d in the introns flanking the two micro-exons 10 and 14. Functional studies +  c o - s e g r e g a t i o n  a n a l y s i s Transcriptional consequence, splicing alterations N A N A N A N A N A N A N A N A In silico predictions (Shapiro-Senapathy, NetGene2 and Alternative Splice Site predictor) N o Two hundred and fifty patients diagnosed with HCM from The Heart Hospital, London, UK, were included in the study and blood samples were collected for purification of genomic DNA. Patients who were carrying micro exon mutations were recalled and asked to provide a second blood sample for isolation of peripher al blood leukocytes. Genomic DNA was extracted from EDTA-blood using the QiaAmps DNA Blood Mini Kit (Qiagen, Germany). coding regions of MYBPC3 were amplified using intronic primers according to Niimura et al. and Andersen et al. Mutation detection of amplicons was performed by automated single-strand conformation polymorphism on an Applied Biosystems ABI PRISMs 3100 and the presence of mutations confirmed by automated cycle sequencing (Applied Biosystems, Foster City, CA, USA). The potential effect of the mutations was evaluated by calculating Shapiro – Senapathy (S&S) splice site scores Neural network predictions of splice sites were performed using NetGene2 and Alternative Splice Site Predictor (ASSP). For RNA analysis, a second blood sample for RNA was provided. Peripheral blood leukocytes were isolated from a fresh blood sample and stabilized in RNAlatert (Ambion, Austin, TX, USA) and RNA was extracted using the Ambions RiboPuret Blood Kit . Reverse transcription-PCR was performed using Qiagens One-Step RT-PCR protocol with forward and reverse primers. Reverse transcription-PCR products were visualized on 2% agarose gels. All products were sequenced. All reverse transcription-PCR products that included exon 10 were cloned using Invitrogent (Carlsbad, CA, USA) TOPO TA clonings according to the manufacturer’s protocols and sequenced for confirmation. Functionally normal. No RNA effect 

Micro-exons of the cardiac myosin binding protein C gene: flanking introns contain a disproportionately large number of hypertrophic cardiomyopathy mutations 1 0 . 1 0 3 8 / e j h g . 2 0 0 8 . 5 2  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 1 2 2 4 - 1 9 G > A N A ECO:0005512: frameshift mutation phenotypic evidence I n  s i l i c o Genotyping with single strand conformation polymorphism, sequenced for confirmation. Mutations were examined with in silico methods. Ectopic expression of mRNA in blood leukocytes in the respective patients was examined using reverse transcription-PCR. → 7 mutations were discovered d in the introns flanking the two micro-exons 10 and 14. Functional studies +  c o - s e g r e g a t i o n  a n a l y s i s Transcriptional consequence, splicing alterations N A N A N A N A N A N A N A N A In silico predictions (Shapiro-Senapathy, NetGene2 and Alternative Splice Site predictor) N o Two hundred and fifty patients diagnosed with HCM from The Heart Hospital, London, UK, were included in the study and blood samples were collected for purification of genomic DNA. Patients who were carrying micro exon mutations were recalled and asked to provide a second blood sample for isolation of peripher al blood leukocytes. Genomic DNA was extracted from EDTA-blood using the QiaAmps DNA Blood Mini Kit (Qiagen, Germany). coding regions of MYBPC3 were amplified using intronic primers according to Niimura et al. and Andersen et al. Mutation detection of amplicons was performed by automated single-strand conformation polymorphism on an Applied Biosystems ABI PRISMs 3100 and the presence of mutations confirmed by automated cycle sequencing (Applied Biosystems, Foster City, CA, USA). The potential effect of the mutations was evaluated by calculating Shapiro – Senapathy (S&S) splice site scores Neural network predictions of splice sites were performed using NetGene2 and Alternative Splice Site Predictor (ASSP). For RNA analysis, a second blood sample for RNA was provided. Peripheral blood leukocytes were isolated from a fresh blood sample and stabilized in RNAlatert (Ambion, Austin, TX, USA) and RNA was extracted using the Ambions RiboPuret Blood Kit . Reverse transcription-PCR was performed using Qiagens One-Step RT-PCR protocol with forward and reverse primers. Reverse transcription-PCR products were visualized on 2% agarose gels. All products were sequenced. All reverse transcription-PCR products that included exon 10 were cloned using Invitrogent (Carlsbad, CA, USA) TOPO TA clonings according to the manufacturer’s protocols and sequenced for confirmation. Functionally abnormal. (insertion) Transcriptional consequence: produced a de novo acceptor splice site and extended the transcript by 17 nt→ Frameshift, PTC in exon 15 

Micro-exons of the cardiac myosin binding protein C gene: flanking introns contain a disproportionately large number of hypertrophic cardiomyopathy mutations 1 0 . 1 0 3 8 / e j h g . 2 0 0 8 . 5 2  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 1 2 2 4 - 2 A > G N A ECO:0005512: frameshift mutation phenotypic evidence I n  s i l i c o Genotyping with single strand conformation polymorphism, sequenced for confirmation. Mutations were examined with in silico methods. Ectopic expression of mRNA in blood leukocytes in the respective patients was examined using reverse transcription-PCR. → 7 mutations were discovered d in the introns flanking the two micro-exons 10 and 14. Functional studies +  c o - s e g r e g a t i o n  a n a l y s i s Transcriptional consequence, splicing alterations N A N A N A N A N A N A N A N A In silico predictions (Shapiro-Senapathy, NetGene2 and Alternative Splice Site predictor) N o Two hundred and fifty patients diagnosed with HCM from The Heart Hospital, London, UK, were included in the study and blood samples were collected for purification of genomic DNA. Patients who were carrying micro exon mutations were recalled and asked to provide a second blood sample for isolation of peripheral blood leukocytes. Genomic DNA was extracted from EDTA-blood using the QiaAmps DNA Blood Mini Kit (Qiagen, Germany). coding regions of MYBPC3 were amplified using intronic primers according to Niimura et al. and Andersen et al. Mutation detection of amplicons was performed by automated single-strand conformation polymorphism on an Applied Biosystems ABI PRISMs 3100 and the presence of mutations confirmed by automated cycle sequencing (Applied Biosystems, Foster City, CA, USA). The potential effect of the mutations was evaluated by calculating Shapiro – Senapathy (S&S) splice site scores Neural network predictions of splice sites were performed using NetGene2 and Alternative Splice Site Predictor (ASSP). For RNA analysis, a second blood sample for RNA was provided. Peripheral blood leukocytes were isolated from a fresh blood sample and stabilized in RNAlatert (Ambion, Austin, TX, USA) and RNA was extracted using the Ambions RiboPuret Blood Kit . Reverse transcription-PCR was performed using Qiagens One-Step RT-PCR protocol with forward and reverse primers. Reverse transcription-PCR products were visualized on 2% agarose gels. All products were sequenced. All reverse transcription-PCR products that included exon 10 were cloned using Invitrogent (Carlsbad, CA, USA) TOPO TA clonings according to the manufacturer’s protocols and sequenced for confirmation. Functionally abnormal. (deletion) Transcriptional consequence: disrupts authentic splice site of exon 14 → Frameshift, PTC in  exon 15 

Micro-exons of the cardiac myosin binding protein C gene: flanking introns contain a disproportionately large number of hypertrophic cardiomyopathy mutations 1 0 . 1 0 3 8 / e j h g . 2 0 0 8 . 5 2  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 1 2 2 6 + 4 9 C > T N A ECO:0005512: frameshift mutation phenotypic evidence I n  s i l i c o Genotyping with single strand conformation polymorphism, sequenced for confirmation. Mutations were examined with in silico methods. Ectopic expression of mRNA in blood leukocytes in the respective patients was examined using reverse transcription-PCR. → 7 mutations were discovered d in the introns flanking the two micro-exons 10 and 14. Functional studies +  c o - s e g r e g a t i o n  a n a l y s i s Transcriptional consequence, splicing alterations N A N A N A N A N A N A N A N A In silico predictions (Shapiro-Senapathy, NetGene2 and Alternative Splice Site predictor) N o Two hundred and fifty patients diagnosed with HCM from The Heart Hospital, London, UK, were included in the study and blood samples were collected for purification of genomic DNA. Patients who were carrying micro exon mutations were recalled and asked to provide a second blood sample for isolation of peripheral blood leukocytes. Genomic DNA was extracted from EDTA-blood using the QiaAmps DNA Blood Mini Kit (Qiagen, Germany). coding regions of MYBPC3 were amplified using intronic primers according to Niimura et al. and Andersen et al. Mutation detection of amplicons was performed by automated single-strand conformation polymorphism on an Applied Biosystems ABI PRISMs 3100 and the presence of mutations confirmed by automated cycle sequencing (Applied Biosystems, Foster City, CA, USA). The potential effect of the mutations was evaluated by calculating Shapiro – Senapathy (S&S) splice site scores Neural network predictions of splice sites were performed using NetGene2 and Alternative Splice Site Predictor (ASSP). For RNA analysis, a second blood sample for RNA was provided. Peripheral blood leukocytes were isolated from a fresh blood sample and stabilized in RNAlatert (Ambion,  Austin, TX, USA) and RNA was extracted using the Ambions RiboPuret Blood Kit . Reverse transcription-PCR was performed using Qiagens One-Step RT-PCR protocol with forward and reverse primers. Reverse transcription-PCR products were visualized on 2% agarose gels. All products were sequenced. All reverse transcription-PCR products that included exon 10 were cloned using Invitrogent (Carlsbad, CA, USA) TOPO TA clonings according to the manufacturer’s protocols and sequenced for confirmation. Functionally normal. Known polymorphism 

Association of var iants in MYH7, MYBPC3 and TNNT2 with sudden cardiac death-related risk factors in Brazilian patients with hypertrophic cardiomyopathy 10.1016/j.fsigen.2021.102478  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 4 7 2 G > A p . V 1 5 8 M ECO:0006341. Computational structure modeling evidence I n  s i l i c o DNA extraction and analysis, exon-targeted gene sequencing, sequencing data analysis, variant classification, molecular modeling analysis, statistical analysis. 19 functional variants were identified in MYBPC3 (n = 9), MYH7 (n = 6) and TNNT2 (n = 4). p.Val158Met was investigated by molecular modeling analysis, with Modeller v9.22 and visualized in PyMol. in silico prediction tools: PROVEAN, SIFT, PolyPhen-2, MutationTaster2 and others. The functional effect of benign variant MYBPC3 p.Val158Met was investigated by molecular modeling analysis, with Modeller v9.22 and visualized in PyMol. N A N A N A N A Several prediction tools: polyphen (2 versions), sift, mutation taster, fathmm (2 versions) N A Several prediction tools: polyphen (2 versions), sift, mutation taster, fathmm (2 versions) Statistical analysis was performed using SPSS v.26 (IBM, Chicago, IL , USA). Categorical variables are shown as frequency and were compared using Fischer Exact test. Continuous variables with normal distribution according to the Kolmogorov-Smirnov test are shown as mean and standard deviation and were compared by t-test, whereas variables with skew distributions are shown as median and interquartile range and were compared by Mann-Whitney test. Univariate logistic regression analysis was performed to evaluate the association of genet ic variants with severe LVH and other Sudden Cardiac Death-related risk factors. P-values < 0.05 were considered statistically significant. S t a t s Y e s The study protocol was approved by the Ethics Committee of the IDPC (Protocol#4008) and conducted according to good clinical practices and the Declaration of Helsinki guidelines (as revised in 2013). All subjects signed an approved written informed consent before enrollment. Genomic DNA was isolated from EDTA-anticoagulated whole blood samples using DNA QIAmp DNA Blood kit (Qiagen Inc., Valencia, USA) according manufacturer’s instructions and its purity and integrity was analyzed using NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, USA) and agarose gel electrophoresis. The DNA concentration w as measured using the Qubit®2.0 Fluorometer (Life Technologies, Carlsbad, USA). An exon-targeted gene sequencing strategy was used for sequencing. DNA samples (50 ng/µL) were used to prepare libraries using Nextera® Enrichment Sample Preparation kit (Illumina Inc., San Diego, USA). DNA libraries were purified and quantified using KAPA Library Quantification Kit (KAPA Biosystems, Inc., Wilmington, USA), and were further sequenced using MiSeq® v2 reagent kit (300 cycles) and MiSeq® System (SN M02877) (Illumina Inc., San Diego, USA). Primary analysis of DNA sequencing data was performed using Real Time Analysis and MiSeq Reporter tool. The quality of the data was analyzed using FASTQC tool v0.11.9. Secondary analysis was performed using SAMtools v.1.10 to process FASTQ generated data. Sequences were aligned against the Genome Reference Consortium Human Build 37 patch release 13 (GRCh37.p13) using Burrows-Wheeler Alignment v.0.7.17. Variant calling process was performed using Genome Analysis Tool Kit v.4.0.1, Picard v2.21.4 algorithm and the Best Practices recommendations. Tertiary analysis consisted of annotating the sequence variants using ANNOVAR functional prediction tools such as: PROVEAN, SIFT , PolyPhen-2, MutationTaster2 and others. The Integrative Genomics Viewer v.2.8.3 was used to verify variants annotation and analyze clinical significance. The functional effect of the benign variant MYBPC3 p.Val158Met was investigated by molecular modeling analysis. The crystallographic structure of the cMyBP-C (PDB: 6g2t) was selected from the Protein data bank (https://www.rcsb.org/) using information on crystal quality data (classification, organism, expression system, method used to construct the crystal, crystal resolution, R-value free, R-value work and catalytic site amino acids [25]. The predictive structure of the p.Val158Met variant was built by homology modelling using Modeller v9.22 (https:// salilab.org/modeller/) and the model with less energy value was selected according to the discrete optimized protein energy score. The molecular interactions of the predicted structure were evaluated by Ramachandran plots (http://mordred.bioc.cam.ac.uk/~rapper/rampa ge.php). Before the docking protein-protein, sulphate, crystallization buffer molecules, glycerol and water molecules were removed from the binding pocket and hydrogen atoms were added in standard geometry using the Biopolymer module implemented in the SYBYL 2.1 platform (Tripos, St . Louis, MO, USA). Finally, the polar hydrogens were added and docking protein-protein was performed used ClusPro 2.0 server (https://cluspro. bu.edu/). Docking protein-protein results were visualized using the PyMol (https://pymol.org/2/).  Functionally abnormal. Individually or combined with MYH7 p.Val320Met are associated with increased risk of severe LVH and enhanced septum thickness due to the fact that Met158 reduces the complementarity of cMyBP-C RASK domain with tropomyosin (Ithe Met158 alters the interactions between the Arg177 side chain and the cMyBP-C RASK domain, which is important for interactions with tropomyosin). Therefore. it increases the sensitivity to calcium leading to loss of the restrain to actin-myosin interaction, increased maximal force and hypertrophy. 

Association of variants in MYH7, MYBPC3 and TNNT2 with sudden cardiac death-related risk factors in Brazilian patients with hypertrophic cardiomyopathy 10.1016/j.fsigen.2021.102478  Hypertrohpic  Cardiomyopathy  M Y B P C 3 N A c . 2 2 3 G > A   p . D 7 5 N ECO:0006341. Computational structure modeling evidence I n  s i l i c o DNA extraction and analysis, exon-targeted gene sequencing, sequencing data analysis, variant classification, molecular modeling analysis, statistical analysis. 19 functional variants were identified in MYBPC3 (n = 9), MYH7 (n = 6) and TNNT2 (n = 4). p.V al158Met was investigated by molecular modeling analysis, with Modeller v9.22 and visualized in PyMol. in silico prediction tools: PROVEAN, SIFT, PolyPhen-2, MutationTaster2 and others. The functional effect of benign variant MYBPC3 p.Val158Met was investigated by molecular modeling analysis, with Modeller v9.22 and visualized in PyMol. N A N A N A N A Several prediction tools: polyphen (2 versions), sift, mutation taster, fathmm (2 versions) N A Several prediction tools: polyphen (2 versions), sift, mutation taster, fathmm (2 versions) Statistical analysis was performed using SPSS v.26 (IBM, Chicago, IL , USA). Categorical variables are shown as frequency and were compared using Fischer Exact test. Continuous variables with normal distribution according to the Kolmogorov-Smirnov test are shown as mean and standard deviation and were compared by t-test, whereas variables with skew distributions are shown as median and interquartile range and were compared by Mann-Whitney test. Univariate logistic regression analysis was performed to evaluate the association of genet ic variants with severe LVH and other Sudden Cardiac Death-related risk factors. P-values < 0.05 were considered statistically significant. S t a t s Y e s The study protocol was approved by the Ethics Committee of the IDPC (Protocol#4008) and conducted according to good clinical practices and the Declaration of Helsinki guidelines (as revised in 2013). All subjects signed an approved written informed consent before enrollment. Genomic DNA was isolated from EDTA-anticoagulated whole blood samples using DNA QIAmp DNA Blood kit (Qiagen Inc., Valencia, USA) according manufacturer’s instructions and its purity and integrity was analyzed using NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, USA) and agarose gel electrophoresis. The DNA concentration was measured using the Qubit®2.0 Fluorometer (Life Technologies, Carlsbad, USA). An exon-targeted gene sequencing strategy was used for sequencing. DNA samples (50 ng/µL) were used to prepare libraries using Nextera® Enrichment Sample Preparation kit (Illumina Inc., San Diego, USA). DNA libraries were purified and quantified using KAPA Library Quantification Kit (KAPA Biosystems, Inc., Wilmington, USA), and were further sequenced using MiSeq® v2 reagent kit (300 cycles) and MiSeq® System (SN M02877) (Illumina Inc., San Diego, USA). Primary analysis of DNA sequencing data was performed using Real Time Analysis and MiSeq Reporter tool. The quality of the data was analyzed using FASTQC tool v0.11.9. Secondary analysis was performed using SAMtools v.1.10 to process FASTQ generated data. Sequences were aligned against the Genome Reference Consortium Human Build 37 patch release 13 (GRCh37.p13) using Burrows-Wheeler Alignment v.0.7.17. Variant calling process was performed using Genome Analysis Tool Kit v.4.0.1, Picard v2.21.4 algorithm and the Best Practices recommendations. Tertiary analysis consisted of annotating the sequence variants using ANNOVAR functional prediction tools such as: PROVEAN, SIFT , PolyPhen-2, MutationTaster2 and others. The Integrative Genomics Viewer v.2.8.3 was used to verify variants annotation and analyze clinical significance. The functional effect of the benign variant MYBPC3 p.Val158Met was investigated by molecular modeling analysis. The crystallographic structure of the cMyBP-C (PDB: 6g2t) was selected from the Protein data bank (https://www.rcsb.org/) using information on crystal quality data (classification, organism, expression system, method used to construct the crystal, crystal resolution, R-value free, R-value work and catalytic site amino acids [25]. The predictive structure of the p.Val158Met variant was built by homology modelling using Modeller v9.22 (https:// salilab.org/modeller/) and the model with less energy value was selected according to the discrete optimized protein energy score. The molecular interactions of the predicted structure were evaluated by Ramachandran plots (http://mordred.bioc.cam.ac.uk/~rapper/rampa ge.php). Before the docking protein-protein, sulphate, crystallization buffer molecules, glycerol and water molecules were removed from the binding pocket and hydrogen atoms were added in standard geometry using the Biopolymer module implemented in the SYBYL 2.1 platform (Tripos, St . Louis, MO, USA). Finally, the polar hydrogens were added and docking protein-protein was performed used ClusPro 2.0 server (https://cluspro. bu.edu/). Docking protein-protein results were visualized using the PyMol (https://pymol.org/2/).  Functionally normal. likely pathogenic and likely benign according to the ACMG. These variants were described to be associated with Hypertrohpic Cardiomyopathy or dilated card iomyopathy in a cohort from the German Competence Network Heart Failure study 
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Diseño y desarrollo de una fuente de datos sobre estudios funcionales asociados al criterio PS3/BS3 de las guías ACMG-AMP 2015 y aplicación en cardiopatías familiares 
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Novel mutations in sarcomeric protein genes in dilated c ardiomyopathy https://doi.org/10.1016/S0006-291X(02)02374-4 D i l a t e d  C a r d i o m y o p a t h y  M Y H 7 N A N A p . A 2 2 3 T ECO:0006341. Computational structure modeling evidence I n  s i l i c o After selecting 46 unrelated patients, mutation screening using singe-strand conformation polymorphism SSCP analysis at two different temperatures and DNA sequencing was performed. Mutations were confirmed by repeated sequencing of independent PCR products. To analyze their possible effect, visualization of structure and mutations was performed with protein modeling program INSIGHTII by Accelrys for the 3 mutations identified: 2 in MYH7 and 1 MYBPC3, and several silent variants and polymorphisms. To make sure they weren’t polymorphisms, they tested 88 unrelated control individuals. Type of mutation (all 3 mutations lead to: substitution of amino acid), localization N A N A N A N A N A N A N A N A N A Y e s This study is based on 46 unrelated patients with a diagnosis of Dilated Cardiomyopathy, who gave written informed consent for genotyping and detailed prospective phenotyping. The study was approved by the Ethic Committee of Charite, Humboldt University Berlin.  DNA was extracted from white blood cells and then amplified using polymerase chain reaction (PCR).  SSCP analysis at two different temperatures (room temperature and +4 ºC) and DNA sequencing using a BigDye RR Terminator Cycle Sequencing Kit on an ABI-Prism 310 Sequencer (Applied Biosystems, Weiterstadt, Germany). The editor for structural alignment of proteins (STRAPs) was used to align myosin sequences from SWISSPROT-sequence database and to locate the mutations in the three-dimensional structure of striated muscle myosin. Visualization of structure and mutations was performed with the protein modeling program INSIGHTII by Accelrys.  Functionally abnormal. The exchange could decrease thermostability or affect the protein folding and thus the protein motility. This substitution leads to exchange of a nonpolar side chain against an uncharged polar group. Projection using STRAP demonstrates the mutation is localized in the 50 K upper domain of the 50 kDa central domain near the ATP-binding site.  

Novel mutations in sarcomeric protein genes in dilated cardiomyopathy https://doi.org/10.1016/S0006-291X(02)02374-4 D i l a t e d  C a r d i o m y o p a t h y  M Y H 7 N A N A p . S 6 4 2 L ECO:0006341. Computational structure modeling evidence I n  s i l i c o After selecting 46 unrelated patients, mutation screening using singe-strand conformation polymorphism SSCP analysis at two different temperatures and DNA sequencing was performed. Mutations were confirmed by repeated sequencing of independent PCR products. To analyze their possible effect, visualization of structure and mutations was performed with protein modeling program INSIGHTII by Accelrys for the 3 mutations identified: 2 in MYH7 and 1 MYBPC3, and several silent variants and polymorphisms. To make sure they weren’t polymorphisms, they tested 88 unrelated control individuals. Type of mutation (all 3 mutations lead to: substitution of amino acid), localization N A N A N A N A N A N A N A N A N A Y e s This study is based on 46 unrelated patients with a diagnosis of Dilated Cardiomyopathy, who gave written informed consent for genotyping and detailed prospective phenotyping. The study was approved by the Ethic Committee of Charite, Humboldt University Berlin.  DNA was extracted from white blood cells and then amplified using polymerase chain reaction (PCR).  SSCP analysis at two different temperatures (room temperature and +4 ºC) and DNA sequencing using a BigDye RR Terminator Cycle Sequencing Kit on an ABI-Prism 310 Sequencer (Applied Biosystems, Weiterstadt, Germany). The editor for structural alignment of proteins (STRAPs) was used to align myosin sequences from SWISSPROT-sequence database and to locate the mutations in the three-dimensional structure of striated muscle myosin. Visualization of structure and mutations was performed with the protein modeling program INSIGHTII by Accelrys.  Functionally abnormal. This variation is located in the actin–myosin interaction region and may influence the local structure at this position. Our hypothesis is that mutations in the interface of actin and myosin lead to Dilated Cardiomyopathy by altering the affinity to actin. 

Novel mutations in sarcomeric protein genes in dilated cardiomyopathy https://doi.org/10.1016/S0006-291X(02)02374-4 D i l a t e d  C a r d i o m y o p a t h y  M Y B P C 3 N A N A p . N 9 4 8 T ECO:0006341. Computational structure modeling evidence I n  s i l i c o After selecting 46 unrelated patients, mutation screening using singe-strand conformation polymorphism SSCP analysis at two different temperatures and DNA sequencing was performed. Mutations were confirmed by repeated sequencing of independent PCR products. To analyze their possible effect, visualization of structure and mutations was performed with protein modeling program INSIGHTII by Accelrys for the 3 mutations i dentified: 2 in MYH7 and 1 MYBPC3, and several silent variants and polymorphisms. To make sure they weren’t polymorphisms, they tested 88 unrelated control individuals. Type of mutation (all 3 mutations lead to: substitution of amino acid), localization N A N A N A N A N A N A N A N A N A Y e s This study is based on 46 unrelated patients with a diagnosis of Dilated Cardiomyopathy, who gave written informed consent for genotyping and detailed prospective phenotyping. The study was approved by the Ethic Committee of Charite, Humboldt University Berlin.  DNA was extracted from white blood cells and then amplified using polymerase chain reaction (P CR).  SSCP analysis at two different temperatures (room temperature and +4 ºC) and DNA sequencing using a BigDye RR Terminator Cycle Sequencing Kit on an ABI-Prism 310 Sequencer (Applied Biosystems, Weiterstadt, Germany). The editor for structural alignment of proteins (STRAPs) was used to align myosin sequences from SWISSPROT-sequence database and to locate the mutations in the three-dimensional structure of striated muscle myosin. Visualization of structure and mutations was performed with the protein modeling program INSIGHTII by Accelrys.  Unknown. This mutation in MYBPC3 could not be evaluated by STRAP analysis because crystal structure is not available 

Autosomal recessive cardiomyopathy and sudden c ardiac death associated with variants in MYL3 10.1038/s41436-020-01028-2  Hypertrohpic CardiomyopathyDilated Cardiomyopathy M Y B P C 3 N A c . 1 7 0 C > A p . A 5 7 D ECO:0000179: animal model system study evidence In vivoIn vitro Morpholino knockdown of the MYL3 orthologue in zebrafish, cmlc1 (resulted in compromised cardiac function, which could not be rescued by reintroduction of MYL3 carrying either the nonsense c.106G>T or the missense c.170C>A variants). Fluorescent immunohistochemistry for MYH6 and MYH1Minigene assay of the c.482-1G>A variant (indicated a splicing defect likely resulting in disruption of the EF-hand Ca2+ binding domains) in human HEK293 cells. Rescue experiments using RNAs encoding the missense variant c.170C>A and nonsense variant c.106G>T: Cmlc1 MO and control MO Heart functionality, ability to rescue cmlc1, size of heart and chambers, blood flow 2 Control DNA for exon of interest for minigene assay, control MO 1 W T 3 MYL3 zebrafish modeling: MO: n = 10, MO + MYL3: n = 7, MO + 170C>A: n = 9 Biological: wildtype/mutantsZebrafish modeling and minigene assay: Morphants: Con: n = 10, MO: n = 10, MO + MYL3: n = 7, MO + 170C>A: n = 9, MO + 106G>T: n = 9Cmlc1: 120, overexpression of MYL3 RNA in cmlc1 morphants: 29, coinjection c.170C>A and x.106G>T: 26, coinjections of c.170C>A RNA with control mo: 36, c.106G>T: 58, injection of c.106G>T RNA with control mo: 53 Data are presented as mean±SEM. Statistical significance was evaluated using an unpaired t test in Graphpad Prism version 8.4.3 and a p value <0.001 I n  s i l i c o  p r e d i c t o r s  Y e s Clinical evaluation was performed by experienced cardiologists. Blood samples were obtained from the patients, their parents, siblings, and additional family members in some families. Extraction of genomic DNA was performed from whole blood, 2 using DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. Next generation sequencing was performed, and data analysed using the Ingenuity Variant Analysis (IVA) software (Qiagen, Hilden Germany). Zebrafish studies were performed to analyze MYL3, all conducted in compliance with the UK Animals (Scientific Procedures) Act 1986. The studies were approved by a local (St George’s University of London) ethical review committee and licensed under the Home Office granted project license P3DFD3131. Wildtype (AB × Tup LF) zebrafish were used for all zebrafish experiments. Antisense MO oligonucleotides (Genetools, LLC) were generated. Morpholino was injected into the yolk of 1–2 cell staged embryos and incubated at 28.5 °C until the desired stage. For MYL3 rescue experiments, full human MYL3 was commercially synthesized with BamHI/XhoI linkers and directionally cloned into pCS2+ at the BamHI/XhoI sites (GenScript). Patient variants were commercially generated using site directed mutagenesis of the pCS2+_MYL3 construct (GenScript). Fluorescent immunohistochemistry for MYH6 (supernatant S46, Developmental Studies Hybridoma Bank) and MYH1 (supernatant MF20, Developmental Studies Hybridoma Bank) were performed using standard techniques on 4% paraformaldehyde (PFA) fixed embryos, using appropriate primary  and secondary antibodies. Embryos were mounted on a 27mm glass bottom dish (ThermoFisher, cat #150682) and imaged using a Nikon A1R confocal microscope. Minigene assays were performed as in previous works with slight modifications. The exon of interest were PCR amplified and d control DNA using 2X SuperFi (ThermoFisher Scientific) and cloned into the pCas2.1 minigene construct (a kind gift from Dr. Alexandra Martins) using BamHI/MluI (ThermoFisher Scientific) to generate pCas2.1- MYL3_e5. The mutation of interest (c.482-1G>A) was incorporated using the Q5 site-directed mutagenesis kit (New England Biolabs). Purification of plasmids was performed using a QIAprep miniprep kit 5 (QIAGEN) and sequences verified by Sanger sequencing. Expression constructs were transfected into human HEK293FT cells using Lipofectamine 3000 (ThermoFisher Scientific), and RNA harvested after 24 hours using an RNeasy mini kit (QIAGEN). cDNA was generated using SuperScript III reverse transcriptase (ThermoFisher Scientific). Splicing differences were assessed by comparing RT-PCR and sequencing the results. Sequence alignments were performed in benchling (benchling.com) using the MAFFT algorithm. Functionally abnormal. Homozygous missense substitution that leads to substitution of an evolutionarily highly conserved residue (p.[Ala57Asp]) within the EF-hand Ca2+ binding motif of ELC. The EF hand motifs function as calcium sensors, which undergo conformational change upon binding of calcium that is critical for proper muscle contraction, force production and cardiac function.  

Autosomal recessive cardiomyopathy and sudden cardiac death associated with variants in MYL3 10.1038/s41436-020-01028-2  Hypertrohpic CardiomyopathyDilated Cardiomyopathy M Y B P C 3 N A c . 1 0 6 G > T p . E 3 6 T e r ECO:0000179: animal model system study evidence In vivoIn vitro Morpholino knockdown of the MYL3 orthologue in zebrafish, cmlc1 (resulted in compromised cardiac function, which could not be rescued by reintroduction of MYL3 carrying either the nonsense c.106G>T or the missense c.170C>A variants). Fluorescent immunohistochemistry for MYH6 and MYH1Minigene assay of the c.482-1G>A variant (indicated a splicing defect likely resulting in disruption of the EF-hand Ca2+ binding domains) in human HEK293 cells. Rescue experiments using RNAs encoding the missense variant c.170C>A and nonsense variant c.106G>T: Cmlc1 MO and control MO Heart functionality, ability to rescue cmlc1, size of heart and chambers, blood flow 2 Control DNA for exon of interest for minigene assay, control MO 1 W T 3 MYL3 zebrafish modeling: MO: n = 10, MO + MYL3: n = 7, MO + 106G>T: n = 9 Biological: wildtype/mutantsZebrafish modeling and minigene assay: Morphants: Con: n = 10, MO: n = 10, MO + MYL3: n = 7, MO + 170C>A: n = 9, MO + 106G>T: n = 9Cmlc1: 120, overexpression of MYL3 RNA in cmlc1 morphants: 29, coinjection c.170C>A and x.106G>T: 26, coinjections of c.170C>A RNA with control mo: 36, c.106G>T: 58, injection of c.106G>T RNA with control mo: 53 Data are presented as mean±SEM. Statistical significance was evaluated using an unpaired t test in Graphpad Prism version 8.4.3 and a p value <0.001 I n  s i l i c o  p r e d i c t o r s  Y e s Clinical evaluation was performed by experienced cardiologists. Blood samples were obtained from the patients, their parents, siblings, and additional family members in some families. Extraction of genomic DNA was performed from whole blood, 2 using DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. Next generation sequencing was performed, and data analysed using the Ingenuity Variant Analysis (IVA) software (Qiagen, Hilden Germany). Zebrafish studies were performed to analyze MYL3, all conducted in compliance with the UK Animals (Scientific Procedures) Act 1986. The studies were approved by a local (St George’s University of London) ethical review committee and licensed under the Home Office granted project license P3DFD3131. Wildtype (AB × Tup LF) zebrafish were used for all zebrafish experiments. Antisense MO oligonucleotides (Genetools, LLC) were generated. Morpholino was injected into the yolk of 1–2 cell staged embryos and incubated at 28.5 °C until the desired stage. For MYL3 rescue experiments, full human MYL3 was commercially synthesized with BamHI/XhoI linkers and directionally cloned into pCS2+ at the BamHI/XhoI sites (GenScript). Patient variants were commercially generated using site directed mutagenesis of the pCS2+_MYL3 construct (GenScript). Fluorescent immunohistochemistry for MYH6 (supernatant S46, Developmental Studies Hybridoma Bank) and MYH1 (supernatant MF20, Developmental Studies Hybridoma Bank) were performed using standard techniques on 4% paraformaldehyde (PFA) fixed embryos, using appropriate primary  and secondary antibodies. Embryos were mounted on a 27mm glass bottom dish (ThermoFisher, cat #150682) and imaged using a Nikon A1R confocal microscope. Minigene assays were performed as in previous works with slight modifications. The exon of interest were PCR amplified and d control DNA using 2X SuperFi (ThermoFisher Scientific) and cloned into the pCas2.1 minigene construct (a kind gift from Dr. Alexandra Martins) using BamHI/MluI (ThermoFisher Scientific) to generate pCas2.1- MYL3_e5. The mutation of interest (c.482-1G>A) was incorporated using the Q5 site-directed mutagenesis kit (New England Biolabs). Purification of plasmids was performed using a QIAprep miniprep kit 5 (QIAGEN) and sequences verified by Sanger sequencing. Expression constructs were transfected into human HEK293FT cells using Lipofectamine 3000 (ThermoFisher Scientific), and RNA harvested after 24 hours using an RNeasy mini kit (QIAGEN). cDNA was generated using SuperScript III reverse transcriptase (ThermoFisher Scientific). Splicing differences were assessed by comparing RT-PCR and sequencing the results. Sequence alignments were performed in benchling (benchling.com) using the MAFFT algorithm. Functionally abnormal. Homozygous translation stop codon variant that introduces a premature termination codon at position 36 (p.[Glu36Ter]). It appears to cause a more severe phenotype resulting in early Sudden Cardiac Death and fatality 

Autosomal recessive cardiomyopathy and sudden cardiac death associated with variants in MYL3 10.1038/s41436-020-01028-2  Hypertrohpic CardiomyopathyDilated Cardiomyopathy M Y B P C 3 N A c . 4 8 2 - 1 G > A N A ECO:0000179. Animal model system study evidenceBAO:BAO_0000129. ImmunoassayECO:0000013. Transgenic rescue experiment assay. In vivoIn vitro 
Morpholino knockdown of the MYL3 orthologue in zebrafish, cmlc1 (resulted in compromised cardiac function, which could not be  rescued by reintroduction of MYL3 carrying either the nonsense c .106G>T or the missense c .170C>A variants). Fluorescent immunohistochemistry for MYH6 and MYH1
 
Minigene assay of the c.482-1G>A variant (indicated a splicing defect likely resulting in disruption of the EF-hand Ca2+ binding domains) in human HEK293 cells. Rescue experiments using RNAs encoding the missense variant c.170C>A and nonsense variant c.106G>T: Cmlc1 MO and control MO 

Heart functionality, ability to rescue cmlc1, size of heart and chambers, blood flow 2 Control DNA for exon of interest for minigene assay, control MO 1 W T 3 N A Biological: wildtype/mutantsZebrafish modeling and minigene assay: Morphants: Con: n = 10, MO: n = 10, MO + MYL3: n = 7, MO + 170C>A: n = 9, MO + 106G>T: n = 9Cmlc1: 120, overexpression of MYL3 RNA in cmlc1 morphants: 29, coinjection c.170C>A and x.106G>T: 26, coinjections of c.170C>A RNA with control mo: 36, c.106G>T: 58, injection of c.106G>T RNA with control mo: 53 Data are presented as mean±SEM. Statistical significance was evaluated using an unpaired t test in Graphpad Prism version 8.4 .3 and a p value <0.001 I n  s i l i c o  p r e d i c t o r s  Y e s 
Clinical evaluation was performed by experienced cardiologists. Blood samples were obtained from the patients, their parents, siblings, and additional family members in some families. Extraction of genomic DNA was performed from whole blood, 2 using DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. Next generation sequencing was performed, and data analysed using the Ingenuity Variant Analysis (IVA) software (Qiagen, Hilden Germany). 
 
Zebrafish studies were performed to analyze MYL3, all conducted in compliance with the UK Animals (Scientific Procedures) Act 1986. The studies were approved by a local (St George’s University of London) ethical review committee and licensed under the Home Office granted project license P3DFD3131. Wildtype (AB × Tup LF) zebrafish were used for all zebrafish experiments. Antisense MO oligonucleotides (Genetools, LLC) were generated. Morpholino was injected into the yolk of 1–2 cell staged embryos and incubated at 28.5 °C until the desired stage. For MYL3 rescue experiments, full human MYL3 was commercially synthesized with BamHI/XhoI linkers and directionally cloned into pCS2+ at the BamHI/XhoI sites (GenScript). Patient variants were commercially generated using site directed mutagenesis of the pCS2+_MYL3 construct (GenScript). Fluorescent immunohistochemistry for MYH6 (supernatant S46, Developmental Studies Hybridoma Bank) and MYH1 (supernatant MF20, Developmental Studies Hybridoma Bank) were performed using standard techniques on 4% paraformaldehyde (PFA) fixed embryos, using appropriate primary  and secondary antibodies. Embryos were mounted on a 27mm glass bottom dish (ThermoFisher, cat #150682) and imaged using a Nikon A1R confocal microscope. Minigene assays were performed as in previous works with slight modifications. The exon of interest were PCR amplified and d control DNA using 2X SuperFi (ThermoFisher Scientific) and cloned into the pCas2.1 minigene construct (a kind gift from Dr. Alexandra Martins) using BamHI/MluI (ThermoFisher Scientific) to generate pCas2.1- MYL3_e5. The mutation of interest (c.482-1G>A) was incorporated using the Q5 site-directed mutagenesis kit (New England Biolabs). Purification of plasmids was performed using a QIAprep miniprep kit 5 (QIAGEN) and sequences verified by Sanger sequencing. Expression constructs were transfected into human HEK293FT cells using Lipofectamine 3000 (ThermoFisher Scientific), and RNA harvested after 24 hours using an RNeasy mini kit (QIAGEN). cDNA was generated using SuperScript III reverse transcriptase (ThermoFisher Scientific). Splicing differences were assessed by comparing RT-PCR and sequencing the results. Sequence alignments were performed in benchling (benchling.com) using the MAFFT algorithm. 

Functionally abnormal. Presumable homozygous essential splice acceptor variant . Predicted to abolish the acceptor splice-site of MYL3 exon 5 (=exon 5 skipping) by in silico splicing programs, likely leading to an abnormal or absent protein. Functional assay: leads to the disruption of EF-hand Ca2+ binding motifs of the myosin ELC. appear to cause a more severe phenotype resulting in early Sudden Cardiac Death and fatality 

Mutations of Presenilin Genes in Dilated Cardiomyopathy and Heart Failure 1 0 . 1 0 8 6 / 5 0 9 9 0 0  D i l a t e d  C a r d i o m y o p a t h y  P S E N 1 N A c . 9 9 8 A > G p . D 3 3 3 G BAO:BAO_0010252. Protein expression assay I n  v i t r o Tissue studies, fibroblast calcium studies, protein alignments Measurement of [Ca2+], sequence alignments 3 
To identify mutations: DNA samples, used as unaffected controls with no cardiovascular or neurological disease, totaled 413 individuals.
 
Tissue studies (histology). Sections from patients with AD, Lewy body disease, or amyloidogenic cardiomyopathy were obtained from the Oregon Brain Bank and were used as positive controls.  

N A N A 4 control patient 1 (six dishes; 453 cells), control patient 2 (four dishes; 241 cells), control patient 3 (three dishes; 98 cells), a PSEN1 mutation carrier (eight dishes; 440 cells) Biological: wildtype/mutants control patient 1 (six dishes; 453 cells), control patient 2 (four dishes; 241 cells), control patient 3 (three dishes; 98 cells), a PSEN1 mutation carrier (eight dishes; 440 cells), and a PSEN2 mutation carrier (eight dishes; 561 cells) Mean ± SEM, p<0.0001, Bonferroni, dunn t test S t a t s ,  c o n t r o l s Y e s DNA was prepared from fresh whole blood. PCR was used to amplify each coding exon of PSEN1 and PSEN2 and known DCM-causative genes (LMNA, MYH7, TNNT2, SCN5A, CSRP3 and PLN). PCR products were sequenced in the forward and reverse directions (primer sequences and PCR conditions are available at the OHSU Familial Dilated Cardiomyopathy Research Project Web site). All tissues were fixed in formalin, were embedded in paraffin, and were stained by routine histological procedures. Immunoperoxidase studies were performed using the Vector ABC horseradish peroxidase kit with use of primary antibodies against amyloid-β peptide, hyperphosphorylated tau, α-synuclein and oligomerized protein. Sections from patients with AD, Lewy body disease, or amyloidogenic cardiomyopathy were obtained from the Oregon Brain Bank and were used as positive controls. Measurement of [Ca2+] was performed using fluorescence microscopy and the Ca2+-sensitive indicator fura-2 as described elsewhere. Firborblasts were grown on uncoated glass-bottom dishes (MatTek) and were incubated for 30–45 min with fura-2/AM with Pluronic (Molecular Probes). After washing twice and allowing 30– 60 min to complete ester hydrolysis, fibroblasts were perfused with buffer (pH 7.4, at room temperature). Fibroblasts were illuminated using an inverted microscope (Nikon TE2000E). Images were visualized using an ORCA ER CCD camera (Hamamatsu Photonics) and were binned and stored for subsequent analysis (MetaFluor [Molecular Devices]). Estimated Ca2+ concentration was determined as described elsewhere with background correction, in vitro calibration and dissociation co nstant of 224nm. Multiple sequence alignments were performed with the CLUS-TALW algorithm and BOXSHADE program. Protein sequences were obtained from GenBank.  Functionally abnormal. Novel missense variant that altered highly conserved amino acids, expected significant impact on structure and function of PSEN1. Altered calcium signaling was observed in cultured skin fibroblasts derived from mutation carriers. Manifest as aggressive Dilated Cardiomyopathy and advanced heart failure that usually resulted in the necessity of cardiac transplantation or in death. 

Mutations of Presenilin Genes in Dilated Cardiomyopathy and Heart Failure 1 0 . 1 0 8 6 / 5 0 9 9 0 0  D i l a t e d  C a r d i o m y o p a t h y  P S E N 2 N A c . 3 8 9 C > T p . S 1 3 0 L BAO:BAO_0010252. Protein expression assay I n  v i t r o Tissue studies, fibroblast calcium studies, protein alignments Measurement of [Ca2+], sequence alignments 3 
To identify mutations: DNA samples, used as unaffected controls with no cardiovascular or neurological disease, totaled 413 individuals.
 
Tissue studies (histology). Sections from patients with AD, Lewy body disease, or amyloidogenic cardiomyopathy were obtained from the Oregon Brain Bank and were used as positive controls.  

N A N A 4 control patient 1 (six dishes; 453 cells), control patient 2 (four dishes; 241 cells), control patient 3 (three dishes; 98 cells), and a PSEN2 mutation carrier (eight dishes; 561 cells) Biological: wildtype/mutants control patient 1 (six dishes; 453 cells), control patient 2 (four dishes; 241 cells), control patient 3 (three dishes; 98 cells), a PSEN1 mutation carrier (eight dishes; 440 cells), and a PSEN2 mutation carrier (eight dishes; 561 cells) Mean ± SEM, p<0.0001, Bonferroni, dunn t test S t a t s ,  c o n t r o l s Y e s DNA was prepared from fresh whole blood. PCR was used to amplify each coding exon of PSEN1 and PSEN2 and known DCM-causative genes (LMNA, MYH7, TNNT2, SCN5A, CSRP3 and PLN). PCR products were sequenced in the forward and reverse directions (primer sequences and PCR conditions are available at the OHSU Familial Dilated Cardiomyopathy Research Project Web site). All tissues were fixed in formalin, were embedded in par affin, and were stained by routine histological procedures. Immunoperoxidase studies were performed using the Vector ABC horseradish peroxidase kit with use of primary antibodies against amyloid-β peptide, hyperphosphorylated tau, α-synuclein and oligomerized protein. Sections from patients with AD, Lewy body disease, or amyloidogenic cardiomyopathy were obtained from the Oregon Brain Bank and were used as positive controls. Measurement of [Ca2+] was performed using fluorescence microscopy and the Ca2+-sensitive indicator fura-2 as described elsewhere. Firborblasts were grown on uncoated glass-bottom dishes (MatTek) and were incubated for 30–45 min with fura-2/AM with Pluronic (Molecular Probes). After washing twice and allowing 30– 60 min to complete ester hydrolysis, fibroblasts were perfused with buffer (pH 7.4, at room temperature). Fibroblasts were illuminated using an inverted microscope (Nikon TE2000E). Images were visualized using an ORCA ER CCD camera (Hamamatsu Photonics) and were binned and stored for subsequent analysis (MetaFluor [Molecular Devices]). Estimated Ca2+ concentration was determined as described elsewhere with background correction, in vitro calibration and dissociation constant of 224nm. Multiple sequence alignments were performed with the CLUS-TALW algorithm and BOXSHADE program. Protein sequences were obtained from GenBank.  Functionally abnormal. Missense variant that altered highly conserved amino acids, changes hygrophilic aminoacid to hydrophob ic. Milder cardiovascular disease, didn’t predispose to lethality and showed a more favorable response to medical therapy. 
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Diseño y desarrollo de una fuente de datos sobre estudios funcionales asociados al criterio PS3/BS3 de las guías ACMG-AMP 2015 y aplicación en cardiopatías familiares 
 
 

 
 

Non-ventricular, Clinical, and Functional Features of the RyR2R420Q Mutat ion Causing Catecholaminergic Polymorphic Ventricular T achyc ardia I:  10.1016/j.rec.2014.04.023  Catecholaminergic polymorphic ventricular tachycardia R Y R 2 N A N A p . R 4 2 0 Q ECO:0001816. Green fluorescent protein reporter gene assay evidence I n  v i t r o The RyR2R420Q mutation was generated in HEK-293 cells using site-directed mutagenesis to conduct in vitro functional studies, after an ECG study, exercise testing and optional epinephrine challenge + sequencing were done. DNA obtained from whole blood or paraffin-embedded myocardium. KCNJ2 gene was also sequenced due to its effect in Andersen Tawil syndryome. Transfected HEK293 cells with R420Q and WT. Studied by confocal microscopy with green fluorescent protein-tagged R420Q and WT. Ca2+ current and concentration: Ca2+ release (caffeine-evoked), activating and inactivating curve, EC50, IC50; and spontaneous [Ca2+] oscillations.  (intact HEK 293 cells, no las mismas que en el punto de antes) N A N A 1 W T 2 Caffeine-induced calcium release: N= 20-50 cells per groupEnhanced GFP: 241 Biological: wildtype/mutantsCaffeine-induced calcium release: N= 20-50 cells per group (R420Q and WT).Enhanced green fluorescent protein: WT: 195, RYR2 R420Q: 241 Clinical continuous variables were expressed as mean (standard deviation), laboratory, continuous variables as mean (standard error mean), and Student t tests for comparison between groups were applied. Dichotomous variables were expressed as percentages and the chi-square test for comparison between groups was applied (Fisher exact correction, when applicable). A 2-tailed P value < 0.05 was considered statistically significant. In the analyses, SPSS 12.0 software (SPSS, Inc.; Chicago, Illinois, United States) was used. S t a t s ,  n e g  c o n t r o l s  Y e s Declaration of Helsinki and previously approved by the local research ethics committee. Informed consent was obtained from each individual. Electrocardiogram, echocardiography blood sampling, and maximal ET (Bruce protocol) were performed to determine CPVT phenotype. DNA was obtained from whole blood (relatives) or from paraffin-embedded myocardium (proband). Targeted mutational RyR2 analysis (direct sequencing of relevant exons and adjacent intronic regions) with an ABI Prism 3100 sequencer (Applied Biosystems) in the individual identified the mutation. KCNJ2 gene was also sequenced to check possible Andersen Tawil syndrome. RyR2 site-directed mutagenesis was performed to create the mutant RyR2 from a plasmid encoding human cardiac N-terminal RyR (Genbank X98330). The final construct was generated by SanDI/SpeI digestion and inserted into a pcDNA3 (Invitrogen) containing full -length, RyR2- enhanced, green fluorescent protein. HEK-293 cells (European Collection of Cell Culture Agency, Salisbury, United Kingdom) were transfected. Resuspension and protein separation were achieved through SDS-PAGE. Proteins were electrophoretically transferred to a polyvinylidenedifluoride membrane (Immobilon-P, Millipore) using a semi-dry transfer system (Trans-Blot SD, Bio-Rad) at 22 V for 4 h and primary antibody was applied at 1:1000 dilution overnight at 4ºC. Immunoreactive protein bands were visualized by enhanced chemiluminescence detection (ECL, Amersham Biosciences). For intracellular Ca2+ imaging, HEK-293 cells were plated in polylysineD-coated, glass-bottom Petri dishes (MatTek; Ashland, United States) and transfected with enhanced green fluorescent protein-tagged mutant and WT plasmids. Cells were activated with caffeine and Ca2+ transients were recorded using confocal microscopy (Zeiss LSM 510 water-immersion objective x63; numerical aperture 1.2). For other experiments in intact HEK293 cells, cells were loaded with fluo-4AM(acetoxymethyl ester) and image analyses were performed by Zeiss LSM 510 v2.8 software. Functionally abnormal. the RyR2R420Q expressing cells showed a smaller peak of Ca2+ release than RyR2 wild-type cells. However, at physiologic intracellular Ca2+ concentration, equivalent to the diastolic cytosolic concentration, the RyR2R420Q released more Ca2+ and oscillated faster than RyR2 wild-type cells. → Collectively, functional heterologous expression studies suggest that the RyR2R420Q behaves as an aberrant channel, as a loss- or gain-of-function mutation depending on cytosolic intracellular Ca2+ concentration. 

Clinical and molecular characterization of a cardiac ryanodine receptor founder mutation causing c atecholaminergic polymorphic ventric ular tachycardia 10.1016/j.hrthm.2015.03.033  Catecholaminergic polymorphic ventricular tachycardia R Y R 2 N A N A p . G 3 5 7 S BAO:BAO_0010252. Protein expression assayBAO:BAO_0003005. Phosphorylation assay I n  v i t r o Genetic testing and functional studies. In vitro functional studies included caffeine sensitivity and store overload–induced calcium release activity of the mutant channel in HEK293 cells.Genetic analysis of RYR2 and CASQ2 (mutation screening of DNA samples from peripheral blood lymphocytes). Comparison/check in reference databases (dbSNP, 1000Genomes, Exome Variant Server and NHLBI GO exome sequencing project). Potential pathogenicity in silico tool predictions: Polyphen-1, PolyPhen-2,Condel, Provean, PhDSNP7, PmutNext generation sequencing analysis: 55 genes involved in Sudden Cardiac Death related pathologies (CACNA1C, CACNB2, GPD1L, HCN4, SCN5A, ANK2, CACNA1C, CAV3, KCNE1, KCNE2, KCNH2, KCNJ2, KCNQ1, RYR2, SCN4B, SCN5A,CACNA1C, CACNB2, KCNH2, KCNJ2, KCNQ1,CASQ2, KCNJ2, RYR2,ACTC1, ACTN2, CAV3, CSRP3, GLA, JPH2, LAMP2, LDB3, MYBPC3, MYH6, MYH7, MYL2, MYL3, MYOZ2, PDLIM3, PLN, PRKAG2, RYR2, TCAP, TNNC1, TNNI3, TNNT2, TPM1, TTN, VCL,ACTC1, ACTN2, CAV3, CRYAB, CSRP3, DES, DMD, DSC2, DSG2, DSP, EMD, LAMP2, LDB3, LMNA, MYB, PC3, MYH6, MYH7, PKP2, PLN, SCN5A, SGCD, TAZ, TCAP, TNNC1, TNNI3, TNNT2, TPM1, TTN, VCL,DES, DSC2, DSG2, DSP, JUP, LMNA, PKP2, PLN, TGFB3, TTN).Generation of HEK293 cell lines: expressing RYR2 wild type (WT) and G357S mutant (G357S). Expression assessed with immunofluorescence. Single-cell calcium imaging (intracellular Ca2+ transients and caffeine sensitivity were measured) and LC-MS/MS analysis of RYR2 purified. Caffeine sensitivity, store overload–induced calcium release activity of the mutant channels and phosphorylation. N A N A 1 W T 2 Caffeine sensitivity: 7SOICR activity: 298Forskolin 5micoM: 6 Biological: wildtype/mutantsnumber of samples va cambiandoPhosphorylation of serine residues increases resting open probability of RYR2 promoting calcium leak from sarcoplasmic reticulum, caffeine sensitivity of G357S channel was higher than WT channel (n=7), SOICR activity was significantly higher in G357S than cells expressing RYR2 WT (WT n=234, G357S n=298).  Medians, standard error of the mean (SEM), and proportions were calculated. Continuous variables are reported as mean ± SEM, and categorical variables are expressed as frequencies. Differences between groups were evaluated using Chi-squared test, Student ’s t-test, Fisher’s Exact test, Mann-Whitney, or two-way ANOVA. P value < 0.05 was considered statistically significant. Arrhythmia scores were analyzed with Wilcoxon Rank Test and Shapiro-Wilk test. In silico prediction tools, stats, neg control Y e s Mutation screening was performed on genomic DNA samples extracted from peripheral blood lymphocytes using a commercial kit (Gentra System, Minneapolis, MI, USA) or Chemagic MSM I from Chemagic human blood. CASQ2 and RyR2 were genetically analyzed, amplified (Verities PCR, Applied Biosystems, Austin, TX, USA) and re-analyzed by direct sequencing. PCR products were purified with reagent (ExoSAP-IT, United States Biochemical Corporation, Cleveland, OH, USA) and directly sequenced (BigDye Terminator v3.1 Cycle Sequencing Kit and 3130XL Genetic Analyser, both from Applied Biosystems) and compared to reference sequences. The protocol for genetic testing was approved by the Ethics Committee of the affiliated institutions, and all living individuals gave written informed consent. The genetic variant was checked by interrogating 5 databases (HGMD, dbSNP, 1000 Genomes, EVS and Go ESP). DNA sample was fragmented by Bioruptor (Diagenode). Library preparation was performed according to the manufacturer’s instructions (SureSelect XT Custom 0.5-2.9Mb library, Agilent Technologies, Inc) and sequenced on MiSeq System (Illumina). Stable, inducible HEK293 cell lines expressing WT or mutant were a kind gift from Wayne Chen (University of Calgary, Canada). Cells were generated using Flp-In T-REx Core Kit from Invitrogen. Expression of the channels was assessed by immunofluorescence, for which cells were grown on glass coverslips for 48h upon incubation with or without tetracycline and intracellular Ca2+ transients were measured using single-cell Ca2+ imaging with the fluorescence Ca2+ indicator dye fluo-4 acetoxymethyl ester (Invitrogen).To analyze RyR2 caffeine sensitivity, cells were grown on glass coverslips pretreated with poly-lysine (Sigma-Aldrich) for 48 h, and expression was induced by tetracycline. Cells were loaded with fluo-4AM in Krebs-Ringer-Hepes (KRH) buffer for 30 min at room temperature and caffeine sensitivity was measured with different concentrations of caffeine and in conditions that mimic catecholaminergic stress. To analyze SOICR activity on channels, cells were grown on 24-wellplates pretreated with poly-lysine for 48 h and RyR2 expression was induced by tetracycline. Cells were loaded with Ca2+ indicator dye fluo-4 in KRH for 30 min at room temperature 48 h after induction. They were incubated for 30 min with different external Ca2+ concentrations in KRH at room temperature and mimicking catecholaminergic stress. Spontaneous release activity under different forskolin concentrations was analyzed, incubated for 30 min with different forskolin concentrations. RyR2 protein was immunopurified from HEK293 cell lysates using mouse anti-RyR2 monoclonal antibody (Affinity Bioreagents) and resolved by 6% SDS-PAGE. Bands were excised and protein was digested and analyzed by MALDITOF (Brucker) and LC-MS/MS (Thermo Fisher Scientific Velos Pro). To assess phosphorylation of full-length RyR2, cells were grown on petri dishes and treated with forskolin in KRH and treated to perform a liquid chromatography with an aliquot (nanoAcquity liquid chromatography (Waters, Mildford MA, USA) LTQ OrbitrapVelos (Thermo Fisher Scientific) system). Data was acquired using the Thermo Xcalibur (v.2.1.0.1140) software. Protein identification was performed with Proteome Discoverer (v.1.3.0.339) and the Sequest search engine against the Uniprot mouse FASTA database. Carbamidomethylation of cysteines was set as static modification as were oxidation of methionine and phosphorylation of S, T and Y as variable modifications. In vitro assays were done using synthetic peptides. cAMP-dependent Protein Kinase (PKA), catalytic subunit (New England Biolabs) was incubated with ARP and peptide for 3h at 30º. Formation of phosphorylated peptide species was assessed by mass spectrometry (Ultraflex matrix-assisted laser desorption/ionization time-of-flight, MALDI-TOF, Brucker Daltonics). Mass spectra (m/z 900-4000) were acquired in the positive ion mode. Analysis was done using FlexAnalysis v.2.0. To allocate phosphorylation sites, samples were analyzed by LC-MS/MS using the same settings as before and multistage activation.       Functionally abnormal. Pathogenicity might depend on β-adrenergic stimulation, which may underlie the variable phenotypic expression and incomplete penetrance of the disease in this family. Nevertheless, the description of the precise mechanism(s) that underlies pathogenicity of RyR2 G357S exceeds the scope of the present study. Phosphorylation of serine residues increases resting open probability of RYR2 promoting calcium leak from sarcoplasmic reticulum, caffeine sensitivity of G357S channel was higher than WT channel (n=7), SOICR activity was significantly higher in G357S than cells expressing RYR2 WT (WT n=234, G357S n=298). 

A novel RYR2 loss-of-function mutation (I4855M) is associated with left ventricular non-compaction and atypical catecholaminergic polymorphic ventricular tachyc ardia. https://doi.org/10.1016/j.jelectrocard.2016.09.006 Catecholaminergic polymorphic ventricular tachycardia R Y R 2 N A N A p . I 4 8 5 5 M MMO:0000250. Intracellular calcium assay In vitroIn silico Homology modelling: MODELER program based on rabbit RyR1Functional characterization: Caffeine-induced Ca2+ release in HEK293 cells Caffeine-induced Ca2+ release. N A N A 1 W T 2 8 Biological: wildtype/mutantsn=8 M e a n  ±   S E M ,  p < 0 . 0 5  I n  s i l i c o  p r e d i c t i o n s Y e s The family was consented for enrollment in our International Catecholaminergic polymorphic ventricular tachycardia Registry, which is approved by our institutional ethical review board. We created a homology model of the RyR2 pore-forming region to determine variant location based on existing molecular data. The program MODELER was used based on the cryo -EM structure of rabbit RyR1 (65.4% overall sequence identity with human RyR2). The I4855M mutant was functionally characterized by using a caffeine-induced Ca 2+ release assay in HEK293 cells. HEK293 cells were transfected with 12 μg of wild type (WT) or I4855M mutant RyR2 cDNAs. Cells grown for 18–20 h after transfection were harvested and loaded with Fluo-3 AM (Molecular Probes) in high glucose Dulbecco's Modified Eagle Medium at room temperature for 60 min. The fluorescence intensity of Fluo-3 AM at 530 nm was measured before and after repeated additions of various concentrations of caffeine in an SLM-Aminco series 2 luminescence spectrometer (SLM Instruments) with 480 nm excitation at 25 °C. Functionally abnormal. in silico predictions as damaging. Functional studies in HEK293 cells revealed I4855M inhibited caffeine induced Ca2++ release and exerted a dominant-negative impact on WT RyR2. → Loss of function mutation, further work needed 

A type 2 ryanodine receptor variant associated with reduced Ca2+ release and short-coupled torsades de pointes ventricular arrhythmia 10.1016/j.hrthm.2016.10.015  scTdPCatecholaminergic polymorphic ventricular tachycardiaShort QT SyndromeBrugada Syndrome R Y R 2 N A N A p . S 4 9 3 8 F OBI:0001146. Binding assay  In vitroIn silico In silico analysis and  [3H]ryanodine binding assay on wild-type and mutant RYR2 in HEK293 cells. Wild-type and mutant RYR2 channel activity by monitoring Ca2+ signals of HEK293 cells N A N A 1 W T 2 Cytoplasmic Ca2+ signals: 31-69ER Ca2+ signals: 57-112[3H]ryanodine binding to microsomes: 3-5 Biological: wildtype/mutants. Cytoplasmic Ca2+ signals in HEK293 cells: n=31-69ER Ca2+ signals in HEK293 cells expressing WT and mutant RYR2: n=57-112[3H]ryanodine binding to microsomes: n=3-5 Data are expressed as means ± SD or SEM with a specific comment. Statistical analysis was performed using the unpaired Student t test, and the P value of < 0.05 was considered significant. In silico analysis, stats, controls Y e s Mouse RyR2 cDNA was PCR amplified as five fragment from mouse ventricle and cloned into the expression vector (pcDNA5/FRT/TO, Life Technologies). The fragments were ligated using specific restriction enzymes to construct full-length mouse RyR2 expression vector (pcDNA5/FRT/TO-RyR2). Mutations corresponding to the variants V1024I, N1551S, A2673V and S4938F were introduced by inverse PCR and confirmed by DNA sequencing. The expression vector was transfected with Flp-In T-REx HEK293 cells (Life Technologies). Clones with suitable doxycycline-induced expression of RyR2 were selected and used for experiments. Single cell Ca2+ imaging in HEK cells was carried out 28-34 h after induction by doxycycline. For ER Ca2+ measurements, cells were transfected with cDNA of R-CEPIA1er (a gift from Dr. Masamitsu Iino) at the time of doxycycline induction. Fluorescent Ca2+ signals were obtained in the perfusing Krebs solution at 26ºC and at the end of each measurement, cells were treated with a high Ca2+ Krebs solution to obtain maximal fluorescence intensity, which were determined in individual cells with AquaCosmos software. [3H]Ryanodine binding was performed with microsomes prepared from HEK293 cells. These were incubated with [3H]Ryanodine for 1h at 25ºC in a medium. The protein-bound [3H]ryanodine was separated by filtering through polyethyleneimine-treated glass filters (Whatman GF/B) using Micro 96 Cell Harvester (Skatron). Genetic analysis was performed after obtaining written informed consent in accordance with the study protocol approved by the Shiga University of Medical Science Review Board. Genomic DNA was extracted from peripheral blood lymphocytes. The RyR2 gene underwent targeted gene sequencing method using the TruSeq Custom Amplicon kit (Illumina, San Diego, CA) and the MiSeq System (Illumina). Detected variants were confirmed using Sanger methods. We verified minor allele frequency (MAF) of the variants in 3 databases (JHGV,  ExAC and 1000 Genomes Project).  Functionally abnormal. p.Ser4938Phe was not detected in 3 databases, and in silico analysis indicated its pathogenicity. In functional analysis, it demonstrated loss of function and impaired RyR2 channel Ca2+ release. 

A type 2 ryanodine receptor variant associated with reduced Ca2+ release and short-coupled torsades de pointes ventricular arrhythmia 10.1016/j.hrthm.2016.10.015  scTdPCatecholaminergic polymorphic ventricular tachycardiaShort QT SyndromeBrugada Syndrome R Y R 2 N A N A p . V 1 0 2 4 I OBI:0001146. Binding assay  In vitroIn silico In silico analysis and  [3H]ryanodine binding assay on wild-type and mutant RYR2 in HEK293 cells. Wild-type and mutant RYR2 channel activity by monitoring Ca2+ signals of HEK293 cells N A N A 1 W T 2 Cytoplasmic Ca2+ signals: 31-69ER Ca2+ signals: 57-112[3H]ryanodine binding to microsomes: 3-5 Biological: wildtype/mutants. Cytoplasmic Ca2+ signals in HEK293 cells: n=31-69ER Ca2+ signals in HEK293 cells expressing WT and mutant RYR2: n=57-112[3H]ryanodine binding to microsomes: n=3-5 Data are expressed as means ± SD or SEM with a specific comment. Statistical analysis was performed using the unpaired Student t test, and the P value of < 0.05 was considered significant. In silico analysis, stats, controls Y e s Mouse RyR2 cDNA was PCR amplified as five fragment from mouse ventricle and cloned into the expression vector (pcDNA5/FRT/TO, Life Technologies). The fragments were ligated using specific restriction enzymes to construct full-length mouse RyR2 expression vector (pcDNA5/FRT/TO-RyR2). Mutations corresponding to the variants V1024I, N1551S, A2673V and S4938F were introduced by inverse PCR and confirmed by DNA sequencing. The expression vector was transfected with Flp-In T-REx HEK293 cells (Life Technologies). Clones with suitable doxycycline-induced expression of RyR2 were selected and used for experiments. Single cell Ca2+ imaging in HEK cells was carried out 28-34 h after induction by doxycycline. For ER Ca2+ measurements, cells were transfected with cDNA of R-CEPIA1er (a gift from Dr. Masamitsu Iino) at the time of doxycycline induction. Fluorescent Ca2+ signals were obtained in the perfusing Krebs solution at 26ºC and at the end of each measurement, cells were treated with a high Ca2+ Krebs solution to obtain maximal fluorescence intensity, which were determined in individual cells with AquaCosmos software. [3H]Ryanodine binding was performed with microsomes prepared from HEK293 cells. These were incubated with [3H]Ryanodine for 1h at 25ºC in a medium. The protein-bound [3H]ryanodine was separated by filtering through polyethyleneimine-treated glass filters (Whatman GF/B) using Micro 96 Cell Harvester (Skatron). Genetic analysis was performed after obtaining written informed consent in accordance with the study protocol approved by the Shiga University of Medical Science Review Board. Genomic DNA was extracted from peripheral blood lymphocytes. The RyR2 gene underwent targeted gene sequencing method using the TruSeq Custom Amplicon kit (Illumina, San Diego, CA) and the MiSeq System (Illumina). Detected variants were confirmed using Sanger methods. We verified minor allele frequency (MAF) of the variants in 3 databases (JHGV,  ExAC and 1000 Genomes Project).  Functionally normal. Had mild gain-of-function effects. 

A type 2 ryanodine receptor variant associated with reduced Ca2+ release and short-coupled torsades de pointes ventricular arrhythmia 10.1016/j.hrthm.2016.10.015  scTdPCatecholaminergic polymorphic ventricular tachycardiaShort QT SyndromeBrugada Syndrome R Y R 2 N A N A p . A 2 6 7 3 V OBI:0001146. Binding assay  In vitroIn silico In silico analysis and  [3H]ryanodine binding assay on wild-type and mutant RYR2 in HEK293 cells. Wild-type and mutant RYR2 channel activity by monitoring Ca2+ signals of HEK293 cells N A N A 1 W T 2 Cytoplasmic Ca2+ signals: 31-69ER Ca2+ signals: 57-112[3H]ryanodine binding to microsomes: 3-5 Biological: wildtype/mutants. Cytoplasmic Ca2+ signals in HEK293 cells: n=31-69ER Ca2+ signals in HEK293 cells expressing WT and mutant RYR2: n=57-112[3H]ryanodine binding to microsomes: n=3-5 Data are expressed as means ± SD or SEM with a specific comment. Statistical analysis was performed using the unpaired Student t test, and the P value of < 0.05 was considered significant. In silico analysis, stats, controls Y e s Mouse RyR2 cDNA was PCR amplified as five fragment from mouse ventricle and cloned into the expression vector (pcDNA5/FRT/TO, Life Technologies). The fragments were ligated using specific restriction enzymes to construct full-length mouse RyR2 expression vector (pcDNA5/FRT/TO-RyR2). Mutations corresponding to the variants V1024I, N1551S, A2673V and S4938F were introduced by inverse PCR and confirmed by DNA sequencing. The expression vector was transfected with Flp-In T-REx HEK293 cells (Life Technologies). Clones with suitable doxycycline-induced expression of RyR2 were selected and used for experiments. Single cell Ca2+ imaging in HEK cells was carried out 28-34 h after induction by doxycycline. For ER Ca2+ measurements, cells were transfected with cDNA of R-CEPIA1er (a gift from Dr. Masamitsu Iino) at the time of doxycycline induction. Fluorescent Ca2+ signals were obtained in the perfusing Krebs solution at 26ºC and at the end of each measurement, cells were treated with a high Ca2+ Krebs solution to obtain maximal fluorescence intensity, which were determined in individual cells with AquaCosmos software. [3H]Ryanodine binding was performed with microsomes prepared from HEK293 cells. These were incubated with [3H]Ryanodine for 1h at 25ºC in a medium. The protein-bound [3H]ryanodine was separated by filtering through polyethyleneimine-treated glass filters (Whatman GF/B) using Micro 96 Cell Harvester (Skatron). Genetic analysis was performed after obtaining written informed consent in accordance with the study protocol approved by the Shiga University of Medical Science Review Board. Genomic DNA was extracted from peripheral blood lymphocytes. The RyR2 gene underwent targeted gene sequencing method using the TruSeq Custom Amplicon kit (Illumina, San Diego, CA) and the MiSeq System (Illumina). Detected variants were confirmed using Sanger methods. We verified minor allele frequency (MAF) of the variants in 3 databases (JHGV,  ExAC and 1000 Genomes Project).  Functionally normal. Had mild gain-of-function effects. 

Identific ation of a novel exon3 deletion of RYR2 in a family with c atecholaminergic polymorphic ventric ular tachycardia 1 0 . 1 1 1 1 / a n e c . 1 2 6 2 3  Catecholaminergic polymorphic ventricular tachycardia K C N J 2 N A N A p . E 1 1 8 D OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Targeted panel sequencing and cascade screening (Sanger method & PCR). Then KCNJ2 WT or variant were expressed in COS1 cells, whole-cell currents (Ik1) were recorded using patch-clamp techniques and the effects of protein kinase A (PKA) activation on Ik1 to resemble catecholaminergic effect which occurs during exercise-induced VAs. whole-cell currents (Ik1), effects of protein kinase A activation on Ik1 N A N A  ( o n l y  f o r  s c r e e n i n g ) 1 W T 2 3 0 Biological: wildtype/mutantsWT n=21, E118D n=30 All data are expressed as mean ± SE, and statistical comparisons were tested using the unpaired Student's t test with p < 0.05 considered to be statistically significant. S t a t s ,  n e g  c o n t r o l Y e s After obtaining appropriate approval from the institutional review board and written informed consent for the genetic analysis from all the subjects of this study, we performed genetic analysis. Genomic DNA was extracted from peripheral blood lymphocytes as described previously.(Imai et al., 2014) We then performed a targeted panel sequencing of 55 genes of the proband using NGS (MiSeq, Illumina, San Diego, CA, USA). Nucleotides substitution was confirmed by Sanger method and SureCall software (Agilent Technologies, Santa Clara , CA, USA) was used to detect the copy number variations. To confirm the CNV in RYR2, we performed long‐range PCR using KOD‐Plus‐Neo (Toyobo, Osaka, Japan) and amplification of a region that includes the deleted site of RYR2 was studied with forward and reverse primer. The PCR products were electrophoresed and bands were extracted and purified using the QIAquick Gel Extraction Kit (QIAGEN, Hilden, Germany), which were directly sequenced to confirm the precise location of the deletion in RYR2. Cascade screening of family members was conducted by Sanger method and long-rage PCR. Human KCNJ2 wild‐type (WT) cDNA (NM_000891.1) subcloned into pCMS‐EGFP vector (KCNJ2 WT) was used to engineer a KCNJ2 mutant.(Kimura et al., 2012) Site‐directed mutagenesis (KCNJ2 E118 D) was performed by using the QuikChangeⅡSite-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer's instructions. The presence of the mutation was confirmed by direct sequencing. Using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), WT or E118D cDNA were transiently transfected into COS‐1 cells, and maintained in DMEM medium supplemented with 10% fetal bovine serum and 1% penicil lin‐streptomycin in a 5% CO2 incubator at 37°C for 24–36 hr before current recordings. Cells exhibiting green fluorescence were chosen for the current recordings. Membrane currents (IK1) were recorded using whole-cell patch clamp techniques at room temperature (23–25℃). The electrode resistance ranged from 1.0 to 2.5 MΩ when filled with pipette solution. Data acquisition was carried out using an Axopatch 200B amplifier and pCLAMP10.3 software (Molecular Devices, Sunnyvale, CA, USA). Currents were acquired using an analog‐to‐digital interface (Digidata 1440A acquisit ion system, Molecular Devices). To resemble the catecholaminergic effect (protein kinase A (PKA) activation), Ik1 was also recorded 5 min after the presence of a PKA cocktail with forskolin (Sigma‐Aldrich, Missouri, USA) and methylxanthine (Sigma‐Aldrich, Missouri, USA) in the Bath solution and 10 min after wash out of it as the same method reported by Vega et al.(Vega, Tester, Ackerman, & Makielski, 2009).  Functionally normal. NO DISFUNCTION. indistinguishable Ik1 current, unaffected by PKA activation (both WT and E118D) 

Identification of a novel exon3 deletion of RYR2 in a family with catecholaminergic polymorphic ventricular tachycardia 1 0 . 1 1 1 1 / a n e c . 1 2 6 2 3  Catecholaminergic polymorphic ventricular tachycardia R Y R 2 N A c . 1 6 9 ‐ 3 5 3 _ 2 7 3 + 6 5 7 d e l N A OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Confirmed by long-rage PCR after noticing that read number around exon3 in RYR2 was reduced in a CNV test. The main focus of the functional study, however, was the KCNJ2 p.E118D mutation, for which targeted panel sequencing and cascade screening (Sanger method & PCR) was performed, and the KCNJ2 WT or variant were expressed in COS1 cells. Whole-cell currents (Ik1) were recorded using patch-clamp techniques and the effects of protein kinase A (PKA) activation on Ik1 to resemble catecholaminergic effect which occurs during exercise-induced VAs. whole-cell currents (Ik1), effects of protein kinase A activation on Ik1 N A N A  ( o n l y  f o r  s c r e e n i n g ) 1 W T 2 N A Biological: wildtype/mutantsWT n=21, E118D n=30 All data are expressed as mean ± SE, and statistical comparisons were tested using the unpaired Student's t test with p < 0.05 considered to be statistically significant. S t a t s ,  n e g  c o n t r o l Y e s After obtaining appropriate approval from the institutional review board and written informed consent for the genetic analysis from all the subjects of this study, we performed genetic analysis. Genomic DNA was extracted from peripheral blood lymphocytes as described previously.(Imai et al., 2014) We then performed a targeted panel sequencing of 55 genes of the proband using NGS (MiSeq, Illumina, San Diego, CA, USA). Nucleotides substitution was confirmed by Sanger method and SureCall software (Agilent Technologies, Santa Clara, CA, USA) was used to detect the copy number variations. To confirm the CNV in RYR2, we performed long‐range PCR using KOD‐Plus‐Neo (Toyobo, Osaka, Japan) and amplification of a region that includes the deleted site of RYR2 was studied with forward and reverse primer. The PCR products were electrophoresed and bands were extracted and purified using the QIAquick Gel Extraction Kit (QIAGEN, Hilden, Germany), which were directly sequenced to confirm the precise location of the deletion in RYR2. Cascade screening of family members was conducted by Sanger method and long-rage PCR. Human KCNJ2 wild‐type (WT) cDNA (NM_000891.1) subcloned into pCMS‐EGFP vector (KCNJ2  WT) was used to engineer a KCNJ2 mutant.(Kimura et al., 2012) Site‐directed mutagenesis (KCNJ2 E118D) was performed by using the QuikChangeⅡSite-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer's instructions. The presence of the mutation was confirmed by direct sequencing. Using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), WT or E118D cDNA were transiently transfected into COS‐1 cells, and maintained in DMEM medium supplemented with 10% fetal bovine serum and 1% penicil lin‐streptomycin in a 5% CO2 incubator at 37°C for 24–36 hr before current recordings. Cells exhibiting green fluorescence were chosen for the current recordings. Membrane currents (IK1) were recorded using whole-cell patch clamp techniques at room temperature (23–25℃). The electrode resistance ranged from 1.0 to 2.5 MΩ when filled with pipette solution. Data acquisition was carried out using an Axopatch 200B amplifier and pCLAMP10.3 software (Molecular Devices, Sunnyvale, CA, USA). Currents were acquired using an analog‐to‐digital interface (Digidata 1440A acquisition system, Molecular Devices). To resemble the catecholaminergic effect (protein kinase A (PKA) activation), Ik1 was also recorded 5 min after the presence of a PKA cocktail with forskolin (Sigma‐Aldrich, Missouri, USA) and methylxanthine (Sigma‐Aldrich, Missouri, USA) in the Bath solution and 10 min after wash out of it as the same method reported by Vega et al.(Vega, Tester, Ackerman, & Makielski, 2009).  Functionally abnormal. Could produce mutant RYR2 proteins without frameshift, causing RYR2 dysfunction. 

Sudden death after inappropriate shoc ks of implantable c ardioverter defibrillator in a c atecholaminergic polymorphic ventricular tachycardia case with a novel RyR2 mutation 10.1016/j.jelectrocard.2021.09.015 Catecholaminergic polymorphic ventricular tachycardia R Y R 2 N A N A p . Q 9 3 6 K OBI:0001146. Binding assayMMO:0000250. Intracellular calcium assay I n  v i t r o Expression of WT and mutant in HEK293 cells. Monitored Ca2+ signals. [3H]Ryanodine binding Ca2+ signals (releasing activity), RYR2 mutation’s role in tertiary structure of RYR2, CICR activity of mutation N A N A 1 W T 2 N A Bioogical:  wildtype/mutant s  Data are expressed as means ± SD or SEM with a specific comment. Statistical analysis was performed using the unpaired Student t-test, and the P-value of  <0.05 was considered significant. In silico data, stats, neg control Y e s We collected the clinical data and blood samples from CPVT patients and family members in the Japanese cardiovascular hospitals. The genetic analysis was performed after obtaining written informed consent in accordance with the study protocol approved by the Shiga University of Medical Science Review Board. Genomic DNA was extracted from peripheral blood lymphocytes. The RyR2 gene underwent target gene sequence using MiSeq (Illumina, San Diego, CA) and detected variants were confirmed using Sanger methods. MAF was verified in 3 databases (HGVD, ExAC and 1000 Genomes). RyR2 complementary DNA was obtained from mouse ventricles, and then stable inducible HEK293 cells were generated using the Flp-In TREx system (Invitrogen, Carlsbad, CA). Cytoplasmic and ER Ca2+ signals were monitored, Ca2+ signals were normalized. [3H]Ryanodine binding assays were carried out with microsomes isolated from HEK293 cells. Microsomes prepared from HEK293 cells were incubated with [3H]Ryanodine for 1 h at 25 °C in a medium. Protein-bound [3H]Ryanodine was separated by filtering through polyethyleneimine -treated glass filters (Whatman GF/B) using Micro 96 Cell Harvester (Skatron). . Nonspecific binding was determined in the presence of unlabeled ryanodine. The data were normalized to the maximal binding site separately determined by Scatchard plot analysis.  Functionally abnormal. Causes excessive Ca2+ release from the sarcoplasmic reticulum, corresponding to clinical phenotypes of Catecholaminergic polymorphic ventricular tachycardia. Decreased upper threshold and nadir levels in Ca2+ release and reuptake. Great increase in the [3H]Ryanodine binding. → mutation greatly enhances the channel activity of Ryr2. 

ARVC-Related Mutations in Divergent Region 3 Alter Functional Properties of the Cardiac Ryanodine Receptor 10.1529/biophysj.107.122382  Catecholaminergic polymorphic ventricular tachycardia R Y R 2 N A N A p . G 1 8 8 6 S OBI:0001146. Binding assayMMO:0000250. Intracellular calcium assayOBI:0000854. Western Blot assay I n  v i t r o HEK293 cells expressing G1885E, G1886S, G1886D, double mutant G1885E/G1886S and WT. Each cell line was tested for expression using Western blotting, immunocytofluorescent staining, and [ 3 H]ryanodine binding Intracellular Ca2+ release activity resulting from store-overload-induced calcium release 1 E m p t y  e x p r e s s i o n  v e c t o r 1 W T 3 4 Biological: wildtype/mutants. 4 experiments – several hundred cells each line Mean values are presented as mean ± SE, and statistical comparison of data corresponding to the different RyR2 was carried out using one-way ANOVA with Tukey’s posttest. An error probability p < 0.05 was considered significant and is indicated where applicable. Pos control, neg control, simples, stats Y e s To generate the RyR2 mutants, the corresponding SNPs were introduced into the full-length mouse RyR2 cDNA using the overlap extension PCR method. After confirmation by DNA sequencing, the mutated RyR2 cDNAs transfected into HEK293 cells using the Ca2+ phosphate precipitation method. Flp-In TRex-293 cells (Invitrogen) were cotransfected with vector pcDNA5/FRT/TO containing wild -type or mutant and the pOG44 vector (Flp-recombinase) as described by Jiang et al. Intracellular Ca2+ transients were measured using single-cell Ca2+. Generation and purification of phosphorylation state- and site-specific anti-RyR2 antibodies was carried out. The individually designed polyclonal antisera and the synthetic peptides of mouse RYR2 were obtained from NeoMPS (Strasbourg, France). Phosphopeptides and non-phosphopeptides were constructed and used to immunize two rabbits to generate antibodies and obtaining IgG fractions and phosphospecific antibodies. Immunoreactivity and -specificity of the affinity-purified phospho- and nonphosphopeptide antibodies were determined by means of ELISA. For human recombinant FKBP12.6, a plasmid construct was generated using the TOPO-TA cloning kit (Invitrogen). After amplification, the PCR product was ligated into the expression vector pCRT7/NT TOPO (Invitrogen, which was confirmed by DNA sequencing, and after transformation of chemical competent BL21(DE3) E. coli, protein overexpression was induced. The recombinant polyhistidine-tagged FKBP12.6 fusion protein was obtained by means of affinity chromatography columns (Protino Ni-Ted kit, Macherey-Nagel, Düren, Germany). For the ryanodine binding assay, Cell lysates were obtained from stable, inducible HEK293 cells grown for various durations with tetracycline as described in detail by Kong et al. Recombinant RyR2 obtained in different ways was used as a substrate for protein kinases previously activity-optimized, according to the instructions provided by the suppliers. PKA catalytic subunit was a generous gift from Dr. Friedrich Herberg, Universität Kassel, Germany. Recombinant PKG was purchased from Alexis (Lausen, Switzerland), catalytic subunit of native PKC of rat brain was obtained from Calbiochem (La Jolla, CA), and recombinant CaMKII was from New England Biolabs (Ipswich, MA). Monoclonal RyR2 antibody (34c) was obtained from Acris Antibodies (Hiddenhausen, Germany) FITC-labeled antimouse secondary antibody and polyclonal anti-FKBP antibody were from Alexis (Lausen, Switzerland), and peroxidase coupled antimouse and antirabbit secondary antibodies were from MBI Fermentas (Madison, WI). Soybean phosphatidylcholine was purchased from Avanti Polar Lipids (Alabaster, AL), CHAPS and other reagents were from Sigma (St. Louis, MO). Activated EAH Sepharose, N-ethyl-N9(3-dimethylamino-propyl) carbodiimid (EDC), ECL kit and hyperfilm were obtained from Amersham (Little Chalfont, Bucks, UK). Talon affinity matrix was from Clontech (Mountainview, CA) and Restore Western Blot Stripping Buffer from Pierce (Rockford, IL). Ca2+ fluorescence indicators fura-2 AM and fluo-3 AM as well as hygromycin and tetracycline were purchased from Invitrogen (Carlsbad, CA).  Functionally abnormal. The substitution of serine for Gly1886 (G1886S) caused a significant increase in the cellular Ca21 oscillation activity. When both substitutiones were introduced in the same RyR2 subunit (RyR2-G1885E/G1886S), the store-overload-induced calcium release activity was nearly completely abolished, although the Ca21 loading of the intracellular stores was markedly enhanced, and the channel still displayed substantial Ca21 release on stimulation by caffeine. 

ARVC-Related Mutations in Divergent Region 3 Alter Functional Properties of the Cardiac Ryanodine Receptor 10.1529/biophysj.107.122382  Catecholaminergic polymorphic ventricular tachycardia R Y R 2 N A N A p . G 1 8 8 5 E OBI:0001146. Binding assayMMO:0000250. Intracellular calcium assayOBI:0000854. Western Blot assay I n  v i t r o HEK293 cells expressing G1885E, G1886S, G1886D, double mutant G1885E/G1886S and WT. Each cell line was tested for expression using Western blotting, immunocytofluorescent staining, and [ 3 H]ryanodine binding Intracellular Ca2+ release activity resulting from store-overload-induced calcium release 1 E m p t y  e x p r e s s i o n  v e c t o r 1 W T 3 4 Biological: wildtype/mutants. 4 experiments – several hundred cells each line Mean values are presented as mean ± SE, and statistical comparison of data corresponding to the different RyR2 was carried out using one-way ANOVA with Tukey’s posttest. An error probability p < 0.05 was considered significant and is indicated where applicable. Pos control, neg control, simples, stats Y e s To generate the RyR2 mutants, the corresponding SNPs were introduced into the full-length mouse RyR2 cDNA using the overlap extension PCR method. After confirmation by DNA sequencing, the mutated RyR2 cDNAs transfected into HEK293 cells using the Ca2+ phosphate precipitation method. Flp-In TRex-293 cells (Invitrogen) were cotransfected with vector pcDNA5/FRT/TO containing wild -type or mutant and the pOG44 vector (Flp-recombinase) as described by Jiang et al. Intracellular Ca2+ transients were measured using single-cell Ca2+. Generation and purification of phosphorylation state- and site-specific anti-RyR2 antibodies was carried out. The individually designed polyclonal antisera and the synthetic peptides of mouse RYR2 were obtained from NeoMPS (Strasbourg, France). Phosphopeptides and non-phosphopeptides were constructed and used to immunize two rabbits to generate antibodies and obtaining IgG fractions and phosphospecific antibodies. Immunoreactivity and -specificity of the affinity-purified phospho- and nonphosphopeptide antibodies were determined by means of ELISA. For human recombinant FKBP12.6, a plasmid construct was generated using the TOPO-TA cloning kit (Invitrogen). After amplification, the PCR product was ligated into the expression vector pCRT7/NT TOPO (Invitrogen, which was confirmed by DNA sequencing, and after transformation of chemical competent BL21(DE3) E. coli, protein overexpression was induced. The recombinant polyhistidine-tagged FKBP12.6 fusion protein was obtained by means of affinity chromatography columns (Protino Ni-Ted kit, Macherey-Nagel, Düren, Germany). For the ryanodine binding assay, Cell lysates were obtained from stable, inducible HEK293 cells grown for various durations with tetracycline as described in detail by Kong et al. Recombinant RyR2 obtained in different ways was used as a substrate for protein kinases previously activity-optimized, according to the instructions provided by the suppliers. PKA catalytic subunit was a generous gift from Dr. Friedrich Herberg, Universität Kassel, Germany. Recombinant PKG was purchased from Alexis (Lausen, Switzerland), catalytic subunit of native PKC of rat brain was obtained from Calbiochem (La Jolla, CA), and recombinant CaMKII was from New England Biolabs (Ipswich, MA). Monoclonal RyR2 antibody (34c) was obtained from Acris Antibodies (Hiddenhausen, Germany) FITC-labeled antimouse secondary antibody and polyclonal anti-FKBP antibody were from Alexis (Lausen, Switzerland), and peroxidase coupled antimouse and antirabbit secondary antibodies were from MBI Fermentas (Madison, WI). Soybean phosphatidylcholine was purchased from A vanti Polar Lipids (Alabaster, AL), CHAPS and other reagents were from Sigma (St. Louis, MO). Activated EAH Sepharose, N-ethyl-N9(3-dimethylamino-propyl) carbodiimid (EDC), ECL kit and hyperfilm were obtained from Amersham (Little Chalfont, Bucks, UK). Talon affinity matrix was from Clontech (Mountainview, CA) and Restore Western Blot Stripping Buffer from Pierce (Rockford, IL). Ca2+ fluorescence indicators fura-2 AM and fluo-3 AM as well as hygromycin and tetracycline were purchased from Invitrogen (Carlsbad, CA).  Functionally abnormal. It was even more pronounced if glycine 1885 or 1886 was replaced by the acidic amino acids glutamate (G1885E) or aspartate (G1886D). When both substitutions were introduced in the same RyR2 subunit (RyR2-G1885E/G1886S), the store-overload-induced calcium release activity was nearly completely abolished, although the Ca21 loading of the intracellular stores was markedly enhanced, and the channel still displayed substantial Ca21 release on stimulation by caffeine. 

ARVC-Related Mutations in Divergent Region 3 Alter Functional Properties of the Cardiac Ryanodine Receptor 10.1529/biophysj.107.122382  Catecholaminergic polymorphic ventricular tachycardia R Y R 2 N A N A p . G 1 8 8 5 D OBI:0001146. Binding assayMMO:0000250. Intracellular calcium assayOBI:0000854. Western Blot assay I n  v i t r o HEK293 cells expressing G1885E, G1886S, G1886D, double mutant G1885E/G1886S and WT. Each cell line was tested for expression using Western blotting, immunocytofluorescent staining, and [ 3 H]ryanodine binding Intracellular Ca2+ release activity resulting from store-overload-induced calcium release 1 E m p t y  e x p r e s s i o n  v e c t o r 1 W T 2 4 Biological: wildtype/mutants. 4 experiments – several hundred cells each line Mean values are presented as mean ± SE, and statistical comparison of data corresponding to the different RyR2 was carried out using one-way ANOVA with Tukey’s posttest. An error probability p < 0.05 was considered significant and is indicated where applicable. Pos control, neg control, simples, stats Y e s To generate the RyR2 mutants, the corresponding SNPs were introduced into the full-length mouse RyR2 cDNA using the overlap extension PCR method. After confirmation by DNA sequencing, the mutated RyR2 cDNAs transfected into HEK293 cells using the Ca2+ phosphate precipitation method. Flp-In TRex-293 cells (Invitrogen) were cotransfected with vector pcDNA5/FRT/TO containing wild -type or mutant and the pOG44 vector (Flp-recombinase) as described by Jiang et al. Intracellular Ca2+ transients were measured using single-cell Ca2+. Generation and purification of phosphorylation state- and site-specific anti-RyR2 antibodies was carried out. The individually designed polyclonal antisera and the synthetic peptides of mouse RYR2 were obtained from NeoMPS (Strasbourg, France). Phosphopeptides and non-phosphopeptides were constructed and used to immunize two rabbits to generate antibodies and obtaining IgG fractions and phosphospecific antibodies. Immunoreactivity and -specificity of the affinity-purified phospho- and nonphosphopeptide antibodies were determined by means of ELISA. For human recombinant FKBP12.6, a plasmid construct was generated using the TOPO-TA cloning kit (Invitrogen). After amplification, the PCR product was ligated into the expression vector pCRT7/NT TOPO (Invitrogen, which was confirmed by DNA sequencing, and after transformation of chemical competent BL21(DE3) E. coli, protein overexpression was induced. The recombinant polyhistidine-tagged FKBP12.6 fusion protein was obtained by means of affinity chromatography columns (Protino Ni-Ted kit, Macherey-Nagel, Düren, Germany). For the ryanodine binding assay, Cell lysates were obtained from stable, inducible HEK293 cells grown for various durations with tetracycline as described in detail by Kong et al. Recombinant RyR2 obtained in different ways was used as a substrate for protein kinases previously activity-optimized, according to the instructions provided by the suppliers. PKA catalytic subunit was a generous gift from Dr. Friedrich Herberg, Universität Kassel, Germany. Recombinant PKG was purchased from Alexis (Lausen, Switzerland), catalytic subunit of native PKC of rat brain was obtained from Calbiochem (La Jolla, CA), and recombinant CaMKII was from New England Biolabs (Ipswich, MA). Monoclonal RyR2 antibody (34c) was obtained from Acris Antibodies (Hiddenhausen, Germany) FITC-labeled antimouse secondary antibody and polyclonal anti-FKBP antibody were from Alexis (Lausen, Switzerland), and peroxidase coupled antimouse and antirabbit secondary antibodies were from MBI Fermentas (Madison, WI). Soybean phosphatidylcholine was purchased from Avanti Polar Lipids (Alabaster, AL), CHAPS and other reagents were from Sigma (St. Louis, MO). Activated EAH Sepharose, N-ethyl-N9(3-dimethylamino-propyl) carbodiimid (EDC), ECL kit and hyperfilm were obtained from Amersham (Little Chalfont, Bucks, UK). Talon affinity matrix was from Clontech (Mountainview, CA) and Restore Western Blot Stripping Buffer from Pierce (Rockford, IL). Ca2+ fluorescence indicators fura-2 AM and fluo-3 AM as well as hygromycin and tetracycline were purchased from Invitrogen (Carlsbad, CA).  Functionally abnormal. It was even more pronounced if glycine 1885 or 1886 was replaced by the acidic amino acids glutamate (G1885E) or aspartate (G1886D). When both substitutions were introduced in the same RyR2 subunit (RyR2-G1885E/G1886S), the store-overload-induced calcium release activity was nearly completely abolished, although the Ca21 loading of the intracellular stores was markedly enhanced, and the channel still displayed substantial Ca21 release on stimulation by caffeine. 

Pathogenic mechanism of a c atecholaminergic polymorphic ventricular tachycardia causing-mutat ion in c ardiac calcium release channel RyR2 10.1016/j.yjmcc.2018.02.014  Catecholaminergic polymorphic ventricular tachycardia R Y R 2 N A N A p . A 1 6 5 D ECO:0001131. Transgenic organism evidence In vivo model In vitro cell isolation Animal model: knock in mice, in vivo myocardial infarction, mouse ventricular cell isolation. WT, homozygous RYR2 A165D+/+, heterozygous RYR2 A165D+/- ECG after exercise (WT n=7, A165D+/- n=7), injection of ISO (n=5), caffeine + epinephrine injection (WT n=5, A165D+/- n=5), MI (for each n=21. All survived but after 25 days mortality of A165D mice was higher), another group for telemetric recordings (n=6 of WT and n=6 of A165D+/-)RYR2 closer study: triggers delayed afterdepolarization and abnormal SR Ca2+ release in cardiomyocytes. Isolation of WT and A165D+/- cardiomyocytes. WT n = 46, A165D+/- n=37, spark analysisMutation effect on protein conformation: docking model, X-ray crystallography and cryo-EM studies ECG, effect of ISO and caffeine + epinephrine injection, in vivo myocardial infarction MI on WT and A165D+/- to evaluate effects of RYR2 mutation on development of arrhythmias and heart failure (echocardiographic measurements and electrophysiological remodeling)Isolated cardiomyocytes: current voltage relation, E-C coupling gain, Ca2+ release, action potentials, SR Ca2+ leakage N A N A 1 W T 2 3 - 7  Biological: wildtype/mutants. ECG (WT n=7, A165D+/- n=7), injection of ISO (n=5), caffeine + epinephrine injection (WT n=5, A165D+/- n=5), MI (for each n=21. All survived but after 25 days mortality of A165D mice was higher), another group for telemetric recordings (n=6 of WT and n=6 of A165D+/-)Isolation of WT and A165D+/- cardiomyocytes: WT n = 46 (3 mice), A165D+/- n=37 (3 mice) Data are presented as the mean ± standard deviation (SD) unless indicated otherwise. The Student's t-test (one measurement variable from either mice or cardiomyocytes) or the nested ANOVA (e.g. measurements in multiple cardiomyocytes from different mice), where appropriate, were applied for unpaired samples to determine statistical differences. Statistical significance was defined as P < 0.05. S t a t s ,  c o n t r o l s Y e s All clinical studies were approved by the Research Ethics Committee of Shanghai Tenth People's Hospital, Tongji University School of Medicine. Written informed consent was obtained from all participants. All laboratory tests, echocardiograms, and electrocardiographs were performed following standard procedures. All protocols were approved by the Institutional Animal Care and Use Committee of Shanghai Tenth People's Hospital, Tongji University School of Medicine. Knock-in mice were generated at the Shanghai Research Center for Model Organisms, an institute that is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC). CRISPR/Cas9-mediated genome engineering was used to generate the 165A to D mutation in exon8 of the RYR2 gene. Mice were randomized to receive either MI or a sham procedure. Mice were anesthetized with 1.5% isoflurane in O2, cannulated, and ventilated with a tidal volume of 300 μl. A left lateral thoracotomy was performed between the fourth and fifth ribs. Mutation screening was performed using genomic DNA samples that were extracted from peripheral blood lymphocytes and Illumina HiSeq X sequencing system was used to sequence the whole genome. The sample passed the sample quality control and the sequencing reads were mapped to the human genome version hg19 using a BWA aligner. The functional effects of protein variants were predicted by PolyPhen 2, SIFT, and Mutation Taster.  Functionally abnormal. Enhanced sarcoplasmic reticulum Ca2+ release, triggered delayed after depolarization in cardiomyocytes. Structure wise, it affects inter-subunit interactions in the RYR2 tetrameric structure, it disrupted conformational stability of the RYR2, favoring a closed-to-open state transition, resulting in a leaky channel. Electrophysiological remodeling in response to MI cause significant changes in several ion channels in cardiomyocytes, including increased expression of NCX, decreased inward rectifying K+ current, and SR Ca2+ leak through RyR2. The altered homeostasis of Ca2+, Na+, and K+ further increase the likelihood of delayed afterdepolarization and arrhythmia generation 

Common variants in SCN10A gene associated with Brugada syndrome 1 0 . 1 0 9 3 / h m g / d d a b 2 1 7  B r u g a d a  S y n d r o m e  S C N 1 0 A N A N A p . S 5 0 9 P OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Cellular electrophysiology study with co-transfected TSA201 cells. (To assess electrophysiological characteristics of non-synonymous variant-A1073V, we perform patch-clamp studies in SCN5A-SCN3B-SCN10A co-expressed TSA201 cells.) Ion currents and potentials, blocking effect of A-803467 (inhibitor), steady-state inactivation in both variants in absecence and presence of A803467. N A N A 1 W T 2 1 3 - 2 9 Biological: wildtype/mutants. I-V relationship: n=29  each variant A1073, V1073Experiment with A-803467: n=13-15 each variant Continuous variables with normal distribution are presented as mean ± standard deviation. Those continuous data between two groups were analyzed by the independent Student’s t test. Mann–Whitney U test and Kruskal–Wallis H test were used for nonparametric data. General liner model was applied to compare the differences in the ECG parameters among the three genotypes. Age and gender were used for adjustment. Logistic regression was performed in the analysis of categorical variables. χ2 test was employed to test the genetic associations between the cases and controls and deviation from the Hardy–Weinberg equilibrium. S t a t s ,  n e g  c o n t r o l Y e s Informed consent was obtained from all these patients. The study was approved by the institutional review board at Renmin Hospital of Wuhan University (Wuhan, China) and conducted according to Declaration of Helsinki principles. Genomic DNA was extracted from peripheral blood leukocytes and amplified all exons and intron borders of SCN10A. Amplified samples were sequenced on Ion Torrent Personal Genome Machine (Life Technologies, Carlsbad, CA). Run quality was assessed using the Coverage Analysis plugin  and uncovered variants were confirmed by Sanger sequencing. TSA-201 cells transfected with SCN5A wild-type (WT), SCN3B WT and SCN10A plasmids were used for voltage-clamp study. Briefly, transient transfection using fugene6 (Roche Diagnostics, Indianapolis, Indiana), was carried out with SCN10A, SCN5A and SCN3B. Further patch-clamp studies were implemented in 48–72 h after transfection. All recordings were obtained at room temperature using an Axon patch 200B amplifier (Molecular Devices, Union City, California). Currents were filtered at 5 kHz and digitized at 50 kHz. Series resistance was compensated at around 80%. Cells  were allowed to stabilize for 10 min after establishment of the whole-cell configuration before current was measured. Patch pipette were pulled using a gravity puller (PP-830, Narishige International USA, Inc., East Meadow, New York) to obtain resistance between 0.8 and 2.2 MΩ. Functionally normal. No significant associations were observed between the genotypes of the four variants and the baseline ECG parameters of the Brugada Syndrome patients enrolled. 

Common variants in SCN10A gene associated with Brugada syndrome 1 0 . 1 0 9 3 / h m g / d d a b 2 1 7  B r u g a d a  S y n d r o m e  S C N 1 0 A N A N A p . I 9 6 2 V OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Cellular electrophysiology study with co-transfected TSA201 cells. (To assess electrophysiological characteristics of non-synonymous variant-A1073V, we perform patch-clamp studies in SCN5A-SCN3B-SCN10A co-expressed TSA201 cells.) Ion currents and potentials, blocking effect of A-803467 (inhibitor), steady-state inactivation in both variants in absecence and presence of A803467. N A N A 1 W T 2 1 3 - 2 9 Biological: wildtype/mutants. I-V relationship: n=29  each variant A1073, V1073Experiment with A-803467: n=13-15 each variant Continuous variables with normal distribution are presented as mean ± standard deviation. Those continuous data between two groups were analyzed by the independent Student’s t test. Mann–Whitney U test and Kruskal–Wallis H test were used for nonparametric data. General liner model was applied to compare the differences in the ECG parameters among the three genotypes. Age and gender were used for adjustment. Logistic regression was performed in the analysis of categorical variables. χ2 test was employed to test the genetic associations between the cases and controls and deviation from the Hardy–Weinberg equilibrium. S t a t s ,  n e g  c o n t r o l Y e s Informed consent was obtained from all these patients. The study was approved by the institutional review board at Renmin Hospital of Wuhan University (Wuhan, China) and conducted according to Declaration of Helsinki principles. Genomic DNA was extracted from peripheral blood leukocytes and amplified all exons and intron borders of SCN10A. Amplified samp les were sequenced on Ion Torrent Personal Genome Machine (Life Technologies, Carlsbad, CA). Run quality was assessed using the Coverage Analysis plugin  and uncovered variants were confirmed by Sanger sequencing. TSA-201 cells transfected with SCN5A wild-type (WT), SCN3B WT and SCN10A plasmids were used for voltage-clamp study. Briefly, transient transfection using fugene6 (Roche Diagnostics, Indianapolis, Indiana), was carried out with SCN10A, SCN5A and SCN3B. Further patch-clamp studies were implemented in 48–72 h after transfection. All recordings were obtained at room temperature using an Axon patch 200B amplifier (Molecular Devices, Union City, California). Currents were filtered at 5 kHz and digitized at 50 kHz. Series resistance was compensated at around 80%. Cells were allowed to stabilize for 10 min after establishment of the whole-cell configuration before current was measured. Patch pipette were pulled using a gravity puller (PP-830, Narishige International USA, Inc., East Meadow, New York) to obtain resistance between 0.8 and 2.2 MΩ. Functionally normal. No significant associations were observed between the genotypes of the four variants and the baseline ECG parameters of the Brugada Syndrome patients enrolled. 

Common variants in SCN10A gene associated with Brugada syndrome 1 0 . 1 0 9 3 / h m g / d d a b 2 1 7  B r u g a d a  S y n d r o m e  S C N 1 0 A N A N A p . A 1 0 7 3 V OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Cellular electrophysiology study with co-transfected TSA201 cells. (To assess electrophysiological characteristics of non-synonymous variant-A1073V, we perform patch-clamp studies in SCN5A-SCN3B-SCN10A co-expressed TSA201 cells.) Ion currents and potentials, blocking effect of A-803467 (inhibitor), steady-state inactivation in both variants in absecence and presence of A803467. N A N A 1 W T 2 1 3 - 2 9 Biological: wildtype/mutants. I-V relationship: n=29  each variant A1073, V1073Experiment with A-803467: n=13-15 each variant Continuous variables with normal distribution are presented as mean ± standard deviation. Those continuous data between two groups were analyzed by the independent Student’s t test. Mann–Whitney U test and Kruskal–Wallis H test were used for nonparametric data. General liner model was applied to compare the differences in the ECG parameters among the three genotypes. Age and gender were used for adjustment. Logistic regression was performed in the analysis of categorical variables. χ2 test was employed to test the genetic associations between the cases and controls and deviation from the Hardy–Weinberg equilibrium. S t a t s ,  n e g  c o n t r o l Y e s Informed consent was obtained from all these patients. The study was approved by the institutional review board at Renmin Hospital of Wuhan University (Wuhan, China) and conducted according to Declaration of Helsinki principles. Genomic DNA was extracted from peripheral blood leukocytes and amplified all exons and intron borders of SCN10A. Amplified samples were sequenced on Ion Torrent Personal Genome Machine (Life Technologies, Carlsbad, CA). Run quality was assessed using the Coverage Analysis plugin  and uncovered variants were confirmed by Sanger sequencing. TSA-201 cells transfected with SCN5A wild-type (WT), SCN3B WT and SCN10A plasmids were used for voltage-clamp study. Briefly, transient transfection using fugene6 (Roche Diagnostics, Indianapolis, Indiana), was carried out with SCN10A, SCN5A and SCN3B. Further patch-clamp studies were implemented in 48–72 h after transfection. All recordings were obtained at room temperature using an Axon patch 200B amplifier (Molecular Devices, Union City, California). Currents were filtered at 5 kHz and digitized at 50 kHz. Series resistance was compensated at around 80%. Cells were allowed to stabilize for 10 min after establishment of the whole-cell configuration before current was measured. Patch pipette were pulled using a gravity puller (PP-830, Narishige International USA, Inc., East Meadow, New York) to obtain resistance between 0.8 and 2.2 MΩ. Functionally abnormal. 2 alleles: A1073 and V1073. V1073 tended to have a slower HR, wider QRS duration and shorter QTc interval compared with ‘A1073’, increased the risk for Brugada Syndrome 

Common variants in SCN10A gene associated with Brugada syndrome 1 0 . 1 0 9 3 / h m g / d d a b 2 1 7  B r u g a d a  S y n d r o m e  S C N 1 0 A N A N A p . L 1 0 9 2 P OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Cellular electrophysiology study with co-transfected TSA201 cells. (To assess electrophysiological characteristics of non-synonymous variant-A1073V, we perform patch-clamp studies in SCN5A-SCN3B-SCN10A co-expressed TSA201 cells.) Ion currents and potentials, blocking effect of A-803467 (inhibitor), steady-state inactivation in both variants in absecence and presence of A803467. N A N A 1 W T 2 1 3 - 2 9 Biological: wildtype/mutants. I-V relationship: n=29  each variant A1073, V1073Experiment with A-803467: n=13-15 each variant Continuous variables with normal distribution are presented as mean ± standard deviation. Those continuous data between two groups were analyzed by the independent Student’s t test. Mann–Whitney U test and Kruskal–Wallis H test were used for nonparametric data. General liner model was applied to compare the differences in the ECG parameters among the three genotypes. Age and gender were used for adjustment. Logistic regression was performed in the analysis of categorical variables. χ2 test was employed to test the genetic associations between the cases and controls and deviation from the Hardy–Weinberg equilibrium. S t a t s ,  n e g  c o n t r o l Y e s Informed consent was obtained from all these patients. The study was approved by the institutional review board at Renmin Hospital of Wuhan University (Wuhan, China) and conducted according to Declaration of Helsinki principles. Genomic DNA was extracted from peripheral blood leukocytes and amplified all exons and intron borders of SCN10A. Amplified samples were sequenced on Ion Torrent Personal Genome Machine (Life Technologies, Carlsbad, CA). Run quality was assessed using the Coverage Analysis plugin  and uncovered variants were confirmed by Sanger sequencing. TSA-201 cells transfected with SCN5A wild-type (WT), SCN3B WT and SCN10A plasmids were used for voltage-clamp study. Briefly, transient transfection using fugene6 (Roche Diagnostics, Indianapolis, Indiana), was carried out with SCN10A, SCN5A and SCN3B. Further patch-clamp studies were implemented in 48–72 h after transfection. All recordings were obtained at room temperature using an Axon patch 200B amplifier (Molecular Devices, Union City, California). Currents were filtered at 5 kHz and digitized at 50 kHz. Series resistance was compensated at around 80%. Cells were allowed to stabilize for 10 min after establishment of the whole-cell configuration before current was measured. Patch pipette were pulled using a gravity puller (PP-830, Narishige International USA, Inc., East Meadow, New York) to obtain resistance between 0.8 and 2.2 MΩ. Functionally normal. No significant associations were observed between the genotypes of the four variants and the baseline ECG parameters of the Brugada Syndrome patients enrolled. 

Mutations in SCN10A Are Responsible for a Large Fraction of Cases of Brugada Syndrome 10.1 016 /j .j acc .2 014 .04 .0 32  B r u g a d a  S y n d r o m e  S C N 1 0 A N A N A p . R 1 4 L   OBI:0002178. Whole-cell patch clamp assayECO:0001816. Green fluorescent protein reporter gene assay evidence I n  v i t r o Site directed mutagenesis on WT and mutant SCN10A, WT SCN3B, WT SCN5A, co-expression of SCN10A mutants (R14L and R1268Q with WT-SCN5A, coimmunoprecipitation studies in HEK293 cells transfected with SCN5A, SCN10A, SCN3B.. Membrane currents were measured with whole-cell patch-clamp techniques using TSA201 cells.SCN5A/WT, SCN10A/WT, SCN5A%WT + SCN10A/WT were coexpressed with SCN3B/WT in HEK293 cells Sodium channel currents, capability of Nav1.5 to physically interact with Nav1.8 using Co-IP (coimmunoprecipitation)  1 CoIP: green fluorescent protein (eGFP) was used to control for DNA quantity . The endogenous protein transferrin was probed as a loading control 1 W T 3 N A Biological:  wildtype/mutants Data are presented as mean ± SD unless otherwise noted. For statistical analysis, 2-tailed Student t test and analysis of variance coupled with Student–Newman–Keuls test were used to compare 2 groups and more than 3 groups of continuous variables separately. Chi-square test was used for comparison of categorical variables (Sigma Stat; Systat Scientific Inc., San Jose, California). Differences were considered statistically significant at a value of p < 0.05 I n  s i l i c o p re d ,  ne g  c on tr o l Y e s Informed consent was obtained from all patients upon referral to the Masonic Medical Research Laboratory for genetic testing, and patients were tracked anonymously. This study was approved by the regional institutional ethics review board and conducted according to Declaration of Helsinki principles. Genomic DNA was extracted from peripheral blood leukocytes and amplified, BrS genes and SCN10A were amplified and analyzed by direct sequencing. Site-directed mutagenesis was performed on full-length human wild-type (WT) and mutant  SCN10A-3XFLAG complementary DNA cloned in pCMV2 vector, the WT SCN3B cloned in pCMV6-XL6 vector, and the WT SCN5A cloned in pcDNA3.1. Coimmunoprecipitation (Co-IP) studies were performed using HEK293 cells transfected with SCN5A, and SCN10A and SCN3B plasmids were also used for studies. Total protein was isolated 24 h after transfection with lysis buffer supplemented with protease inhibitors for Co-IP experiments. Membrane currents were measured with whole-cell patch-clamp techniques using TSA201 cells as previously described. Functionally abnormal. This mutant reduced peak INa density and caused a significant positive shift half-activation volatge. Coexpression of R14L and R1268Q, with SCN5A/WT and SCN3B/WT caused a major loss of function of INa, which is expected to reduce excitability and lead to development of the arrhythmogenic substrate responsible for Brugada Syndrome and ERS as well as CCD, VT/VF, AF, RBBB, and bradycardia. The coimmunoprecipitation studies provided evidence for the co-association of Nav1.8 and Nav1.5 in the plasma membrane. 

Mutations in SCN10A Are Responsible for a Large Fraction of Cases of Brugada Syndrome 10.1 016 /j .j acc .2 014 .04 .0 33  B r u g a d a  S y n d r o m e  S C N 1 0 A N A N A p . R 1 2 6 8 Q OBI:0002178. Whole-cell patch clamp assayECO:0001816. Green fluorescent protein reporter gene assay evidence I n  v i t r o Site directed mutagenesis on WT and mutant SCN10A, WT SCN3B, WT SCN5A, co-expression of SCN10A mutants (R14L and R1268Q with WT-SCN5A, coimmunoprecipitation studies in HEK293 cells transfected with SCN5A, SCN10A, SCN3B.. Membrane currents were measured with whole-cell patch-clamp techniques using TSA201 cells.SCN5A/WT, SCN10A/WT, SCN5A%WT + SCN10A/WT were coexpressed with SCN3B/WT in HEK293 cells Sodium channel currents, capability of Nav1.5 to physically interact with Nav1.8 using Co-IP (coimmunoprecipitation)  1 CoIP: green fluorescent protein (eGFP) was used to control for DNA quantity . The endogenous protein transferrin was probed as a loading control 1 W T 3 N A Biological:  wildtype/mutants Data are presented as mean ± SD unless otherwise noted. For statistical analysis, 2-tailed Student t test and analysis of variance coupled with Student–Newman–Keuls test were used to compare 2 groups and more than 3 groups of continuous variables separately. Chi-square test was used for comparison of categorical variables (Sigma Stat; Systat Scientific Inc., San Jose, California). Differences were considered statistically significant at a value of p < 0.06 I n  s i l i c o p re d ,  ne g  c on tr o l Y e s Informed consent was obtained from all patients upon referral to the Masonic Medical Research Laboratory for genetic testing, and patients were tracked anonymously. This study was approved by the regional institutional ethics review board and conducted according to Declaration of Helsinki principles. Genomic DNA was extracted from peripheral blood leukocytes and amplified, BrS genes and SCN10A were amplified and analyzed by direct sequencing. Site-directed mutagenesis was performed on full-length human wild-type (WT) and mutant  SCN10A-3XFLAG complementary DNA cloned in pCMV2 vector, the WT SCN3B cloned in pCMV6-XL6 vector, and the WT SCN5A cloned in pcDNA3.1. Coimmunoprecipitation (Co-IP) studies were performed using HEK293 cells transfected with SCN5A, and SCN10A and SCN3B plasmids were also used for studies. Total protein was isolated 24 h after transfection with lysis buffer supplemented with protease inhibitors for Co-IP experiments. Membrane currents were measured with whole-cell patch-clamp techniques using TSA201 cells as previously described. Functionally abnormal. The half-activation voltage of this mutant was more negative than the WT. Coexpression of R14L and R1268Q, with SCN5A/WT and SCN3B/WT caused a major loss of function of INa, which is expected to reduce excitability and lead to development of the arrhythmogenic substrate responsible for Brugada Syndrome and ERS as well as CCD, VT/VF, AF, RBBB, and bradycardia. The coimmunoprecipitation studies provided evidence for the co-association of Nav1.8 and Nav1.5 in the plasma membrane. 

Novel SCN5A p.Val1667Asp Missense Variant Segregation and Characterizat ion in a Family with Severe Brugada Syndrome and Multiple Sudden Deaths 1 0 . 3 3 9 0 / i j m s 2 2 0 9 4 7 0 0 B r u g a d a  S y n d r o m e  S C N 5 A N A c . 5 0 0 0 T > A   p . V 1 6 6 7 D OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Patch-clamp experiment on transfected HEK293 cells. SCN5A cDNA of WT, mutant and co-expressed mutant/WT.  Electrophysiological properties (Current density, Time to peak, Kinetic of fast inactivation, Steady state of activation, Availability curve, Recovery from inactivation, Development of intermediate inactivation) N A N A 1 W T 3 ≥ 3 experimentsn = 6-18 Biological: wildtype/mutants. At least 3 independent experiments. Biological replicates WT, WT/p.V1667D, p.V1667DCurrent density: WT n=16, WT/p.V1667D n=6, p.V1667D n=13Kinetic of fast inactivation: WT n=17, WT/p.V1667D n=10, p.V1667D n=10Steady state of activation: WT n=16, WT/p.V1667D n=16, p.V1667D n=13Availability curve: WT n=20, WT/p.V1667D n=13, p.V1667D n=12Recovery from inactivation: WT n=18, WT/p.V1667D n=8, p.V1667D n=11Development of intermediate inactivation: WT n=9, WT/p.V1667D n=9, p.V1667D n=6 Functional data are presented corrected for the LJP and as mean ± SD of at least three independent experiments; n denotes the number of cells. A two-way ANOVA was performed for multiple comparison, followed by a modified t test with Fisher correction (OriginPro 8; OriginLab). Values of p < 0.05 were considered significant. S t a t s ,  n e g  c o n t r o l Y e s The patient and his relatives were evaluated in our Department of Arrhythmology and Electrophysiology at the hospital Policli nico San Donato. The study was conducted in accordance with the Declaration of Helsinki and written informed consent of human subjects was obtained for their participation in the study and for publication. The procedures employed were reviewed and approved by the local Ethics Committee (approver number: M-EC-006/A, rev. 1 March 2013). Genomic DNA was extracted from peripheral blood of the proband using the Maxwell 16 Blood DNA Purification kit (Promega).  Samples were enriched using Tru Sight One Sequencing kit (Clinical exome, Illumina) and sequenced on NextSeq500 platform (Illumina). Wild-Type (WT) SCN5A complementary DNA (cDNA) was subcloned into the pcDNA3.1 plasmid, with tandem twin Strep-tag and FLAG tag at the N terminus of NaV1.5. The mutation was engineered by site directed mutagenesis through the QuikChange II site-directed mutagenesis kit (Agilent Technologies), according to the manufacturer’s instructions. The construct was sequenced by Sanger technique tp verify the correct introduction of the mutation and ensure the validity of the sequence. SCN1B, the gene encoding for the human cardiac β1 subunit, was subcloned in a pIRES vector engineered with EGFP that served as a reporter gene. HEK293 (human embryonic kidney 293) cells were cultured in a controlled environment (5% CO2, 37 ◦C) and maintained in an appropriate medium (DMEM/F12; Euroclone) supplmeneted with 10% FBS, L-Glutammine and Pen/Strep. Equal amounts of SCN5A and SCN1B subunits cDNA were transiently transfected using jetPRIME reagent (Pol yPlus transfection, Euroclone) according to the manufacturer’s instructions. Whole-cell patch clamp experiments were performed at room temperature (RT) 48 h after transfection and using pipettes pulled to a 2–5 MΩ resistance (Model P-97 Sutter Instruments). Series resistance (Rs) were compensated and the compensation was readjusted before each voltage-clamp protocol. Functionally abnormal. Missense Variant : loss-of-function. Level of expression highly variable, but presence of mutation significantly reduced magnitude of current density and delayed kinetics of both activation and fast inactivation and the time course of recovery from inactivation. 

Brugada syndrome masked by c omplete left bundle branc h block: A clinic al and functional study of its assoc iation with the p.1449Y>H SCN5A variant 1 0 . 1 1 1 1 / j c e . 1 5 2 1 5  B r u g a d a  S y n d r o m e  S C N 5 A N A N A p . 1 4 4 9 Y > H OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Patch-clamp experiments using HEK293 cells transfected with WT or p.1449Y>H channels with beta subunit, anti-FLAG immunofluorescence by confocal microscopy. Co-expression Current density, location of mutant, effects when co-expressed N A The data that support the findings of this study are available on request from the corresponding author. The data are not publicly available due to privacy or ethical restrictions. 1 W T 2 N A The data that support the findings of this study are available on request from the corresponding author. The data are not publicly available due to privacy or ethical restrictions. The data that support the findings of this study are available on request from the corresponding author. The data are not publicly available due to privacy or ethical restrictions. In silico predictions (majority: deleterious) N o The data that support the findings of this study are available on request from the corresponding author. The data are not publicly available due to privacy or ethical restrictions. Functionally abnormal. loss-of-function. High penetrance and complete left bundle branch block. Current density was very small (2% of the WT results). When co-expressed it didn't reduce as much but was still notably lower (60%). 

Coexisting mutations/polymorphisms of the long QT syndrome genes in patients with repaired Tetralogy of Fallot are associated with the risks of life-threatening events 10.1007/s00439-012-1156-4  Long QT SyndromeTetralogy of Fallot S C N 5 A N A N A p . M 6 4 5 R OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Xenopus oocyte system of only p.M645R because p.K897T in hERG gene, p.R1193Q, p.H558R, and p.P1090L in SCN5A gene, and p.G643S in KVLQT1 gene had been characterized in previous studies.Oocytes injected with WT and p.M645R-hERG, and co-injection. Electrophysiological properties of p. M645R because p.K897T in hERG gene, p.R1193Q, p.H558R, and p.P1090L in SCN5A gene, and p.G643S in KVLQT1 gene had been characterized in previous studies. N A N A 1 W T 2 N A Biological:  wildtype/mutants mean± SD, non-parametric Mann-Whitney U method, chi square test, fisher exact test, p<0.05 S t a t s ,  n e g  c o n t r o l Y e s N A Functionally abnormal. Oocytes with mutant channel exhibited no K+ currents. Co-injection resulted in a net decrease in K+ current amplitude, suggesting that the mutation had a dominant negative effect. 

Novel heterozygous mutation c.4282G>T in the SCN5A gene in a family with Brugada syndrome 1 0 . 3 8 9 2 / e t m . 2 0 1 5 . 2 3 6 1  B r u g a d a  S y n d r o m e  S C N 5 A N A c . 4 2 8 2 G > T p . A 1 4 2 8 S OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Whole-cell patch clamp on WT and mutant transfected HEK 293 cells, tracked with GFP. Electrophysiological properties (current density, steady-state activation and inactivation, recovery from inactivation exhibited changes N A N A 1 W T 2 1 0 - 1 6 Biological: wildtype/mutantsCurrent voltage (I-V) and mean peak sodium current density: WT n=14, mutant n=16Kinetics of sodium channel activ. And inactiv. (voltage dependant steady state activation (n=13) and inactivation (n=16)Recovery from inactivation n=10 for eath (WT and mutant) Mean ±SDE, student t test, p<0.05 S t a t s ,  n e g  c o n t r o l Y e s N A Functionally abnormal. Current density decreased. Disrupts Nsi1 restriction site. No change in the gating property of the channel was observed in the A1428S mutation in the present study. 
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High Risk for Bradyarrhythmic Complic ations in Patients With Brugada Syndrome Caused by SCN5AGene Mutations https://doi.org/10.1016/j.jacc.2005.08.043 B r u g a d a  S y n d r o m e  S C N 5 A N A N A p . T 1 8 7 I OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Whole cell patch clamp on HEK293 cells transfected with wild-type human cardiac Na or mutant cDNA Electrophysiology: Na current density, voltage dependence of steady-state inactivation/activation, peak currents, open probabilities, co-expression WT and mutant N A N A 1 W T  +  p R c C M V 2 N A Biological:  wildtype/mutants N A N e g  c o n t r o l  Y e s Subjects were Japanese Brugada syndrome patients (all were unrelated probands). The protocol for genetic analysis was approved by the institutional ethics committee and was performed under its guidelines. All patients provided an informed consent before the genetic analysis. Genetic screening was performed for SCN5A by denaturing high-performance liquid chroma tography (DHPLC) using a WAVE System Model 3500 (Transgenomic, Omaha, Nebraska). Site-directed mutagenesis was employed to construct mutants. The human cell line HEK293 was transiently transfected with either wild-type or mutant cDNA by the LipofectAMINE method according to the manufacturer’s instructions (Invitrogen, Carlsbad, California) in combination with a bicistronic plasmid (pEGFP-IRES-hβ1) encoding enhanced GFP and human β1 subunit to visually identify cells expressing heterologous hβ1. Sodium currents were recorded 24-48h after transfection using the whole-cell patch clamp technique and analyzed at room temperature. Functional expression studies were performed on multiple independent recombinants.  Functionally abnormal. Non-functional, had no dominant negative effect on WT channels 

High Risk for Bradyarrhythmic Complications in Patients With Brugada Syndrome Caused by SCN5AGene Mutations https://doi.org/10.1016/j.jacc.2005.08.043 B r u g a d a  S y n d r o m e  S C N 5 A N A N A p . D 3 5 6 N   OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Whole cell patch clamp on HEK293 cells transfected with wild-type human cardiac Na or mutant cDNA Electrophysiology: Na current density, voltage dependence of steady-state inactivation/activation, peak currents, open probabilities, co-expression WT and mutant N A N A 1 W T  +  p R c C M V 2 N A Biological:  wildtype/mutants N A N e g  c o n t r o l  Y e s Subjects were Japanese Brugada syndrome patients (all were unrelated probands). The protocol for genetic analysis was approved by the institutional ethics committee and was performed under its guidelines. All patients provided an informed consent before the genetic analysis. Genetic screening was performed for SCN5A by denaturing high-performance liquid chroma tography (DHPLC) using a WAVE System Model 3500 (Transgenomic, Omaha, Nebraska). Site-directed mutagenesis was employed to construct mutants. The human cell line HEK293 was transiently transfected with either wild-type or mutant cDNA by the LipofectAMINE method according to the manufacturer’s instructions (Invitrogen, Carlsbad, California) in combination with a bicistronic plasmid (pEGFP-IRES-hβ1) encoding enhanced GFP and human β1 subunit to visually identify cells expressing heterologous hβ1. Sodium currents were recorded 24-48h after transfection using the whole-cell patch clamp technique and analyzed at room temperature. Functional expression studies were performed on multiple independent recombinants.  Functionally abnormal. Non-functional, had no dominant negative effect on WT channels 
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High Risk for Bradyarrhythmic Complications in Patients With Brugada Syndrome Caused by SCN5AGene Mutations https://doi.org/10.1016/j.jacc.2005.08.043 B r u g a d a  S y n d r o m e  S C N 5 A N A N A p . R 1 6 2 3 X   OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Whole cell patch clamp on HEK293 cells transfected with wild-type human cardiac Na or mutant cDNA Electrophysiology: Na current density, voltage dependence of steady-state inactivation/activation, peak currents, open probabilities, co-expression WT and mutant N A N A 1 W T  +  p R c C M V 2 N A Biological:  wildtype/mutants N A N e g  c o n t r o l  Y e s Subjects were Japanese Brugada syndrome patients (all were unrelated probands). The protocol for genetic analysis was approved by the institutional ethics committee and was performed under its guidelines. All patients provided an informed consent before the genetic analysis. Genetic screening was performed for SCN5A by denaturing high-performance liquid chroma tography (DHPLC) using a WAVE System Model 3500 (Transgenomic, Omaha, Nebraska). Site-directed mutagenesis was employed to construct mutants. The human cell line HEK293 was transiently transfected with either wild-type or mutant cDNA by the LipofectAMINE method according to the manufacturer’s instructions (Invitrogen, Carlsbad, California) in combination with a bicistronic plasmid (pEGFP-IRES-hβ1) encoding enhanced GFP and human β1 subunit to visually identify cells expressing heterologous hβ1. Sodium currents were recorded 24-48h after transfection using the whole-cell patch clamp technique and analyzed at room temperature. Functional expression studies were performed on multiple independent recombinants.  Functionally abnormal. Non-functional, had no dominant negative effect on WT channels 

The biophysic al characterization of the first SCN5A mutation R1512W identified in Chinese sudden unexplained nocturnal death syndrome 10.1097/MD.0000000000003836  B r u g a d a  S y n d r o m e  S C N 5 A N A N A p . R 1 5 1 2 W OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Whole-cell patch clamp on HEK293 cells transfected with WT and R1512W mutant cDNA Macroscopic voltage-gated sodium current (INa), parameters of activation and inactivation N A N A 1 W T 2 N A Biological:  wildtype/mutants mean and SEM, student t test, one way ANOVA, p<0.05 S t a t s ,  n e g  c o n t r o l Y e s R1512W was created in the SCN5A-Q1077del background using a site-directed mutagenesis kit (Stratagene, La Jolla, CA). The pMaxGFP, with either the wild type (WT) or mutant channel R1512W in SCN5A, were transiently transfected into HEK293 cells with FuGENE6 reagent (Roche Diagnostics, Indianapolis, IN) according to manufacturer’s instructions. Whole-cell patch clamp at room temperature, both normal pH and slight acidosis. Microelectrodes were manufactured from borosilicate glass using a puller (P-87, Sutter Instrument Co, Novato, CA). The resistances of microelectrodes ranged from 1.2 to 2.2MOhms. Voltage clamp data were generated with pClampex 10.5 and analyzed using Clampfit 10.5 (Molecular devices corporation, Sunnyvale, CA). Functionally abnormal. On baseline conditions: reduction in peak Ina compared to WT; Acidosis: significantly decreased the peak Ina by nearly 50% compared to WT. Recovery from inactivation in acidosis was slower and it had significantly larger fast time constants. 

A Novel mutation L619F in the c ardiac Na+ channel SCN5A assoc iated with long-QT syndrome (LQT3): a role for the I-II linker in inactivation gating https://doi.org/10.1002/humu.9136 L o n g  Q T  S y n d r o m e  3  S C N 5 A N A N A p . L 6 1 9 F OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Whole-cell patch clamp on HEK293 cells transfected with WT and mutant cDNA Na+ current, I-V curves, depolarization, inactivation and activation activity, tetrodoxin sensitivity N A N A 1 W T 2 7 - 1 0 Biological: wildtype/mutantsPeak current density, time of half recovery: WT n=12, L619F n=10Tetrodotoxin experiment: WT n=9, L619F n=9Voltage-dependance of channel availability: WT n=8, L619F n=10Activation: WT n=8, L619F n=9Inactivation: WT n=8, L619F n=10Na+ channel window current (peak and max): WT n=7, L619F n=7 mean ± SEM, two tailed Student t-test, p<0.05 S t a t s ,  n e g  c o n t r o l Y e s The study was performed according to a protocol approved by the Leuven University ethics committee and informed consent was obtained. Genomic DNA was extracted from peripheral blood lymphocytes using standard techniques. D-HPLC; Wave Transgenomics was performed to analyze the KCNQ1 and KCNH2 genes. KCNE1 and SCN5A gene were analyzed  by Big-Dye terminator ready reaction kit (PE Applied Biosystems) on an ABI-3100 genetic analyzer (PE Applied Biosystems). The mutant SCN5A/C1855T was engineered using the QuikChange-XLTM site-directed mutagenesis kit (Stratagene, La Jolla, CA). Cloning performed with Invitrogen.  Anti-CD8-coated beads (Dynabeads M450 CD8). Membrane currents were measured using whole cell patch-clamp procedures, with Axopatch 200B amplifiers (Axon Instruments, Foster City, CA). Data were collected and analyzed with pClamp8 (Axon Instruments, Foster City, CA); Excel (Microsoft, Seattle, WA); and Origin (Microcal Software, Northampton, MA). Functionally abnormal. Current density wasn't affected, tetrodoxin increased current, and although it didn't affect the kinetics of inactivation, it halved the time for recovery from inact ivation. Na+ channel window current was augmented. Increased channel activity underlies prolongation of ventricular action potential, which manifests as lengthening of QT. The change from leucine to phenylalanine likely changes the secondary protein structure and disrupts fast inactivation. 

Dynamic Change in ST-Segment and Spontaneous Occurrence of Ventricular Fibrillation in Brugada Syndrome With a Novel Nonsense Mutation in the SCN5A Gene During Long-Term Follow-up 1 0 . 1 2 5 3 / c i r c j . c j - 0 8 - 0 1 4 2  B r u g a d a  S y n d r o m e  S C N 5 A N A N A p . R 1 7 9 X OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Whole-cell patch clamp on HEK293 cells transfected with WT human cardiac Na channel alpha subunit or mutant cDNA whole-cell currents at various membrane potentials. N A N A 1 W T 2 N A Biological:  wildtype/mutants N A n e g  c o n t r o l Y e s The patient gave informed consent for the genetic testing. Its protocol was approved by the Institutional Ethics Committee of our university and was performed under its guidance. Genetic screening was performed for SN5A by DHPLC using a WAVE System Model 3500 0 (Transgenomic, Omaha, NE, USA). For the abnormal DHPLC patterns, we determined the DNA sequences with an automated sequencer (PRISM 3100 Genetic Analyzer, Applied Biosystems, Wellesley, MA, USA). For electrophysiological characterization, site-directed mutagenesis was used to construct the mutation with cDNA, which was subcloned into a pRc/CMV plasmid (Invitrogen, Carlsbad, CA, USA).21 The human cell line, HEK293, was transiently transfected with either wild-type or mutant cDNA by the LipofectAMINE method according to the manufacturer’s instructions (Invitrogen), in combination with a bicistronic plasmid (pEGFP-IRES-hβ1) encoding enhanced GFP and human β1 subunit to visually identify cells expressing heterologous hβ1. Sodium currents were recorded 24-48h after transfection using the whole-cell patch clamp technique and analyzed at room temperature.  Functionally abnormal. Total loss of of Na current. Possibility to develop conduction disturbance, mainly in RV and inferior LV. 

Association Between Deleterious SCN5A Variants and Ventricular Septal Defect in Young Patients With Brugada Syndrome 10.1016/j.jacep.2022.01.007  B r u g a d a  S y n d r o m e  S C N 5 A N A N A p . R 3 6 7 S OBI:0002178. Whole-cell patch clamp assay I n  v i t r o 1.7-kb XhoI/EcoRI fragment (nt.533–nt.2230) of wild-type human Nav1.5 was subcloned into the pBluescript KS-plasmid (Stratagene) to generate R367S. The human cell line HEK293 was transiently transfected with wild-type or R367S plasmid. Whole cell patch-clamp. Na+ currents (current-voltage relationship and voltage-dependent activation) N A N A 1 W T 2 N A Biological:  wildtype/mutants Continuous variables were compared using the unpaired Student’s t-test. Categorical variables were compared using a chi-square test or Fisher exact test, as appropriate. A value of p<0.05 was considered statistically significant. All statistical analyses were performed using RStudio version 1.4.1717 n e g  c o n t r o l Y e s Participants were referred to either Shiga University of Medical Science or Kyoto University Graduate School of Medicine for genetic examination. All probands and their family members provided informed written consent in accordance with the guidelines of the respective Institutional Review Boards. The study was approved by the Ethics Committees of Shiga Medical University and Kyoto University Graduate School of Medicine and followed the principles of the Declaration of Helsinki (Article II). The authors thank Dr Naomasa Makita from the National Cerebral and Cardiovascular Center for providing the mammalian expression plasmid pcDNA3.1 in which human heart Na+ channel complementary DNA (hH1) was assembled. Functionally abnormal. Non-functional (no inward Na+ current). Loss of function 

Association Between Deleterious SCN5A Variants and Ventricular Septal Defect in Young Patients With Brugada Syndrome 10.1016/j.jacep.2022.01.007  B r u g a d a  S y n d r o m e  S C N 5 A N A N A p . R 5 3 5 OBI:0002178. Whole-cell patch clamp assay I n  v i t r o 1.7-kb XhoI/EcoRI fragment (nt.533–nt.2230) of wild-type human Nav1.5 was subcloned into the pBluescript KS-plasmid (Stratagene) to generate R367S. The human cell line HEK293 was transiently transfected with wild-type or R367S plasmid. Whole cell patch-clamp. Na+ currents (current-voltage relationship and voltage-dependent activation) N A N A 1 W T 2 N A Biological:  wildtype/mutants Continuous variables were compared using the unpaired Student’s t-test. Categorical variables were compared using a chi-square test or Fisher exact test, as appropriate. A value of p<0.05 was considered statistically significant. All statistical analyses were performed using RStudio version 1.4.1717 n e g  c o n t r o l Y e s Participants were referred to either Shiga University of Medical Science or Kyoto University Graduate School of Medicine for genetic examination. All probands and their family members provided informed written consent in accordance with the guidelines of the respective Institutional Review Boards. The study was approved by the Ethics Committees of Shiga Medical University and Kyoto University Graduate School of Medicine and followed the principles of the Declaration of Helsinki (Article II). The authors thank Dr Naomasa Makita from the National Cerebral and Cardiovascular Center for providing the mammalian expression plasmid pcDNA3.1 in which human heart Na+ channel complementary DNA (hH1) was assembled. Functionally abnormal. Loss of function 

Association Between Deleterious SCN5A Variants and Ventricular Septal Defect in Young Patients With Brugada Syndrome 10.1016/j.jacep.2022.01.007  B r u g a d a  S y n d r o m e  S C N 5 A N A N A p . R 8 9 3 C OBI:0002178. Whole-cell patch clamp assay I n  v i t r o 1.7-kb XhoI/EcoRI fragment (nt.533–nt.2230) of wild-type human Nav1.5 was subcloned into the pBluescript KS-plasmid (Stratagene) to generate R367S. The human cell line HEK293 was transiently transfected with wild-type or R367S plasmid. Whole cell patch-clamp. Na+ currents (current-voltage relationship and voltage-dependent activation) N A N A 1 W T 2 N A Biological:  wildtype/mutants Continuous variables were compared using the unpaired Student’s t-test. Categorical variables were compared using a chi-square test or Fisher exact test, as appropriate. A value of p<0.05 was considered statistically significant. All statistical analyses were performed using RStudio version 1.4.1717 n e g  c o n t r o l Y e s Participants were referred to either Shiga University of Medical Science or Kyoto University Graduate School of Medicine for genetic examination. All probands and their family members provided informed written consent in accordance with the guidelines of the respective Institutional Review Boards. The study was approved by the Ethics Committees of Shiga Medical University and Kyoto University Graduate School of Medicine and followed the principles of the Declaration of Helsinki (Article II). The authors thank Dr Naomasa Makita from the National Cerebral and Cardiovascular Center for providing the mammalian expression plasmid pcDNA3.1 in which human heart Na+ channel complementary DNA (hH1) was assembled. Functionally abnormal. Missense. Loss of function. Reduced peak Na+ current <10% 

Association Between Deleterious SCN5A Variants and Ventricular Septal Defect in Young Patients With Brugada Syndrome 10.1016/j.jacep.2022.01.007  B r u g a d a  S y n d r o m e  S C N 5 A N A N A p . W 1 3 4 5 C OBI:0002178. Whole-cell patch clamp assay I n  v i t r o 1.7-kb XhoI/EcoRI fragment (nt.533–nt.2230) of wild-type human Nav1.5 was subcloned into the pBluescript KS-plasmid (Stratagene) to generate R367S. The human cell line HEK293 was transiently transfected with wild-type or R367S plasmid. Whole cell patch-clamp. Na+ currents (current-voltage relationship and voltage-dependent activation) N A N A 1 W T 2 N A Biological:  wildtype/mutants Continuous variables were compared using the unpaired Student’s t-test. Categorical variables were compared using a chi-square test or Fisher exact test, as appropriate. A value of p<0.05 was considered statistically significant. All statistical analyses were performed using RStudio version 1.4.1717 n e g  c o n t r o l Y e s Participants were referred to either Shiga University of Medical Science or Kyoto University Graduate School of Medicine for genetic examination. All probands and their family members provided informed written consent in accordance with the guidelines of the respective Institutional Review Boards. The study was approved by the Ethics Committees of Shiga Medical University and Kyoto University Graduate School of Medicine and followed the principles of the Declaration of Helsinki (Article II). The authors thank Dr Naomasa Makita from the National Cerebral and Cardiovascular Center for providing the mammalian expression plasmid pcDNA3.1 in which human heart Na+ channel complementary DNA (hH1) was assembled. Functionally abnormal. Missense. Loss of function. Reduced peak Na+ current <10% 

Association Between Deleterious SCN5A Variants and Ventricular Septal Defect in Young Patients With Brugada Syndrome 10.1016/j.jacep.2022.01.007  B r u g a d a  S y n d r o m e  S C N 5 A N A N A p . G 1 7 4 3 R OBI:0002178. Whole-cell patch clamp assay I n  v i t r o 1.7-kb XhoI/EcoRI fragment (nt.533–nt.2230) of wild-type human Nav1.5 was subcloned into the pBluescript KS-plasmid (Stratagene) to generate R367S. The human cell line HEK293 was transiently transfected with wild-type or R367S plasmid. Whole cell patch-clamp. Na+ currents (current-voltage relationship and voltage-dependent activation) N A N A 1 W T 2 N A Biological:  wildtype/mutants Continuous variables were compared using the unpaired Student’s t-test. Categorical variables were compared using a chi-square test or Fisher exact test, as appropriate. A value of p<0.05 was considered statistically significant. All statistical analyses were performed using RStudio version 1.4.1717 n e g  c o n t r o l Y e s Participants were referred to either Shiga University of Medical Science or Kyoto University Graduate School of Medicine for genetic examination. All probands and their family members provided informed written consent in accordance with the guidelines of the respective Institutional Review Boards. The study was approved by the Ethics Committees of Shiga Medical University and Kyoto University Graduate School of Medicine and followed the principles of the Declaration of Helsinki (Article II). The authors thank Dr Naomasa Makita from the National Cerebral and Cardiovascular Center for providing the mammalian expression plasmid pcDNA3.1 in which human heart Na+ channel complementary DNA (hH1) was assembled. Functionally abnormal. Missense. Loss of function. Reduced peak Na+ current <10% 

R222Q SCN5A Mutation Is Assoc iated With Reversible Ventricular Ectopy and Dilated Cardiomyopathy 10.1 016 /j .j acc .2 012 .05 .0 50  D i l a t e d  C a r d i o m y o p a t h y  S C N 5 A N A N A p . R 2 2 2 Q OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Patch-clamp on Chinese hamster ovary cells (CHO) transfected with cDNA clones of WT and R222Q channel with WT Nav-beta, and action potential modeling with Purkinje fibers mathematical model and ventricular cell models. Na+ channel current density, activation and inactivation parameters. N A N A 1 W T 2 3 Biological: wildtype/mutantsCurrent repsonses: WT n=3, R222Q n=3 N A Neg control, Number of samples, 2 models Y e s Informed written consent was obtained from all participants, and the study protocol was approved by the  institutional Human Research Ethics Committee. Genomic DNA was isolated from peripheral blood samples. Protein-coding sequences of the SCN5A and LMNA genes were amplified (PCR) and re-sequenced using an ABI PRISM 3730 DNA Analyzer (Applied Biosystems, Foster City, California).  Functionally abnormal. Activating effect on sodium channel function and reversible ventricular ectopy which may be a cause of  Dilated Cardiomyopathy 

Novel SCN5A mutation in amiodarone-responsive multifoc al ventricular ectopy-associated cardiomyopathy  10.1016/j.hrthm.2014.04.042  Ventricular ectopy cardiomyopathyOverlaps with Long QT Syndrome S C N 5 A N A N A p . R 2 2 5 P OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Whole-cell patch-clamp on human-derived tsA201 cells (HEK293 cell line expressing SV40 large T antigen) transfected with WT or mutant in combination with a plsmid encoding GFP to enable tracking.  Sodium currents and ramp currents, with tetrodotoxin (TTX) to determine TTX-sensitive sodium current.  N A N A 1 W T 2 7-16 Biological: wildtype/mutantsWT n=18, mutant n=10Activation and inactivation R225P: n=8-9 cellsRamp-current analysis: n=7-16 cellsFrequency-dependent rundown: n=11-15Byophisical properties (current densities, voltage plots, voltage dependence activation an channel availability): n=7-15 Window currents: n=7-12 Student t test, p<0.005, mean± SEM N e g  c o n t r o l ,  s a m p l e s  Y e s The informed consent procedure was approved by the Vanderbilt University Institutional Review Board. Genetic testing for mutations in KCNQ1, KCNH2, SCN5A, KCNE1, KCNE2, and KCNJ2 was performed by The Scottish Genetics Laboratory, Aberdeen. cDNA encoding human Nav1.5 was coned into the bicistronic vector pRc-CMV_IRES2-CD8, and mutations were created using site-directed mutagenesis. Human derived tsa201 cells were transfected with WT  or mutant plasmid using FuGeneHD (Roche Diagnostics, Indianapolis , IN) in combination with bicistronic plasmid (pIRES-EGFP-hβ1) (GFP) and hbeta1. Sodium currents were recorded at room temperature (22º-23ºC). All data were analyzed using pCLAMP 10.0 or Microsoft Excel 2007 and plotted using SigmaPlot 10.0 (Systat Software, San Jose, CA). Tetrodoxin was provided by Tocris Bioscience, Bristol, United Kingdom, amiodarone hydrochloride was provided by Sigma-Aldrich, St. Louis, MO and dimethylsulfoxide DMSO from Sigma-Aldrich. Functionally abnormal. Cells expressing R225P exhibited significantly greater current density. Mutant channels exhibited significant abnormalities in both activation and inactivation, with higher time constants and leading to large, hyperpolarized window and ramp currents that predict aberrant sodium influx at potentials near the cardiomyocyte resting membrane potential. This profile shares features with SCN5A voltage sensor mutations associated with cardiomyopathy and overlapped that of congenital long QT syndrome. Amioradone estabilized fast activation, suppressed persistent sodium current and caused frequency-dependent inhibition of channel availability. 

Functional Analysis of SCN5A Genetic Variants Associated with Brugada Syndrome 1 0 . 1 1 5 9 / 0 0 0 5 1 9 8 5 7  B r u g a d a  S y n d r o m e  S C N 5 A N A N A p . V 2 8 1 A OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Whole-cell patch-clamp on CHO-K1 cells transfected with WT or mutant SCN5A and WB analysis.  Sodium currents (current density and conductance, voltage dependance of steady-state activation and inactivation, steady-state fast and intermediate inactivation, recovery from fast and intermediate inactivation and development of inactivation) and visualization of hNav1.5 N A N A 1 W T 2 N A Biological:  wildtype/mutants Data are presented as mean values ± standard errors. Statistical comparisons were made using the unpaired Mann-Whitney test. Results with p < 0.05 were considered to be statistically significant. Neg control, made a digital molecular model Y e s The study was performed according to the Declaration of Helsinki and approval was obtained from Almazov National Medical Rese arch Centre Ethical Committee. Written informed consent was obtained from the patients prior to the investigation. Target sequencing was performed in Illumina MiSeq, using a Haloplex enrichment kit. All diseases-associated genetic variants were confirmed by Sanger sequencing and classifed according to ACMG guidelines. Vector pcDNA3.1 with SCN5A was provided by Prof. Hugues Abriel (Institute of Biochemistry and Molecular Medicine, University of Bern, Bern, Switzerland. The CHO-K1 cells growing on 3-cm plates were co-transfected with 0.5-mkg pcDNA3.1 wild-type (WT) or mutant SCN5A and 0.1-mkg pMAX carrying gene of green fluorescent protein using Lipofectamine® LTX with PlusTM Reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. The cells were grown in the DMEM/F12 medium (Gibco; Thermo Fisher Scientific) with the addition of 10% fetal bovine serum (HyClone, Logan, UT, USA), 2 mM glutamine, 100 U/mL  penicillin, and 100 mg/mL streptomycin (Thermo Fisher Scientific) in a CO2 incubator at +37°C. The whole-cell voltage clamp recordings of Na currents were performed at room temperature. The external saline solution contained (mmol/L) 140 NaCl, 1 MgCl2, 1.8 CaCl2, 10 HEPES, and 10 glucose. The solution was adjusted to pH 7.4 with CsOH.  Patch pipettes (2.5-3.5 Mohms resistance) pulled from  borosilicate glass BF150-86-10 by Sutter Instrument, Novato, CA, USA), with puller P-1000 and filled with electrode solution with 130 CsCl, 10 NaCl, 10 EGTA, and 10 HEPES at pH 7.3. . Data acquisition was performed with amplifier Axopatch 200B and Clampfit software, version 10.3 (Molecular Devices, San Jose, CA, USA). Analog-to-digital interface Digidata 1440A acquisition system (Molecular Devices). For biotinylation experiments, HEK-293 cells growing on 6-cm plates, as described for CHO-K1 cells, were transfected with 3.5 mkg pcDNA3.1 WT or mutant SCN5A. Membrane proteins were biotinylated using the EZ-LinkTM Sulfo-NHS-Biotin, No-WeighTM Format (Thermo Fisher Scientific) following the manufacturer’s instructions. Briefly, intact cells were washed twice with ice-cold PBS, incubated in Sulfo-NHS-Biotin solution. Labeled cells were washed 3 times in ice-cold PBS-CM, scraped and lysed in a buffer and cocktail of protease inhibitors from Roche. Supernatants were incubated with Streptavidin Agarose Resin beads (Thermo Fisher Scientific) overnight at 4°C. Molecular images were generated  with the PyMol (Molecular Graphics System, version 0.99rc6; Schrödinger, NY, USA).  Functionally abnormal. Non-functional (no sodium current detected) 

Functional Analysis of SCN5A Genetic Variants Associated with Brugada Syndrome 1 0 . 1 1 5 9 / 0 0 0 5 1 9 8 5 7  B r u g a d a  S y n d r o m e  S C N 5 A N A N A p . L 1 5 8 2 P OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Whole-cell patch-clamp on CHO-K1 cells transfected with WT or mutant SCN5A and WB analysis.  Sodium currents (current density and conductance, voltage dependance of steady-state activation and inactivation, steady-state fast and intermediate inactivation, recovery from fast and intermediate inactivation and development of inactivation) and visualization of hNav1.5 N A N A 1 W T 2 N A Biological:  wildtype/mutants Data are presented as mean values ± standard errors. Statistical comparisons were made using the unpaired Mann-Whitney test. Results with p < 0.05 were considered to be statistically significant. Neg control, made a digital molecular model Y e s The study was performed according to the Declaration of Helsinki and approval was obtained from Almazov National Medical Research Centre Ethical Committee. Written informed consent was obtained from the patients prior to the investigation. Target sequencing was performed in Illumina MiSeq, using a Haloplex enrichment kit. All diseases-associated genetic variants were confirmed by Sanger sequencing and classifed according to ACMG guidelines. Vector pcDNA3.1 with SCN5A was provided by Prof. Hugues Abriel (Institute of Biochemistry and Molecular Medicine, University of Bern, Bern, Switzerland. The CHO-K1 cells growing on 3-cm plates were co-transfected with 0.5-mkg pcDNA3.1 wild-type (WT) or mutant SCN5A and 0.1-mkg pMAX carrying gene of green fluorescent protein using Lipofectamine® LTX with PlusTM Reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. The cells were grown in the DMEM/F12 medium (Gibco; Thermo Fisher Scientific) with the addition of 10% fetal bovine serum (HyClone, Logan, UT, USA), 2 mM glutamine, 100 U/mL  penicillin, and 100 mg/mL streptomycin (Thermo Fisher Scientific) in a CO2 incubator at +37°C. The whole-cell voltage clamp recordings of Na currents were performed at room temperature. The external saline solution contained (mmol/L) 140 NaCl, 1 MgCl2, 1.8 CaCl2, 10 HEPES, and 10 glucose. The solution was adjusted to pH 7.4 with CsOH.  Patch pipettes (2.5-3.5 Mohms resistance) pulled from  borosilicate glass BF150-86-10 by Sutter Instrument, Novato, CA, USA), with puller P-1000 and filled with electrode solution with 130 CsCl, 10 NaCl, 10 EGTA, and 10 HEPES at pH 7.3. . Data acquisition was performed with amplifier Axopatch 200B and Clampfit software, version 10.3 (Molecular Devices, San Jose, CA, USA). Analog-to-digital interface Digidata 1440A acquisition system (Molecular Devices). For biotinylation experiments, HEK-293 cells growing on 6-cm plates, as described for CHO-K1 cells, were transfected with 3.5 mkg pcDNA3.1 WT or mutant SCN5A. Membrane proteins were biotinylated using the EZ-LinkTM Sulfo-NHS-Biotin, No-WeighTM Format (Thermo Fisher Scientific) following the manufacturer’s instructions. Briefly, intact cells were washed twice with ice-cold PBS, incubated in Sulfo-NHS-Biotin solution. Labeled cells were washed 3 times in ice-cold PBS-CM, scraped and lysed in a buffer and cocktail of protease inhibitors from Roche. Supernatants were incubated with Streptavidin Agarose Resin beads (Thermo Fisher Scientific) overnight at 4°C. Molecular images were generated  with the PyMol (Molecular Graphics System, version 0.99rc6; Schrödinger, NY, USA).  Functionally abnormal. Non-functional (no sodium current detected) 

Functional Analysis of SCN5A Genetic Variants Associated with Brugada Syndrome 1 0 . 1 1 5 9 / 0 0 0 5 1 9 8 5 7  B r u g a d a  S y n d r o m e  S C N 5 A N A N A p . F 5 4 3 L OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Whole-cell patch-clamp on CHO-K1 cells transfected with WT or mutant SCN5A and WB analysis.  Sodium currents (current density and conductance, voltage dependance of steady-state activation and inactivation, steady-state fast and intermediate inactivation, recovery from fast and intermediate inactivation and development of inactivation) and visualization of hNav1.5 N A N A 1 W T 2 8-51 Biological: wildtype/mutantsnumber of samples changes for each property studiedPeak current density WT n=35, mutant n=51Steady-state activation WT n= 35, mutant n=51Steady-state inactivation WT n= 42, mutant n=20Steady-state fast activation WT n= 32, mutant n=23Steady-state intermediate inactivation WT n= 32, mutant n=14Recovery from fast inactivation WT n= 7, mutant n=8Recovery from intermediate inactivation WT n= 20, mutant n=9Development of inactivation WT n= 6, mutant n=8 Data are presented as mean values ± standard errors. Statistical comparisons were made using the unpaired Mann-Whitney test. Results with p < 0.05 were considered to be statistically significant. Neg control, made a digital molecular model Y e s The study was performed according to the Declaration of Helsinki and approval was obtained from Almazov National Medical Rese arch Centre Ethical Committee. Written informed consent was obtained from the patients prior to the investigation. Target sequencing was performed in Illumina MiSeq, using a Haloplex enrichment kit. All diseases-associated genetic variants were confirmed by Sanger sequencing and classifed according to ACMG guidelines. Vector pcDNA3.1 with SCN5A was provided by Prof. Hugues Abriel (Institute of Biochemistry and Molecular Medicine, University of Bern, Bern, Switzerland. The CHO-K1 cells growing on 3-cm plates were co-transfected with 0.5-mkg pcDNA3.1 wild-type (WT) or mutant SCN5A and 0.1-mkg pMAX carrying gene of green fluorescent protein using Lipofectamine® LTX with PlusTM Reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. The cells were grown in the DMEM/F12 medium (Gibco; Thermo Fisher Scientific) with the addition of 10% fetal bovine serum (HyClone, Logan, UT, USA), 2 mM glutamine, 100 U/mL  penicillin, and 100 mg/mL streptomycin (Thermo Fisher Scientific) in a CO2 incubator at +37°C. The whole-cell voltage clamp recordings of Na currents were performed at room temperature. The external saline solution contained (mmol/L) 140 NaCl, 1 MgCl2, 1.8 CaCl2, 10 HEPES, and 10 glucose. The solution was adjusted to pH 7.4 with CsOH.  Patch pipettes (2.5-3.5 Mohms resistance) pulled from  borosilicate glass BF150-86-10 by Sutter Instrument, Novato, CA, USA), with puller P-1000 and filled with electrode solution with 130 CsCl, 10 NaCl, 10 EGTA, and 10 HEPES at pH 7.3. . Data acquisition was performed with amplifier Axopatch 200B and Clampfit software, version 10.3 (Molecular Devices, San Jose, CA, USA). Analog-to-digital interface Digidata 1440A acquisition system (Molecular Devices). For biotinylation experiments, HEK-293 cells growing on 6-cm plates, as described for CHO-K1 cells, were transfected with 3.5 mkg pcDNA3.1 WT or mutant SCN5A. Membrane proteins were biotinylated using the EZ-LinkTM Sulfo-NHS-Biotin, No-WeighTM Format (Thermo Fisher Scientific) following the manufacturer’s instructions. Briefly, intact cells were washed twice with ice-cold PBS, incubated in Sulfo-NHS-Biotin solution. Labeled cells were washed 3 times in ice-cold PBS-CM, scraped and lysed in a buffer and cocktail of protease inhibitors from Roche. Supernatants were incubated with Streptavidin Agarose Resin beads (Thermo Fisher Scientific) overnight at 4°C. Molecular images were generated  with the PyMol (Molecular Graphics System, version 0.99rc6; Schrödinger, NY, USA).  Functionally abnormal. Loss-of-function that facilitates fast inactivation. Produced a robust sodium current with hyperpolarizing shift in voltage dependence. Reduces the Nav1.5 activity and availability, which  are necessary for proper generation of cardiac AP.  

Functional Analysis of SCN5A Genetic Variants Associated with Brugada Syndrome 1 0 . 1 1 5 9 / 0 0 0 5 1 9 8 5 7  B r u g a d a  S y n d r o m e  S C N 5 A N A N A p . K 1 4 1 9 E OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Whole-cell patch-clamp on CHO-K1 cells transfected with WT or mutant SCN5A and WB analysis.  Sodium currents (current density and conductance, voltage dependance of steady-state activation and inactivation, steady-state fast and intermediate inactivation, recovery from fast and intermediate inactivation and development of inactivation) and visualization of hNav1.5 N A N A 1 W T 2 N A Biological:  wildtype/mutants Data are presented as mean values ± standard errors. Statistical comparisons were made using the unpaired Mann-Whitney test. Results with p < 0.05 were considered to be statistically significant. Neg control, made a digital molecular model Y e s The study was performed according to the Declaration of Helsinki and approval was obtained from Almazov National Medical Research Centre Ethical Committee. Written informed consent was obtained from the patients prior to the investigation. Target sequencing was performed in Illumina MiSeq, using a Haloplex enrichment kit. All diseases-associated genetic variants were confirmed by Sanger sequencing and classifed according to ACMG guidelines. Vector pcDNA3.1 with SCN5A was provided by Prof. Hugues Abriel (Institute of Biochemistry and Molecular Medicine, University of Bern, Bern, Switzerland. The CHO-K1 cells growing on 3-cm plates were co-transfected with 0.5-mkg pcDNA3.1 wild-type (WT) or mutant SCN5A and 0.1-mkg pMAX carrying gene of green fluorescent protein using Lipofectamine® LTX with PlusTM Reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. The cells were grown in the DMEM/F12 medium (Gibco; Thermo Fisher Scientific) with the addition of 10% fetal bovine serum (HyClone, Logan, UT, USA), 2 mM glutamine, 100 U/mL  penicillin, and 100 mg/mL streptomycin (Thermo Fisher Scientific) in a CO2 incubator at +37°C. The whole-cell voltage clamp recordings of Na currents were performed at room temperature. The external saline solution contained (mmol/L) 140 NaCl, 1 MgCl2, 1.8 CaCl2, 10 HEPES, and 10 glucose. The solution was adjusted to pH 7.4 with CsOH.  Patch pipettes (2.5-3.5 Mohms resistance) pulled from  borosilicate glass BF150-86-10 by Sutter Instrument, Novato, CA, USA), with puller P-1000 and filled with electrode solution with 130 CsCl, 10 NaCl, 10 EGTA, and 10 HEPES at pH 7.3. . Data acquisition was performed with amplifier Axopatch 200B and Clampfit software, version 10.3 (Molecular Devices, San Jose, CA, USA). Analog-to-digital interface Digidata 1440A acquisition system (Molecular Devices). For biotinylation experiments, HEK-293 cells growing on 6-cm plates, as described for CHO-K1 cells, were transfected with 3.5 mkg pcDNA3.1 WT or mutant SCN5A. Membrane proteins were biotinylated using the EZ-LinkTM Sulfo-NHS-Biotin, No-WeighTM Format (Thermo Fisher Scientific) following the manufacturer’s instructions. Briefly, intact cells were washed twice with ice-cold PBS, incubated in Sulfo-NHS-Biotin solution. Labeled cells were washed 3 times in ice-cold PBS-CM, scraped and lysed in a buffer and cocktail of protease inhibitors from Roche. Supernatants were incubated with Streptavidin Agarose Resin beads (Thermo Fisher Scientific) overnight at 4°C. Molecular images were generated  with the PyMol (Molecular Graphics System, version 0.99rc6; Schrödinger, NY, USA).  Functionally abnormal. No sodium current detected. 

LQTS mutation N1325S in c ardiac sodium channel gene SCN5A causes cardiomyocyte apoptosis, cardiac fibrosis and c ontractile dysfunction in mice 10.1016/j.ijcard.2009.08.047  L o n g  Q T  S y n d r o m e  S C N 5 A N A N A p . N 1 3 2 5 S ECO:0000179: animal model system study evidence I n  v i v o Examination of two lines of adult mutant transgenic mice (TG-NSL3 and TG-NSL12) which overexpress the Long QT Syndrome mutations N1325S in SCN5A: Histological and morphological analysis, TUNEL assays, immunohistochemistry, cehocardiography, act ivation of caspases assays and Western Blot. Histological and morphological parameters like lung-body weight ratio, heart-body weight ratio, heart morphology and presence of collagen fiber accumulation and insterstitial fibrosis due to CO2 euthanasia, amount of TUNEL-positive cells and nuclei (TUNEL assays), activation of caspase-3, caspase-8 and caspase-9 and protein presence and amount (Western Blot).  1 Non-transgenic (NT) control mice 3 mice expressing WT SCN5A, TG-WTL5 and TG-WTL10.  4 3 Biological: two lines of miceTUNEL assays: (n=number of mice)TG-NSL12 n=10, TG-NSL3 n=6, WTL10 n=10, TG-NT n=17 were studied and for each mouse 5000-8000 cells were counted. Activation of caspase-3: TG-NSL12 n=17, TG-WTL10 n=9, NT n=17Activation of caspase-9: TG-NSL12 n=10, TG-WTL10 n=12, NT n=11Western Blot: TG-NSL12 n=7, TG-NSL3 n=7, TG-WTL10 n=8, NT n=8Technical: For activation of caspases: assay was performed in triplicated, in 96-well plates.  All values are presented as mean± SEM. Statistical analysis for group data was performed using one way ANOVA. The paired Student's t-test was used to determine the significant level of a difference between two variables. The significance level was set at a P value of less than 0.05 or wherever indicated in the figure legends. C o n t r o l s ,  s a m p l e s ,  s t a t s  Y e s Experimental procedures performed in this study were approved by the Cleveland Clinic Institutional Animal Care and Use Committee, and conform with the NIH Guidelines. Dissection microscope (LEICA MZFLIII). Histological analysis with H&E or Masson's trichrome. To calculate percentage of  interstitial fibrosis we used ImagePro Plus software (Media Cybernetics, Inc., Bethesda MD). TUNEL assyas were done with ApopTag Peroxidase In Situ Apoptosis Detection Kit (CHEMICON) according to the manufacturer's instructions and then  second immunohistochemistry with VECTASTAIN ABC-AP system (Vector Laboratories) with a monoclonal anti-α-actinin antibody (diluted at 1:500, Sigma). High-frame rate (>200 fps) echocardiography was performed with a 14-MHz transducer coupled to an Applio ultrasound machine (Toshiba, Japan). Caspase-3 activation activity in myocardial tissues was measured with the Caspase3 Colorimetric Activity Assay Kit according to the instructions by the manufacturer (Chemicon). Caspase-8 and caspase-9 activation activity in myocardial tissues was measured using the Caspase -8 and -9 Colorimetric Assay Kit according to the instructions by the manufacturer (R&D Systems). Protein extracts were extracted with buffer with Tris-HCl, NaCl, EDTA, NP-40 and protease inhibitor cocktail solution. Western Blot was performed using primary antibodies against Na+/Ca2+ exchanger NCX-1 from Chemicon, SERCA2 from Santa Cruz Biotechnology, dihydropyridine receptoralpha 2 from Bioreagents and ryanodine receptor RyR2 from Sigma. The authors of this manuscript have certified that they comply with the Principles of Ethical Publishing in the International Journal of Cardiology Functionally abnormal. Structural abnormalities and contractile dysfunction can arise. It has been demonstrated to cause myocardial damage in progressive, age-dependant manner. Echocardiography and histological examination revelaed structural and functional impairment of left ventricle. Pulmonary congestion and edema were observed in both lines of TG-NS mice. Based on the results, it is interpreted that the mutation (and not the overexpression of SCN5A or the insertion location of the transgene) causes contractile dysfunction, which might come from cardiomyocyte apoptosis caused by activation of caspases 3 and 9 resulting of remodeling of key cardiac proteins.   

Compound Heterzygous SCN5A Mutations in Severe Sodium Channelopathy With Brugada Syndrome: A Case Report 1 0 . 3 38 9 / fc v m . 20 2 0 .0 0 11 7 B r u g a d a  S y n d r o m e  S C N 5 A N A N A p . F 1 5 7 1 L OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Whole-cell patch clamp of HEK293 cell, expressing WT or co expressing variant with beta1 subunit.  Sodium current by step depolarization for 20ms to differentpotentials between -120 and +40 mV, from a holding potenrial of -130mV. Also, current voltage relations, conductance-voltage, activation and inactivation kinetics, voltage dependance of activation and inactivation and recovery. N A Cell s in  co ntrol  co nd it io ns  1 W T 3 7 - 9 Biological: wildtype/mutantskinetics of inactivation: variant n=7, WT n=8, coexpression n=9 Data are reported as mean ± standard error of mean (SEM) with n as the number of cells analyzed. A comparison between the WT and the variant was performed with two-tailed Student’s t-test. A P-value of ≤ 0.05 indicates statistical significance (Systat Software Inc.). neg  co ntrol , s am ple s,  st at s Y e s Variant introduced with QuickChange Site-Directed Mutagenesis Kit (Life Technologies) and a primer set from Eurogentec S.A.. The variant plasmid was obtained by amplification in XL2 blue cells (Agilent Technologies) and subsequently purified (purification kit , Macherey-Nagel). Transfection into HEK293 cells was done using Lipofectamine 2000 (Life Technologies). The cells were grown in Dulbecco’s Modified Eagle Medium supplemented with fetal bovine serum and  penicillin/streptomycin  (Life Technologies). The cells were placed in a 5% CO2 incubator at 37◦C for 48 h prior to the patch-clamp recordings. The platch-clamp were performed at room temperature (20-22ºC) with an Axopatch 200B amplifier and a pClamp 10.7/Digidata 1440A acquisition system (Axon Molecular Devices). Pipettes had a resistance between 1-1.5Mohms and were pulled from borosilicate glass capillaries  (World Precision Instruments, Inc.) using a P-2000 puller (Sutter Instrument Co.).  Functionally abnormal. The variant seemed to cause a loss of function in inactivation (hyperpolarizing shift in the voltage dependence of inactivation) while activation was unaffected. 

Functional analysis of a novel SCN5A mutation G1712C identified in Brugada syndrome 10.3969/j.issn.1673-4254.2017.02.19 B r u g a d a  S y n d r o m e  S C N 5 A N A N A p . G 1 7 1 2 C OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Confocal immunofluorescence microscopy and whole-cell patch clamp of HEK293 cell, expressing WT or mutant channel subunits (hH1 and mhH1). Na+ currents from stable beta1-cell line, activation and inactivation kinetics, steady-state activation and inactivation, location of G1712C in cardiac voltage-gated Na channel . N A N A 1 W T 2 1 0 Biological: wildtype/mutantsMembrane potential: WT n=7, mut n=10 SPSS 20.0 software package. Mean ± standard deviation, Student t test, single factor analysis of variance, Student-Newman-Keuls test, p<0.05. n e g  c o n t r o l ,  s t a t s Y e s Plasmid pRc/CMV-hH1 containing the cDNA fragment of the normal human voltage-gated sodium channel and expression vector pGFP-IRES-hbeta1 were provided by Mr. Alfred L.George (Director of Vanderbilt University Division of GeneticMedicine, Nashville).  The bacterial strain is Bacterial Strain JM 109 from Promega Company. HEK 293 was cultured in Opti-Mem medium with fetal bovin serum and penicillin/streptomycin, cells at 37ºC incubator. For transfection Lipo3000 (Invitrogen, L3000-015, USA) was used. Software Data acquisition and analysis, generation of voltage commands and curve fitting were accomplished with EPC-10, PatchMaster and IGOR Pro 6.0. Functionally abnormal. Usually GFP protein is located mainly in the nucleus and in less quantity in the cytoplasm. With the laser confocal microscope, it was observed that the mutant GFP protein was distributed mainly in the periphery of the cytoplasm instead. The electrophysiological analysis show that the mutation leads to amino acid changes, affecting the P-loop structure of the alpha subunit of the channel protein. The mutant channel current could not be recorded in the study using patch clamp technique. 

Multiple arrhythmic and cardiomyopathic phenotypes associated with an SCN5A A735E mutat ion https://doi.org/10.1016/j.jelectrocard.2021.01.019 Brugada SyndromeSinus Node Dysfunction S C N 5 A N A N A p . A 7 3 5 E OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Patch-clamp on tsA201 cells with, WT or mutant,  human heart sodium channel alpha-subunit cDNA and human beta 1 subunit. Whole-cell sodium currents.  N A N A 1 W T 2 N A Biological:  wildtype/mutants N A n e g  c o n t r o l Y e s This study was approved by the institutional ethics review board (approval number: 2017–15). Written informed consent for the genetic and functional analyses was obtained from the subjects. Wild-type (WT) human heart sodium channel α-subunit cDNA subcloned into pcDNA3.1 vector (hH1-pcDNA3.1) and a plasmid containing human β1-subunit (hβ1) (pGFP-IRES-hβ1) were kindly provided by Dr. Naomasa Makita (National Cerebral and Cardiovascular Center Research Institute). Site-directed mutagenesis (A735E) was conducted using a QuikChangeII Site-Directed Mutagenesis Kit (Agilent Technologies). 0.5 μg of hH1-pcDNA3.1 or 0.5 μg of A735E-pcDNA3.1 in combination with 0.5 μg of pGFP-IRES-hβ1 were transiently transfected into tsA201 cells using Lipofectamine 2000 (Invitrogen). Membrane sodium currents (INa) were recorded during 24–36 h after transfection using whole-cell patch-clamp techniques at room temperature (23–25 °C), as described previously. Functionally abnormal. Loss of function. No functional sodium current. It matched several phenotypes: Brugada Syndrome, SND, AVB, SVTs, Ex/Epi-QTp, Dilated Cardiomyopathy and LVNC 

Brugada Syndrome Caused by Sodium Channel Dysfunction Associated with a SCN1B Var iant A197V 10.1016/j.arcmed.2020.02.003  B r u g a d a  S y n d r o m e  S C N 1 B N A N A p . A 1 9 7 V OBI:0002178. Whole-cell patch clamp assay I n  v i t r o Whole-cell patch clamp and immunodetection. WT and mutant geners were co-expressed with SCN5A in human embryonic kidney cells (HEK293 cells).  Nav1.5 channgel activity and curents (density, steady-state activation and inactivation) and channel protein trafficking.  N A N A 1 W T 2 N A Biological:  wildtype/mutants The electrophysiological data were analyzed using Clampfit 10.3 and SPSS 19.0 software. Data are expressed as mean value ± st andard error of the mean (SEM). Statisitical differences between 2 groups of numeric data were determined by unpaired Student t test and 1 way ANOVA followed by Dunnet post hoc analysis in the case of mutiple comparisons. Differences were considered statistically significant when p-value !0.05. n e g  c o n t r o l ,  s t a t s Y e s This study was carried out in accordance with principles and guidelines of Medical Ethics Committee of the first affiliated hospital of Nanjing Medical University (Nanjing, China). Written informed consents were obtained from all participants. DNA was extracted from peripheral blood with the QIAamp DNA Blood Midi kit (Qiagen, Dusseldorf, Germany). The exomes were captured by means of IDT the xGen Exome Research Panel v1.0, and the platform of high-throughput sequencing was performed in Illumina NovaSeq 6000. Sanger  sequencing was carried out by ABI3730 sequencing instrument, and the verification result was obtained by sequence analysis software to confirm suspected pathogenic mutations. The pcDNA3.1 vector harboring the wild-type (WT) cDNA of human SCN5A was a generous gift from Dr. Gui-Rong Li (The University of Hong Kong, Hong Kong, China). The pIRES2-EGFP vector encoding SCN1B was constructed from human right ventricle cDNA. The A197V mutation was created by site-directed mutagenesis (QuikChange SiteDirected Mutagenesis Kit, Stratagene, La Jolla, CA, USA). Cells were maintained in Dulbecco’s Modified Eagle’s Medium supplemented with 10% Fetal Bovine Serum, 1% antibiotic, 1% NEAA, and 1% Glutamax (all from Invitrogen, Carlsbad, CA, USA)   at 37C and 5% CO2. For the electrophysiological study, performed 48 h after transfection. Signals were acquired with an Axopatch 200 B patch-clamp amplifier (Axon Instruments, Foster City, CA) and analyzed with Clampfit 10.3 software (Molecular Devices, Sunnyvale, CA). Pipettes were pulled from glass capillaries (SUTTER BF150-110-7.5, Sutter Instruments, Novato, CA, USA). For confocal fluorescence and immunoblot analysis, cells were grown on glass-bottom 35 mm culture dishes and stained 48 h post-transfection. Briefly, cells were fixed with 4% paraformaldehyde (Sigma-Aldrich, Saint Louis, MO, USA). Experiments were performed on an Olympus FluoView laser-scanning confocal microscope (Olympus, Orangeburg, NY, USA) and images were acquired with the Fluoviewacquisition software program. Blots were incubated overnight with anti-Nav1.5 (1:200, Santa Cruz Biotechnology, Inc. Dallas, Texas, USA), anti-b-tubulin (1:600, Abcam, Cambridge UK) at 4C. Western blot bands were acquired with a Kodak Gel Logic 2200 and digitized with the Kodak Molecular Imaging 4.0.4 software. Functionally abnormal. Missense, loss-of-function that significantly reduced Na+ current densities, altered the kinetics of voltage dependence of steady-state inactivation, decreased activation velocity, lowered membrane-associated fluorescence and increased intracellular fluorescence and caused aberrant channel expression. The inactivation curve of INa was negatively shifted by A197V, resulting in decreased window current, thus contributing to cell instability during the refractory stage. With the Western Blot, quantification and statistical analysis showed significantly reduced Nav1.5 proteins expression in A197V cells ( p <0.01), indicating more intracellular retention. It remarkably hinders Nav1.5 trafficking and cell surface expression. The variant may modulate Nav1.5 via a specific residue or change of overall structural motifs. 
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Identific ation of a Pathogenic TGFBR2 Var iant in a Patient With Loeys–Dietz Syndrome 10.3 389 /f gen e. 2020 .00 479  L o e y s - D i e t z  S y n d r o m e  T G F B R 2 N A N A p . V 5 3 8 A ECO:0001805. Luciferase reporter gene assay evidence I n  v i t r o Luciferase reporter assay to assess the canonical TFG-beta signaling pathway in mutant cells. HCT116 cells were infected with luciferase reporter construct containing a TGF-beta responsive element (that drives luciferase expression) and either a plasmid expressing WT or a plasmid expressing mutant TGFBR2 protein (total protein concentration was used to control luciferase activity, and all conditions were normalized to unstimulated cells overexpressing WT TGFBR2.Four independent experiments were completed with t-tests indicating significance between conditions). Western Blotting: cells were collected and lyzed in RIP assay.  Assessed the canonical TFG-beta signaling pathway in mutant cells with phosphorylation of SMAD2 level to determine downstream transcriptional activation. N A N A 1 W T 2 3 - 4 Biological: wildtype/mutants4 independent experiments.Luciferase reporter assay: N=3WB: N=4 t tests for each experiment to indicate significance between conditions, and p<0.05 Neg control, stats, prediction tools Y e s The Ethical Committee of the Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China, reviewed and approved our study protocol. All participants as well as parents of underage patients have given written informed consent. Family members of this patient have given written informed consent as they are participating in this study. The Ethical Committee of the Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China, reviewed and approved our study protocol in compliance with the Helsinki declaration. HCT116 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), and 1% penicillin/streptomycin at 37ºC and 5% CO2. When the cells grow to about 70% density, different plasmids were transferred as designed. Plasmids pCDNA3.1-TGFBR2-WT (WT) and pCDNA3.1-TGFBR2-Mut (with variant p.Val538Ala) were constructed in Tsingke Biological Technology Company. Plasmid p3TP-Lux, a luciferase reporter construct containing a TGF-β responsive element driving luciferase expression was bought on addgene (#11767). When the confluency of HCT116 in six-well plate was about 60%, we cotransfected plasmid p3TP-Lux with WT or mutant TGFBR2 using Lipofectamine 3000 (Thermo Scientific). Twenty-four hours later, cells were treated with 5 ng/ml TGF-β1 (PeproTech, #100-21) in medium without serum for an additional 24 h. For the western blotting, after treatment, cells were collected and lyzed in radioimmunoprecipitation assay (RIPA) buffer containing 0.1 mM phenylmethylsulfonyl fluoride (PMSF), protease inhibitor cocktail (Roche), and phosphatase inhibitors (Thermo Fisher Scientific). specific bands were detected by super ECL reagent (Pierce, Rockford, IL, United States) and developed with super ECL reagent (Pierce, Rockford, IL, United States). ImageJ was used to quantify Western blot density.  Functionally abnormal. The variant impairs the function of TGFBR2 and disrupts de TGF-beta signaling pathway, since it significantly decreased TGF-beta-induced gene transcription and the phosphorylation of SMAD2.  

Functional effects of the T MEM43 Ser358Leu mutat ion in the pathogenesis of arrhythmogenic r ight ventricular c ardiomyopathy https://doi.org/10.1186/1471-2350-13-21 Arrhythmogenic Right Ventricular Cardiomyopathy T M E M 4 3 N A N A p . S 3 5 8 L BAO:BAO_0010010. Solubility assay I n  v i t r o Analysis of COS-7 cells transfected with WT, mutant and 1:2 WT:mutant. Solubility assays and immunofluorescence imaging. mRNA expression was assessed of genes potentially affected by dysfunction of the nuclear lamina. Identified mutations were analyzed for pathogenicity by using (1) protein prediction algorithms PolyPhen, SIFT, MUpro and PMut, (2) evolutionary conservation among species using ClustalW analysis, and (3) localization within a functionally important domain. Effect of the Ser358Leu mutation on the stability and cellular localization of TMEM43 and other nuclear envelope and desmosomal proteins, assessed by solubility assays and immunofluorescence imaging. mRNA expression was assessed of genes potentially affected by dysfunction of the nuclear lamina. N A N A 1 W T 2 N A Biological:  wildtype/mutants Ct values were estimated for each gene and unpaired Student’s ttests were performed to compare data obtained from wildtype and mutant plasmid transfected cells. A value of P < 0.05 was considered significant. Data are expressed as mean ± standard deviation. neg control, stats, prediction tools Y e s Informed consent was obtained from all subjects. Clinical diagnosis of Arrhythmogenic Right Ventricular Cardiomyopathy was based on the recently modified criteria originally proposed by the International Task Force of the European Society of Cardiology and the International Society and Federation of Cardiology. Primers were designed using the Primer3 utility (http://frodo.wi.mit.edu/).  cDNA for TMEM43 was synthesized using SuperScript reverse transcriptase (Invitrogen). The sequence was verified by direct sequencing. The resulting fragment was cloned into the pcDNA3.1/NT-GFP-topo eukaryotic expression vector (Invitrogen), which tags the expressed protein with GFP. Cloning and transformation into chemically competent E. coli cells was performed according to the manufacturer’s instructions. Plasmid DNA was isolated using the QIAprep Spin Miniprep Kit (Qiagen) and quantified on a UV spectrophotometer. The sequence was verified by direct sequencing. The QuickChange XL Site-Directed Mutagenesis Kit (Stratagene) was used to introduce the Ser358Leu mutation into the wildtype TMEM43 expression vector.  COS-7 cells were transfected with Lipofectamine 2000 (Invitrogen). For solubility of desmosomal proteins, RIPA buffer from Thermo Scientific, protease inhibitor tablets from Roche and Protein gel from Pierce were used. The following primary antibodies and titers wereused following the manufacturer’s instructions: desmocollin-2/3 (Zymed Laboratories, #32-600, 1:125), desmoglein-2 (Abcam, #ab14415, 1:1000), desmoplakin (United States Biological, #D3221-89, 1:100), and junctional plakoglobin (Zymed Laboratories, #13-8500, 1:125). For solubility of TMEM43 and other nuclear envelope proteins  To extract the nuclear envelope, the cytoplasmic fraction and nuclei of transfected cells were separated using ProteoJET cytoplasmic and nuclear protein extraction kit (Fermentas). For immunofluorescence microscopy, primary antibodies against lamin B (Santa Cruz, #sc-6217, 1:50) and emerin (Santa Cruz, #sc-81552, 1:50); Hoechst stain from Invitrogen and  Cells were visualized using Nikon Eclipse TS 100 fluorescent microscope.  One μg of total RNA was used to synthesize cDNA using the SuperScript III First-Strand System (Invitrogen).  QPCR was performed using Express SYBR GreenER kit with premixed ROX (Invitrogen) on gene specific primers. Samples were run on an ABI Prism 7000 Sequence Detection System. Functionally normal. Mutant TMEM43 exhibited no change in desmosomal stability nor celullar localization. Pathogenetic role remains uncertain.  

SEPT–GD: a decision tree to prioritise potential RNA splice variants in c ardiomyopathy genes for functional splicing assays in diagnostics https://doi.org/10.1016/j.gene.2022.146984 D i l a t e d  C a r d i o m y o p a t h y  R Y R 2 N A c . 1 4 7 7 - 8 C > A N A ECO:0005514. Splice site mutation phenotypic evidence In vitroIn silico Decision tree model: SEPT-GD. For in silico predictions: Alamut® software version 2.11 (Interactive Bio software, Rouen, France) was used for in silico prediction of splice-affecting nucleotide variants. Within Alamut, in silico scores comparing wild type (WT) and mutant alleles for all genetic variants were obtained using four splicing prediction tools: SpliceSiteFinder (SSF)-like, MaxEntScan (MES), Neural Network Splice (NNS) and GeneSplicer (GS) . A variant is considered potentially splice-altering when 3 out of 4 of the prediction tools show a significant score difference. Minigene Assay: HEK293 cells were plated in 6-well plates containing 6 × 105 cells/well. To predict the functional consequences of the cloned sequence on the minigene assay and the effect of the splice variant on the transcript, we used the Human Splicing Finder 3.1 programme. RT-PCR was also performed and interpreted independently.  Splicing prediction with decision tree model and validation with in silico predictions and in vitro mini gene assays. 2 For mini gene assays: As positive control, we used the pSPL3 plasmid containing WT KIAA exon 28 or the KIAA exon 28c.4862G > A p.(Arg1621Glu) sequence known to generate a new splice site 1 W T 2 Spl ice a ss a y ex perim ent s:  2 Biological: wildtype/mutantsSplice assay minigene experiments were performed in duplicates. N A Neg control, pos control, prediction tools Y e s Patients included in this study were referred to our clinical genetics laboratory for genetic testing for various types of cardiomyopathies. The study was performed in accordance with UMCG and Dutch national ethical guidelines. Informed consent was obtained for all patients. HEK293 cells were cultured in Dulbecco Modified Eagle Medium. An additional consent was obtained from patients with the variants tested using minigene (primary test) to obtain a separate blood sample for RNA isolation and RT-PCR analysis. RNA was isolated from whole blood collected in PAXgene® Tubes using the Maxwell® 16 Instrument and the Maxwell® 16 LEV simply RNA Blood Kits (Promega Corporation, Madison, WI, United States). Functionally normal. Not considered for reclassification. 

SEPT–GD: a decision tree to prioritise potential RNA splice variants in cardiomyopathy genes for functional splicing assays in diagnostics https://doi.org/10.1016/j.gene.2022.146984 D i l a t e d  C a r d i o m y o p a t h y  D S P N A c . 2 7 3 + 5 G > A N A ECO:0005514. Splice site mutation phenotypic evidence In vitroIn silico Decision tree model: SEPT-GD. For in silico predictions: Alamut® software version 2.11 (Interactive Bio software, Rouen, France) was used for in silico prediction of splice-affecting nucleotide variants. Within Alamut, in silico scores comparing wild type (WT) and mutant alleles for all genetic variants were obtained using four splicing prediction tools: SpliceSiteFinder (SSF)-like, MaxEntScan (MES), Neural Network Splice (NNS) and GeneSplicer (GS). A variant is considered potentially splice-altering when 3 out of 4 of the prediction tools show a significant score difference. Minigene Assay: HEK293 cells were plated in 6-well plates containing 6 × 105 cells/well. To predict the functional consequences of the cloned sequence on the minigene assay and the effect of the splice variant on the transcript, we used the Human Splicing Finder 3.1 programme. RT-PCR was also performed and interpreted independently.  Splicing prediction with decision tree model and validation with in silico predictions and in vitro mini gene assays. 2 For mini gene assays: As positive control, we used the pSPL3 plasmid containing WT KIAA exon 28 or the KIAA exon 28c.4862G > A p.(Arg1621Glu) sequence known to generate a new splice site 1 W T 2 Spl ice a ss a y ex perim ent s:  2 Biological: wildtype/mutantsSplice assay minigene experiments were performed in duplicates. N A Neg control, pos control, prediction tools Y e s Patients included in this study were referred to our clinical genetics laboratory for genetic testing for various types of cardiomyopathies. The study was performed in accordance with UMCG and Dutch national ethical guidelines. Informed consent was obtained for all patients. HEK293 cells were cultured in Dulbecco Modified Eagle Medium. An additional consent was obtained from patients with the variants tested using minigene (primary test) to obtain a separate blood sample for RNA isolation and RT-PCR analysis. RNA was isolated from whole blood collected in PAXgene® Tubes using the Maxwell® 16 Instrument and the Maxwell® 16 LEV simply RNA Blood Kits (Promega Corporation, Madison, WI, United States). Functionally abnormal. Provided more proof for pathogenicity.However, although LoF is a known mechanism for disease for DSP, we did not reclassify this variant to LP because of its relatively high frequency in the general population (0.05 % in non_Finnish Europeans) 

SEPT–GD: a decision tree to prioritise potential RNA splice variants in cardiomyopathy genes for functional splicing assays in diagnostics https://doi.org/10.1016/j.gene.2022.146984 D i l a t e d  C a r d i o m y o p a t h y  L A M A 4 N A c . 8 1 4 + 1 7 A > G N A ECO:0005514. Splice site mutation phenotypic evidence In vitroIn silico Decision tree model: SEPT-GD. For in silico predictions: Alamut® software version 2.11 (Interactive Bio software, Rouen, France) was used for in silico prediction of splice-affecting nucleotide variants. Within Alamut, in silico scores comparing wild type (WT) and mutant alleles for all genetic variants were obtained using four splicing prediction tools: SpliceSiteFinder (SSF)-like, MaxEntScan (MES), Neural Network Splice (NNS) and GeneSplicer (GS). A variant is considered potentially splice-altering when 3 out of 4 of the prediction tools show a significant score difference. Minigene Assay: HEK293 cells were plated in 6-well plates containing 6 × 105 cells/well. To predict the functional consequences of the cloned sequence on the minigene assay and the effect of the splice variant on the transcript, we used the Human Splicing Finder 3.1 programme. RT-PCR was also performed and interpreted independently.  Splicing prediction with decision tree model and validation with in silico predictions and in vitro mini gene assays. 2 For mini gene assays: As positive control, we used the pSPL3 plasmid containing WT KIAA exon 28 or the KIAA exon 28c.4862G > A p.(Arg1621Glu) sequence known to generate a new splice site 1 W T 2 Spl ice a ss a y ex perim ent s:  2 Biological: wildtype/mutantsSplice assay minigene experiments were performed in duplicates. N A Neg control, pos control, prediction tools Y e s Patients included in this study were referred to our clinical genetics laboratory for genetic testing for various types of cardiomyopathies. The study was performed in accordance with UMCG and Dutch national ethical guidelines. Informed consent was obtained for all patients. HEK293 cells were cultured in Dulbecco Modified Eagle Medium. An additional consent was obtained from patients with the variants tested using minigene (primary test) to obtain a separate blood sample for RNA isolation and RT-PCR analysis. RNA was isolated from whole blood collected in PAXgene® Tubes using the Maxwell® 16 Instrument and the Maxwell® 16 LEV simply RNA Blood Kits (Promega Corporation, Madison, WI, United States). Functionally normal. Not considered for reclassification. 

SEPT–GD: a decision tree to prioritise potential RNA splice variants in cardiomyopathy genes for functional splicing assays in diagnostics https://doi.org/10.1016/j.gene.2022.146984 D i l a t e d  C a r d i o m y o p a t h y  D E S N A c . 7 9 G > A N A ECO:0005514. Splice site mutation phenotypic evidence In vitroIn silico Decision tree model: SEPT-GD. For in silico predictions: Alamut® software version 2.11 (Interactive Bio software, Rouen, France) was used for in silico prediction of splice-affecting nucleotide variants. Within Alamut, in silico scores comparing wild type (WT) and mutant alleles for all genetic variants were obtained using four splicing prediction tools: SpliceSiteFinder (SSF)-like, MaxEntScan (MES), Neural Network Splice (NNS) and GeneSplicer (GS). A variant is considered potentially splice-altering when 3 out of 4 of the prediction tools show a significant score difference. Minigene Assay: HEK293 cells were plated in 6-well plates containing 6 × 105 cells/well. To predict the functional consequences of the cloned sequence on the minigene assay and the effect of the splice variant on the transcript, we used the Human Splicing Finder 3.1 programme. RT-PCR was also performed and interpreted independently.  Splicing prediction with decision tree model and validation with in silico predictions and in vitro mini gene assays. 2 For mini gene assays: As positive control, we used the pSPL3 plasmid containing WT KIAA exon 28 or the KIAA exon 28c.4862G > A p.(Arg1621Glu) sequence known to generate a new splice site 1 W T 2 Spl ice a ss a y ex perim ent s:  2 Biological: wildtype/mutantsSplice assay minigene experiments were performed in duplicates. N A Neg control, pos control, prediction tools Y e s Patients included in this study were referred to our clinical genetics laboratory for genetic testing for various types of cardiomyopathies. The study was performed in accordance with UMCG and Dutch national ethical guidelines. Informed consent was obtained for all patients. HEK293 cells were cultured in Dulbecco Modified Eagle Medium. An additional consent was obtained from patients with the variants tested using minigene (primary test) to obtain a separate blood sample for RNA isolation and RT-PCR analysis. RNA was isolated from whole blood collected in PAXgene® Tubes using the Maxwell® 16 Instrument and the Maxwell® 16 LEV simply RNA Blood Kits (Promega Corporation, Madison, WI, United States). Functionally normal. Not considered for reclassification. 

SEPT–GD: a decision tree to prioritise potential RNA splice variants in cardiomyopathy genes for functional splicing assays in diagnostics https://doi.org/10.1016/j.gene.2022.146984 D i l a t e d  C a r d i o m y o p a t h y  T T N N A c . 2 5 9 2 2 – 6 T > G  N A ECO:0005514. Splice site mutation phenotypic evidence In vitroIn silico Decision tree model: SEPT-GD. For in silico predictions: Alamut® software version 2.11 (Interactive Bio software, Rouen, France) was used for in silico prediction of splice-affecting nucleotide variants. Within Alamut, in silico scores comparing wild type (WT) and mutant alleles for all genetic variants were obtained using four splicing prediction tools: SpliceSiteFinder (SSF)-like, MaxEntScan (MES), Neural Network Splice (NNS) and GeneSplicer (GS) . A variant is considered potentially splice-altering when 3 out of 4 of the prediction tools show a significant score difference. Minigene Assay: HEK293 cells were plated in 6-well plates containing 6 × 105 cells/well. To predict the functional consequences of the cloned sequence on the minigene assay and the effect of the splice variant on the transcript, we used the Human Splicing Finder 3.1 programme. RT-PCR was also performed and interpreted independently.  Splicing prediction with decision tree model and validation with in silico predictions and in vitro mini gene assays. 2 For mini gene assays: As positive control, we used the pSPL3 plasmid containing WT KIAA exon 28 or the KIAA exon 28c.4862G > A p.(Arg1621Glu) sequence known to generate a new splice site 1 W T 2 Spl ice a ss a y ex perim ent s:  2 Biological: wildtype/mutantsSplice assay minigene experiments were performed in duplicates. N A Neg control, pos control, prediction tools Y e s Patients included in this study were referred to our clinical genetics laboratory for genetic testing for various types of cardiomyopathies. The study was performed in accordance with UMCG and Dutch national ethical guidelines. Informed consent was obtained for all patients. HEK293 cells were cultured in Dulbecco Modified Eagle Medium. An additional consent was obtained from patients with the variants tested using minigene (primary test) to obtain a separate blood sample for RNA isolation and RT-PCR analysis. RNA was isolated from whole blood collected in PAXgene® Tubes using the Maxwell® 16 Instrument and the Maxwell® 16 LEV simply RNA Blood Kits (Promega Corporation, Madison, WI, United States). Functionally abnormal. Results provide additional evidence for pathogenicity, but these were not reclassified to LP because the association of LoF variants (while the result of the splicing effect in the respective exons/genes) has not clearly been established as a disease mechanism for cardiomyopathy 

SEPT–GD: a decision tree to prioritise potential RNA splice variants in cardiomyopathy genes for functional splicing assays in diagnostics https://doi.org/10.1016/j.gene.2022.146984 D i l a t e d  C a r d i o m y o p a t h y  T T N N A c . 3 1 5 1 4 - 3 A > G N A ECO:0005514. Splice site mutation phenotypic evidence In vitroIn silico Decision tree model: SEPT-GD. For in silico predictions: Alamut® software version 2.11 (Interactive Bio software, Rouen, France) was used for in silico prediction of splice-affecting nucleotide variants. Within Alamut, in silico scores comparing wild type (WT) and mutant alleles for all genetic variants were obtained using four splicing prediction tools: SpliceSiteFinder (SSF)-like, MaxEntScan (MES), Neural Network Splice (NNS) and GeneSplicer (GS). A variant is considered potentially splice-altering when 3 out of 4 of the prediction tools show a significant score difference. Minigene Assay: HEK293 cells were plated in 6-well plates containing 6 × 105 cells/well. To predict the functional consequences of the cloned sequence on the minigene assay and the effect of the splice variant on the transcript, we used the Human Splicing Finder 3.1 programme. RT-PCR was also performed and interpreted independently.  Splicing prediction with decision tree model and validation with in silico predictions and in vitro mini gene assays. 2 For mini gene assays: As positive control, we used the pSPL3 plasmid containing WT KIAA exon 28 or the KIAA exon 28c.4862G > A p.(Arg1621Glu) sequence known to generate a new splice site 1 W T 2 Spl ice a ss a y ex perim ent s:  2 Biological: wildtype/mutantsSplice assay minigene experiments were performed in duplicates. N A Neg control, pos control, prediction tools Y e s Patients included in this study were referred to our clinical genetics laboratory for genetic testing for various types of cardiomyopathies. The study was performed in accordance with UMCG and Dutch national ethical guidelines. Informed consent was obtained for all patients. HEK293 cells were cultured in Dulbecco Modified Eagle Medium. An additional consent was obtained from patients with the variants tested using minigene (primary test) to obtain a separate blood sample for RNA isolation and RT-PCR analysis. RNA was isolated from whole blood collected in PAXgene® Tubes using the Maxwell® 16 Instrument and the Maxwell® 16 LEV simply RNA Blood Kits (Promega Corporation, Madison, WI, United States). Functionally abnormal. Results provide additional evidence for pathogenicity, but these were not reclassified to LP because the association of LoF variants (while the result of the splicing effect in the respective exons/genes) has not clearly been established as a disease mechanism for cardiomyopathy 

SEPT–GD: a decision tree to prioritise potential RNA splice variants in cardiomyopathy genes for functional splicing assays in diagnostics https://doi.org/10.1016/j.gene.2022.146984 D i l a t e d  C a r d i o m y o p a t h y  T M E M 4 3 N A c . 1 0 0 0 + 5 G > T  N A ECO:0005514. Splice site mutation phenotypic evidence In vitroIn silico Decision tree model: SEPT-GD. For in silico predictions: Alamut® software version 2.11 (Interactive Bio software, Rouen, France) was used for in silico prediction of splice-affecting nucleotide variants. Within Alamut, in silico scores comparing wild type (WT) and mutant alleles for all genetic variants were obtained using four splicing prediction tools: SpliceSiteFinder (SSF)-like, MaxEntScan (MES), Neural Network Splice (NNS) and GeneSplicer (GS). A variant is considered potentially splice-altering when 3 out of 4 of the prediction tools show a significant score difference. Minigene Assay: HEK293 cells were plated in 6-well plates containing 6 × 105 cells/well. To predict the functional consequences of the cloned sequence on the minigene assay and the effect of the splice variant on the transcript, we used the Human Splicing Finder 3.1 programme. RT-PCR was also performed and interpreted independently.  Splicing prediction with decision tree model and validation with in silico predictions and in vitro mini gene assays. 2 For mini gene assays: As positive control, we used the pSPL3 plasmid containing WT KIAA exon 28 or the KIAA exon 28c.4862G > A p.(Arg1621Glu) sequence known to generate a new splice site 1 W T 2 Spl ice a ss a y ex perim ent s:  2 Biological: wildtype/mutantsSplice assay minigene experiments were performed in duplicates. N A Neg control, pos control, prediction tools Y e s Patients included in this study were referred to our clinical genetics laboratory for genetic testing for various types of cardiomyopathies. The study was performed in accordance with UMCG and Dutch national ethical guidelines. Informed consent was obtained for all patients. HEK293 cells were cultured in Dulbecco Modified Eagle Medium. An additional consent was obtained from patients with the variants tested using minigene (primary test) to obtain a separate blood sample for RNA isolation and RT-PCR analysis. RNA was isolated from whole blood collected in PAXgene® Tubes using the Maxwell® 16 Instrument and the Maxwell® 16 LEV simply RNA Blood Kits (Promega Corporation, Madison, WI, United States). Functionally abnormal. “VUS towards LP”. Skipping of exon 11 will result in a frameshift and a premature  stop codon in exon 12, and the variant allele is therefore expected to escape nonsense -mediated mRNA decay (NMD) and thus the production of a truncated protein, but the association of such a variant in this gene with disease is currently unknown.  

Functional characterization of TNNC1 rare var iants identified in dilated cardiomyopathy https://doi.org/10.1074/jbc.M111.267211 D i l a t e d  C a r d i o m y o p a t h y  T N N C 1 N A N A p . Y 5 H BAO:BAO_0010252. Protein expression assay I n  v i t r o Recombinant TnC mutants Y5H, M103I, D145E, and I148V were cloned. Escherichia coli -derived BL21-CodonPlus(DE3) cells were transformed with pET-3d constructs containing human cTnC. The WT and mutant proteins were overexpressed and purified. Fiber preparatio n and Ca2+ dependence of force development measurements where fibers were incubated with WT or mutant cTnC and the Ca2+ dependence of force development was tested in various Ca2+ solutions. Activation and inhibition of actin-tropomyosin-activated myosin ATPase was studied with ATPase activation assays. Finally, circular dichroism measurements were taken.  Ca2+ dependence of force development measurements, protein expression, activation and inhibition of the actin-tropomyosin-activated myosin ATPase and circular dichroism measurements. N A N A 2 WTThe empty pSPL3 vector was used as negative control. 3 1 5 Biological: wildtype/mutants10 scans for dichroism measurementsFiber experiments: WT n=12, Y5H n=15  The experimental results are reported as mean ± S.E. and were analyzed for significance using Student’st test at p<0.05. n e g  c o n t r o l s ,  s t a t s Y e s Written informed consent was obtained from all subjects, and the Institutional Review Boards of the Oregon Health & Science University and the University of Miami Miller School of Medicine approved the project. The study was a subset of a previous publication that used methods of clinical categorization of subjects with Dilated Cardiomyopathy as described previously. Fresh cardiac tissue was obtained from slaughterhouse pigs. Strips of papillary were isolated from the left ventricle and skinned overnight. Far-UV CD spectra were collected using a 1-mm path length quartz cell in a Jasco J-720 spectropolarimeter with a bandwidth of 1 nm at a speed of 50 nm/min at room temperature. Functionally abnormal. Decreased Ca2+ sensitivity of contraction, impaired response of the myofilament to undergo Ca2+ desens itization upon PKA phosphorylation, and often a diminished capacity to recover force in skinned fibers. With regard to PKA phosphorylation, these responses were altered in all of the novel Dilated Cardiomyopathy mutants tested here.  

Functional characterization of TNNC1 rare variants identified in dilated cardiomyopathy https://doi.org/10.1074/jbc.M111.267211 D i l a t e d  C a r d i o m y o p a t h y  T N N C 1 N A N A p . M 1 0 3 I BAO:BAO_0010252. Protein expression assay I n  v i t r o Recombinant TnC mutants Y5H, M103I, D145E, and I148V were cloned. Escherichia coli -derived BL21-CodonPlus(DE3) cells were transformed with pET-3d constructs containing human cTnC. The WT and mutant proteins were overexpressed and purified. Fiber preparatio n and Ca2+ dependence of force development measurements where fibers were incubated with WT or mutant cTnC and the Ca2+ dependence of force development was tested in various Ca2+ solutions. Activation and inhibition of actin-tropomyosin-activated myosin ATPase was studied with ATPase activation assays. Finally, circular dichroism measurements were taken.  Ca2+ dependence of force development measurements, protein expression, activation and inhibition of the actin-tropomyosin-activated myosin ATPase and circular dichroism measurements. N A N A 2 WTThe empty pSPL3 vector was used as negative control. 3 1 3 n=13 The experimental results are reported as mean ± S.E. and were analyzed for significance using Student’st test at p<0.05. n e g  c o n t r o l s ,  s t a t s Y e s Written informed consent was obtained from all subjects, and the Institutional Review Boards of the Oregon Health & Science University and the University of Miami Miller School of Medicine approved the project. The study was a subset of a previous publication that used methods of clinical categorization of subjects with Dilated Cardiomyopathy as described previously. Fresh cardiac tissue was obtained from slaughterhouse pigs. Strips of papillary were isolated from the left ventricle and skinned overnight. Far-UV CD spectra were collected using a 1-mm path length quartz cell in a Jasco J-720 spectropolarimeter with a bandwidth of 1 nm at a speed of 50 nm/min at room temperature. Functionally abnormal. Decreased Ca2+ sensitivity of contraction, impaired response of the myofilament to undergo Ca2+ desensitization upon PKA phosphorylation, and often a diminished capacity to recover force in skinned fibers. With regard to PKA phosphorylation, these responses were altered in all of the novel Dilated Cardiomyopathy mutants tested here.  

Functional characterization of TNNC1 rare variants identified in dilated cardiomyopathy https://doi.org/10.1074/jbc.M111.267211 D i l a t e d  C a r d i o m y o p a t h y  T N N C 1 N A N A p . I 1 4 8 V BAO:BAO_0010252. Protein expression assay I n  v i t r o Recombinant TnC mutants Y5H, M103I, D145E, and I148V were cloned. Escherichia coli -derived BL21-CodonPlus(DE3) cells were transformed with pET-3d constructs containing human cTnC. The WT and mutant proteins were overexpressed and purified. Fiber preparation and Ca2+ dependence of force development measurements where fibers were incubated with WT or mutant cTnC and the Ca2+ dependence of force development was tested in various Ca2+ solutions. Activatio n and inhibition of actin-tropomyosin-activated myosin ATPase was studied with ATPase activation assays. Finally, circular dichroism measurements were taken.  Ca2+ dependence of force development measurements, protein expression, activation and inhibition of the actin-tropomyosin-activated myosin ATPase and circular dichroism measurements. N A N A 2 WTThe empty pSPL3 vector was used as negative control. 3 1 2 n=12 The experimental results are reported as mean ± S.E. and were analyzed for significance using Student’st test at p<0.05. n e g  c o n t r o l s ,  s t a t s Y e s Written informed consent was obtained from all subjects, and the Institutional Review Boards of the Oregon Health & Science University and the University of Miami Miller School of Medicine approved the project. The study was a subset of a previous publication that used methods of clinical categorization of subjects with Dilated Cardiomyopathy as described previously. Fresh cardiac tissue was obtained from slaughterhouse pigs. Strips of papillary were isolated from the left ventricle and skinned overnight. Far-UV CD spectra were collected using a 1-mm path length quartz cell in a Jasco J-720 spectropolarimeter with a bandwidth of 1 nm at a speed of 50 nm/min at room temperature. Functionally abnormal. Decreased Ca2+ sensitivity of contraction, impaired response of the myofilament to undergo Ca2+ desensitization upon PKA phosphorylation, and often a diminished capacity to recover force in skinned fibers. With regard to PKA phosphorylation, these responses were altered in all of the novel Dilated Cardiomyopathy mutants tested here.  

Functional characterization of TNNC1 rare variants identified in dilated cardiomyopathy https://doi.org/10.1074/jbc.M111.267211 D i l a t e d  C a r d i o m y o p a t h y  T N N C 1 N A N A p . D 1 4 5 E BAO:BAO_0010252. Protein expression assay I n  v i t r o Recombinant TnC mutants Y5H, M103I, D145E, and I148V were cloned. Escherichia coli -derived BL21-CodonPlus(DE3) cells were transformed with pET-3d constructs containing human cTnC. The WT and mutant proteins were overexpressed and purified. Fiber preparatio n and Ca2+ dependence of force development measurements where fibers were incubated with WT or mutant cTnC and the Ca2+ dependence of force development was tested in various Ca2+ solutions. Activation and inhibition of actin-tropomyosin-activated myosin ATPase was studied with ATPase activation assays. Finally, circular dichroism measurements were taken.  Ca2+ dependence of force development measurements, protein expression, activation and inhibition of the actin-tropomyosin-activated myosin ATPase and circular dichroism measurements. N A N A 2 WTThe empty pSPL3 vector was used as negative control. 3 8 n = 8  The experimental results are reported as mean ± S.E. and were analyzed for significance using Student’st test at p<0.05. n e g  c o n t r o l s ,  s t a t s Y e s Written informed consent was obtained from all subjects, and the Institutional Review Boards of the Oregon Health & Science University and the University of Miami Miller School of Medicine approved the project. The study was a subset of a previous publication that used methods of clinical categorization of subjects with Dilated Cardiomyopathy as described previously. Fresh cardiac tissue was obtained from slaughterhouse pigs. Strips of papillary were isolated from the left ventricle and skinned overnight. Far-UV CD spectra were collected using a 1-mm path length quartz cell in a Jasco J-720 spectropolarimeter with a bandwidth of 1 nm at a speed of 50 nm/min at room temperature. Functionally abnormal. Enhanced myofilament Ca2+ sensitization. It was observed in association with a sarcomeric mutation in MYBPC3, which may have modulated the otherwise likely HCM phenotype, based on prior reports, to the DCM phenotype observed in this patient 

Molecular and functional characterization of novel hypertrophic c ardiomyopathy susceptibility mutations in TNNC1-encoded troponin C https://doi.org/10.1016/j.yjmcc.2008.05.003 Hypertrohpic  Cardiomyopathy  T N N C 1 N A N A p . A 8 V ECO:000018. In vitro assay evidence I n  v i t r o Troponin C mutational analysis and fiber preparation and determination of the Ca2+ dependence of force development.  Fiber preparation and determination of the Ca2+ dependence of force development N A N A 1 W T 2 9 Biological: wildtype/mutantsnumber of experiments (skinned cardiac fibers reconstituted with mutant cardiac troponin C) : WT n=8, A8V n=9, C84Y n=8, E134D n=7, D145E n=8 For the clinical studies ANOVA analysis was performed to establish differences between experimental groups. HcTnC mutations were modeled in each functional domain of PDB (1AJ4) using PyMol software. Student's t test was used to determine the significance of skinned fiber Ca2+sensitivity and force recovery. P-values less than 0.05 were considered statistically significant. n e g  c o n t r o l s ,  s t a t s Y e s Between April 1997 and April 2007, 1025 unrelated patients, evaluated in the Hypertrophic Cardiomyopathy Clinic at MayoClinic , Rochester, Minnesota, consented to genetic testing. Following receipt of written consent for this Mayo Foundation Institutional Review Board- approved protocol, DNA was extracted from peripheral blood lymphocytes using the Purgene DNA extraction kit (Gentra, Inc, Minneapolis, MN). For troponin C mutational analysis:  Each amplicon was evaluated for mutations using denaturing high performance liquid chromatography (DHPLC,Transgenomic, Omaha,  NE) and samples with an abnormalelution profile were directly sequenced (ABI Prism 377, Applied Biosystem, Foster City, CA). The cDNA for human cardiac TnC (HcTnC) was cloned previously in our laboratory by RT-PCR using human heart total RNA (Stratagene), sequence specific primers and an Omniscript RT Kit (Qiagen).  sonication (Heat Systems XL 2020). For fiber preparation and determination of Ca2+ dependence of force development: Cardiac tissue from newly slaughtered pigs was obtained from a nearby slaughterhouse. Strips of muscle, 3–5 mm in diameter and 5 mm in length were dissected from the papillary muscle of the left ventricle an d skinned overnight in a relaxing solution.  Functionally abnormal. Increased Ca2+ sensitivity of force developement and force recovery. Located in the N-helix of the amino-terminal domain of HcTnC, a region known to affect the Ca2+ affinity of the regulatory EF-hand domain. Indeed, deletion of residues 1–14 in skeletal TnC, corresponding to 1–11 in HcTnC, produced alterations in the Ca2+ sensitivity of force development and maximal force. It is possible that the effects seen on force recovery with the A8V and D145E mutations may be due either to their intrinsic properties in modulating the ratio between strong and weak crossbridges or to alterations in their affinity for the thin filament consequently intervening in the protein incorporation. 

Molecular and functional characterization of novel hypertrophic cardiomyopathy susceptibility mutations in TNNC1-encoded troponin C https://doi.org/10.1016/j.yjmcc.2008.05.003 Hypertrohpic  Cardiomyopathy  T N N C 1 N A N A p . C 8 4 Y ECO:000018. In vitro assay evidence I n  v i t r o Troponin C mutational analysis and fiber preparation and determination of the Ca2+ dependence of force development.  Fiber preparation and determination of the Ca2+ dependence of force development N A N A 1 W T 2 8 Biological: wildtype/mutantsnumber of experiments (skinned cardiac fibers reconstituted with mutant cardiac troponin C) : WT n=8, A8V n=9, C84Y n=8, E134D n=7, D145E n=8 For the clinical studies ANOVA analysis was performed to establish differences between experimental groups. HcTnC mutations were modeled in each functional domain of PDB (1AJ4) using PyMol software. Student's t test was used to determine the signific ance of skinned fiber Ca2+sensitivity and force recovery. P-values less than 0.05 were considered statistically significant. n e g  c o n t r o l s ,  s t a t s Y e s Between April 1997 and April 2007, 1025 unrelated patients, evaluated in the Hypertrophic Cardiomyopathy Clinic at MayoClinic , Rochester, Minnesota, consented to genetic testing. Following receipt of written consent for this Mayo Foundation Institutional Review Board- approved protocol, DNA was extracted from peripheral blood lymphocytes using the Purgene DNA extraction kit (Gentra, Inc, Minneapolis, MN). For troponin C mutational analysis:  Each amplicon was evaluated for mutations using denaturing high performance liquid chromatography (DHPLC,Transgenomic, Omaha, NE) and samples with an abnormalelution profile were directly sequenced (ABI Prism 377, Applied Biosystem, Foster City, CA). The cDNA for human cardiac TnC (HcTnC) was cloned previously in our laboratory by RT-PCR using human heart total RNA (Stratagene), sequence specific primers and an Omniscript RT Kit (Qiagen).  sonication (Heat Systems XL 2020). For fiber preparation and determination of Ca2+ dependence of force development: Cardiac tissue from newly slaughtered pigs was obtained from a nearby slaughterhouse. Strips of muscle, 3–5 mm in diameter and 5 mm in length were dissected from the papillary muscle of the left ventricle and skinned overnight in a relaxing solution.  Functionally abnormal. Increased Ca2+ sensitivity of force developement.  C84Y was the only mutation that showed a slight but significant decrease in the cooperativity of force development. 

Molecular and functional characterization of novel hypertrophic cardiomyopathy susceptibility mutations in TNNC1-encoded troponin C https://doi.org/10.1016/j.yjmcc.2008.05.003 Hypertrohpic  Cardiomyopathy  T N N C 1 N A N A p . E 1 3 4 D ECO:000018. In vitro assay evidence I n  v i t r o Troponin C mutational analysis and fiber preparation and determination of the Ca2+ dependence of force development.  Fiber preparation and determination of the Ca2+ dependence of force development N A N A 1 W T 2 7 Biological: wildtype/mutantsnumber of experiments (skinned cardiac fibers reconstituted with mutant cardiac troponin C) : WT n=8, A8V n=9, C84Y n=8, E134D n=7, D145E n=8 For the clinical studies ANOVA analysis was performed to establish differences between experimental groups. HcTnC mutations were modeled in each functional domain of PDB (1AJ4) using PyMol software. Student's t test was used to determine the significance of skinned fiber Ca2+sensitivity and force recovery. P-values less than 0.05 were considered statistically significant. n e g  c o n t r o l s ,  s t a t s Y e s Between April 1997 and April 2007, 1025 unrelated patients, evaluated in the Hypertrophic Cardiomyopathy Clinic at MayoClinic , Rochester, Minnesota, consented to genetic testing. Following receipt of written consent for this Mayo Foundation Institutional Review Board- approved protocol, DNA was extracted from peripheral blood lymphocytes using the Purgene DNA extraction kit (Gentra, Inc, Minneapolis, MN). For troponin C mutational analysis:  Each amplicon was evaluated for mutations using denaturing high performance liquid chromatography (DHPLC,Transgenomic, Omaha, NE) and samples with an abnormalelution profile were directly sequenced (ABI Prism 377, Applied Biosystem, Foster City, CA). The cDNA for human cardiac TnC (HcTnC) was cloned previously in our laboratory by RT-PCR using human heart total RNA (Stratagene), sequence specific primers and an Omniscript RT Kit (Qiagen).  sonication (Heat Systems XL 2020). For fiber preparation and determination of Ca2+ dependence of force development: Cardiac tissue from newly slaughtered pigs was obtained from a nearby slaughterhouse. Strips of muscle, 3–5 mm in diameter and 5 mm in length were dissected from the papillary muscle of the left ventricle and skinned overnight in a relaxing solution.  Functionally normal. No changes in force development or recovery. While the E134D HcTnC mutant had no effect on the parameters measured, the mutation may indirectly induce misregulation of another physiological system. Additionally, despite its rarity and species conservation, it is possible that E134D is not a pathogenic , Hypertrohpic Cardiomyopathycausing mutation but simply a functionally/clinically insignificant rare variant. 

Molecular and functional characterization of novel hypertrophic cardiomyopathy susceptibility mutations in TNNC1-encoded troponin C https://doi.org/10.1016/j.yjmcc.2008.05.003 Hypertrohpic  Cardiomyopathy  T N N C 1 N A N A p . D 1 4 5 E ECO:000018. In vitro assay evidence I n  v i t r o Troponin C mutational analysis and fiber preparation and determination of the Ca2+ dependence of force development.  Fiber preparation and determination of the Ca2+ dependence of force development N A N A 1 W T 2 8 Biological: wildtype/mutantsnumber of experiments (skinned cardiac fibers reconstituted with mutant cardiac troponin C) : WT n=8, A8V n=9, C84Y n=8, E134D n=7, D145E n=8 For the clinical studies ANOVA analysis was performed to establish differences between experimental groups. HcTnC mutations were modeled in each functional domain of PDB (1AJ4) using PyMol software. Student's t test was used to determine the significance of skinned fiber Ca2+sensitivity and force recovery. P-values less than 0.05 were considered statistically significant. n e g  c o n t r o l s ,  s t a t s Y e s Between April 1997 and April 2007, 1025 unrelated patients, evaluated in the Hypertrophic Cardiomyopathy Clinic at MayoClinic , Rochester, Minnesota, consented to genetic testing. Following receipt of written consent for this Mayo Foundation Institutional Review Board- approved protocol, DNA was extracted from peripheral blood lymphocytes using the Purgene DNA extraction kit (Gentra, Inc, Minneapolis, MN). For troponin C mutational analysis:  Each amplicon was evaluated for mutations using denaturing high performance liquid chromatography (DHPLC,Transgenomic, Omaha, NE) and samples with an abnormalelution profile were directly sequenced (ABI Prism 377, Applied Biosystem, Foster City, CA). The cDNA for human cardiac TnC (HcTnC) was cloned previously in our laboratory by RT-PCR using human heart total RNA (Stratagene), sequence specific primers and an Omniscript RT Kit (Qiagen).  sonication (Heat Systems XL 2020). For fiber preparation and determination of Ca2+ dependence of force development: Cardiac tissue from newly slaughtered pigs was obtained from a nearby slaughterhouse. Strips of muscle, 3–5 mm in diameter and 5 mm in length were dissected from the papillary muscle of the left ventricle and skinned overnight in a relaxing solution.  Functionally abnormal. Increased Ca2+ sensitivity of force developement and force recovery. May disrupt or lessen the affinity of Ca2+/Mg2+ site IV for its divalent cation. It is possible  that the effects seen on force recovery with the A8V and D145E mutations may be due either to their intrinsic properties in modulating the ratio between strong and weak crossbridges or to alterations in their affinity for the thin filament consequently intervening in the protein incorporation. 

A Mutation in TNNC1-encoded Cardiac Troponin C, TNNC1-A31S, Predisposes to Hypertrophic Cardiomyopathy and Ventricular Fibrillation https://doi.org/10.1074/jbc.M112.377713 Hypertrohpic CardiomyopathyVentricular Fibrillation T N N C 1 N A N A p . A 3 1 S BAO:BAO_0010252. Protein expression assay I n  v i t r o Cloning, Expression, and Purification of Human Cardiac Troponin T (cTnT), Troponin I (cTnT) and Troponin C (cTnC) cDNA Mutants, Fiber Preparation and Ca2+ Dependence of Force Development Measurement, Formation of Troponin Complexes, Actin-Tropomyosin-activated Myosin-ATPase Assays; Minimum and Maximum ATPase, Ca2+ sensitivity of the ATPase, Fluorescence Labeling of TNNC1, Determination of A pprent Ca2+ Affinities by Fluorescence, Circular Dichroism Measurements, Three-dimensional Visualization Ca2+ Dependence of Force Development Measurement, Formation of Troponin Complexes (protein concentration), Actin-Tropomyosin-activated Myosin-ATPase Assays: Minimum and Maximum ATPase (ATPase inhibition and activation measurements, and amount of ATPase hydrolisis), Ca2+ sensitivity of the ATPase (pCa curves) for WT, cTnC-A31S and WT:cTnC-A31S combination, Determination of Apprent Ca2+ Affinities by Fluorescence for WT and cTnC-A31S, Circular Dichroism Measurements and three-dimensional Visualization N A N A 1 W T 2 3 - 4 Biological: wildtype/mutantsSkinned cardiac fiber experiments reconstituted with the Hypertrohpic Cardiomyopathy cTnC mutant n=8-10 experiments , steady state frluorescence to determine Ca2+ affinities n=4-7 experiments.Actomyosin ATPase Assays Using Reconstituted TroponinComplexes Containing cTnC-A31S: activation of ATPase in absecence of Ca2+ n=6 (performed triplicate), in presence of Ca2+ n=7 (performed triplicate). The Ca2+ dependence of actomyosin ATPase activation was also evaluated, and the pCa50 values were determined for the reconstituted thin filaments containing troponin complexes with either 100% WT, 100% cTnC-A31S, and 50:50 WT:cTnC-A31S (experiments performed n = 8). The experimental results were reported as x ± SE and analyzed for significance using Student’st test at p 0.05 Stats, neg controls, visualization  Y e s Fresh cardiac tissue was obtained from slaughterhouse pigs and strips of papillary muscles were isolated for the Ca2+ dependence of force development measures (all fiber experiments were performed at room temperature). To study the formation of troponin complexes, protein complexes were determined using the Coomassie Plus kit. For the actin-tropomysin-activated myosin-ATPase assyas, porcine cardiac myosing, rabbit skeletal F-actin and porcine cardiac tropomyosin were prepared. Fluorescence Labeling of TNNC1, the TNNC1 was doublelabeled with IAANS at Cys-35 and Cys-84 and mono-labeled at Cys-84. IAANS was obtained from Molecular Probes, Plano, TX according to established methods. To determine Ca2+ affinities, a Jasco 6500 spectrofluorimeter was used and for the circular dichroism Measurements, a Jasco J-720 spectropolarimeter was used. The cTnC-A31S mutation was visualized in the 1AJ4 Protein Data Bank file using PyMol software. Functionally abnormal. Increased myofilamente Ca2+ affinity. Change of alanine to serine in residue 31. This mutation may alter Ca2+ handling and result in both hypertrophic and electrophysiologic remodeling of the cardiomyocyte. From our characterization, it appears that the A31S mutation may increase the Ca2+ binding affinity of the regulatory site II of cTnC by stabilizing the N-domain structure. This in turn could bestow a tremendous capacity for Ca2+ sensitization of the mutant containing myofilament. 

Severe disease expression of c ardiac troponin C and T mutations in patients with idiopathic dilated c ardiomyopathy https://doi.org/10.1016/j.jacc.2004.08.027 D i l a t e d  C a r d i o m y o p a t h y  T T N T 2   N A N A p . R 1 3 1 W ECO:0001805. Luciferase reporter gene assay evidence I n  v i t r o Two-hybrid luciferase assay. HEK293 cells were cotransfected with equimolar amounts of pBIND-TNNT2 (wild-type [wt] or mutant), pACTTNNI3, or pACT-TNNC1 (wild-type or mutant) and the pG5Luc reporter plasmid. Intracellular Ca2+, luciferase activity resulting from interaction of mutated cTnT–wild-type cTnI and mutated cTnT–wild-type cTnC,  luciferase activities obtained from interaction of wild-type cTnT–wildtype cTnI and wild-type cTnT–wild-type cTnC N A N A 3 (3)WTControl experiments consisting of - cotransfections of pBIND, pG5Luc, and pACT-TNNC1 or pACT-TNNI3 (wild type and mutants) - pBIND-TNNT2 (wild-type and mutants), pG5Luc, and pACT were performed without observing any interactionA common TNNT2 polymorphism (K253R) served as a negative control in the test system and did not change inter-troponin interactions. 2 1 0 Biological: wildtype/mutantsAll experiments were repeated 10 times Comparison with t test. The values for luciferase activity were distributed in accordance with a normal distribution, and an F-test showed homogeneous distribution of variances S t a t s ,  n e g  c o n t r o l s  Y e s The local research ethics committee approved the study, and informed consent was obtained from all participants. pBIND and pACT plasmids to clone TNNT2 cDNA and TNNI3+TNNC1 cDNA, respectively, from Promega, Madison, Wisconsin. Functionally abnormal. Novel. There was a significant impairment of mutated cTnT protein interactions compred with WT controls. Ocurr in well-conserved regions essential for interactions within the troponin complex or its interactions with tropo-myosin or actin 

Severe disease expression of cardiac troponin C and T mutations in patients with idiopathic dilated cardiomyopathy https://doi.org/10.1016/j.jacc.2004.08.027 D i l a t e d  C a r d i o m y o p a t h y  T T N T 2   N A N A p . R 2 0 5 L ECO:0001805. Luciferase reporter gene assay evidence I n  v i t r o Two-hybrid luciferase assay. HEK293 cells were cotransfected with equimolar amounts of pBIND-TNNT2 (wild-type [wt] or mutant), pACTTNNI3, or pACT-TNNC1 (wild-type or mutant) and the pG5Luc reporter plasmid. Intracellular Ca2+, luciferase activity resulting from interaction of mutated cTnT–wild-type cTnI and mutated cTnT–wild-type cTnC,  luciferase activities obtained from interaction of wild-type cTnT–wildtype cTnI and wild-type cTnT–wild-type cTnC N A N A 3 (3)WTControl experiments consisting of - cotransfections of pBIND, pG5Luc, and pACT-TNNC1 or pACT-TNNI3 (wild type and mutants) - pBIND-TNNT2 (wild-type and mutants), pG5Luc, and pACT were performed without observing any interactionA common TNNT2 polymorphism (K253R) served as a negative control in the test system and did not change inter-troponin interactions. 2 1 0 Biological: wildtype/mutantsAll experiments were repeated 10 times Comparison with t test. The values for luciferase activity were distributed in accordance with a normal distribution, and an F-test showed homogeneous distribution of variances S t a t s ,  n e g  c o n t r o l s  Y e s The local research ethics committee approved the study, and informed consent was obtained from all participants. pBIND and pACT plasmids to clone TNNT2 cDNA and TNNI3+TNNC1 cDNA, respectively, from Promega, Madison, Wisconsin. Functionally abnormal. Novel. There was a significant impairment of mutated cTnT protein interactions compred with WT controls. Ocurr in well-conserved regions essential for interactions within the troponin complex or its interactions with tropo-myosin or actin 

Severe disease expression of cardiac troponin C and T mutations in patients with idiopathic dilated cardiomyopathy https://doi.org/10.1016/j.jacc.2004.08.027 D i l a t e d  C a r d i o m y o p a t h y  T T N T 2   N A N A p . D 2 7 0 N ECO:0001805. Luciferase reporter gene assay evidence I n  v i t r o Two-hybrid luciferase assay. HEK293 cells were cotransfected with equimolar amounts of pBIND-TNNT2 (wild-type [wt] or mutant), pACTTNNI3, or pACT-TNNC1 (wild-type or mutant) and the pG5Luc reporter plasmid. Intracellular Ca2+, luciferase activity resulting from interaction of mutated cTnT–wild-type cTnI and mutated cTnT–wild-type cTnC,  luciferase activities obtained from interaction of wild-type cTnT–wildtype cTnI and wild-type cTnT–wild-type cTnC N A N A 3 (3)WTControl experiments consisting of - cotransfections of pBIND, pG5Luc, and pACT-TNNC1 or pACT-TNNI3 (wild type and mutants) - pBIND-TNNT2 (wild-type and mutants), pG5Luc, and pACT were performed without observing any interactionA common TNNT2 polymorphism (K253R) served as a negative control in the test system and did not change inter-troponin interactions. 2 1 0 Biological: wildtype/mutantsAll experiments were repeated 10 times Comparison with t test. The values for luciferase activity were distributed in accordance with a normal distribution, and an F-test showed homogeneous distribution of variances S t a t s ,  n e g  c o n t r o l s  Y e s The local research ethics committee approved the study, and informed consent was obtained from all participants. pBIND and pACT plasmids to clone TNNT2 cDNA and TNNI3+TNNC1 cDNA, respectively, from Promega, Madison, Wisconsin. Functionally abnormal. Novel. There was a significant impairment of mutated cTnT protein interactions compred with WT controls. Ocurr in well-conserved regions essential for interactions within the troponin complex or its interactions with tropo-myosin or actin 

Severe disease expression of cardiac troponin C and T mutations in patients with idiopathic dilated cardiomyopathy https://doi.org/10.1016/j.jacc.2004.08.027 D i l a t e d  C a r d i o m y o p a t h y  T T N T 2   N A N A p . δ K 2 1 0 ECO:0001805. Luciferase reporter gene assay evidence I n  v i t r o Two-hybrid luciferase assay. HEK293 cells were cotransfected with equimolar amounts of pBIND-TNNT2 (wild-type [wt] or mutant), pACTTNNI3, or pACT-TNNC1 (wild-type or mutant) and the pG5Luc reporter plasmid. Intracellular Ca2+, luciferase activity resulting from interaction of mutated cTnT–wild-type cTnI and mutated cTnT–wild-type cTnC,  luciferase activities obtained from interaction of wild-type cTnT–wildtype cTnI and wild-type cTnT–wild-type cTnC N A N A 3 (3)WTControl experiments consisting of - cotransfections of pBIND, pG5Luc, and pACT-TNNC1 or pACT-TNNI3 (wild type and mutants) - pBIND-TNNT2 (wild-type and mutants), pG5Luc, and pACT were performed without observing any interactionA common TNNT2 polymorphism (K253R) served as a negative control in the test system and did not change inter-troponin interactions. 2 1 0 Biological: wildtype/mutantsAll experiments were repeated 10 times Comparison with t test. The values for luciferase activity were distributed in accordance with a normal distribution, and an F-test showed homogeneous distribution of variances S t a t s ,  n e g  c o n t r o l s  Y e s The local research ethics committee approved the study, and informed consent was obtained from all participants. pBIND and pACT plasmids to clone TNNT2 cDNA and TNNI3+TNNC1 cDNA, respectively, from Promega, Madison, Wisconsin. Functionally abnormal. Previous functional studies of one of the Dilated Cardiomyopathy mutations identified (TNNT2, δK210) showed that mutated protein reduced the Ca2+ sensitivity of actomyosin ATPase activity, which resulted in decreased maximum speed of muscle contraction 

Severe disease expression of cardiac troponin C and T mutations in patients with idiopathic dilated cardiomyopathy https://doi.org/10.1016/j.jacc.2004.08.027 D i l a t e d  C a r d i o m y o p a t h y  T N N C 1 N A N A p . G 1 5 9 D ECO:0001805. Luciferase reporter gene assay evidence I n  v i t r o Two-hybrid luciferase assay. HEK293 cells were cotransfected with equimolar amounts of pBIND-TNNT2 (wild-type [wt] or mutant), pACTTNNI3, or pACT-TNNC1 (wild-type or mutant) and the pG5Luc reporter plasmid. Intracellular Ca2+, luciferase activity resulting from interaction of mutated cTnT–wild-type cTnI and mutated cTnT–wild-type cTnC,  luciferase activities obtained from interaction of wild-type cTnT–wildtype cTnI and wild-type cTnT–wild-type cTnC N A N A 3 (3)WTControl experiments consisting of - cotransfections of pBIND, pG5Luc, and pACT-TNNC1 or pACT-TNNI3 (wild type and mutants) - pBIND-TNNT2 (wild-type and mutants), pG5Luc, and pACT were performed without observing any interactionA common TNNT2 polymorphism (K253R) served as a negative control in the test system and did not change inter-troponin interactions. 2 1 0 Biological: wildtype/mutantsAll experiments were repeated 10 times Comparison with t test. The values for luciferase activity were distributed in accordance with a normal distribution, and an F-test showed homogeneous distribution of variances S t a t s ,  n e g  c o n t r o l s  Y e s The local research ethics committee approved the study, and informed consent was obtained from all participants. pBIND and pACT plasmids to clone TNNT2 cDNA and TNNI3+TNNC1 cDNA, respectively, from Promega, Madison, Wisconsin. Functionally abnormal. Missense. Localized in a domain of the protein constitutively occupied by Ca2+. This may change the affinity for Ca2+ and, thereby, alter the ability of the troponin complex to regulate myocardial contractility.  
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Diseño y desarrollo de una fuente de datos sobre estudios funcionales asociados al criterio PS3/BS3 de las guías ACMG-AMP 2015 y aplicación en cardiopatías familiares 
 
 

 
 

Novel mutation in cardiac troponin I in recessive idiopathic dilated cardiomyopathy https://doi.org/10.1016/S0140-6736(04)15468-8 D i l a t e d  C a r d i o m y o p a t h y  T N N I 3 N A N A p . A 2 V ECO:0001805. Luciferase reporter gene assay evidence I n  v i t r o Two-hybrid luciferase assay. The coding regions ofhuman cardiac troponin T and troponins I and C were cloned by PCR into plasmids pBIND and pACT (Promega, Madison, WI, USA), respectively, and were verified bysequencing and comparison of sequence. HEK293 cellswere co-transfected with equimolar amounts of pBIND-cTnT or pBINDcTnC, pACT-cTnI wildtype or pACT-cTnI, A2V and the pG5Luc reporter plasmid The effect of the mutation on troponins I (cTnI), T (cTnT), and C (cTnC) protein interaction N A N A 1 W T 4 cTnI/cTnC n = 8; cTnIA2V/cTnC n = 8; cTnI/cTnT n = 8; cTnIA2V/cTnT n = 10  Biological: wildtype/mutantscTnI/cTnC n = 8; cTnIA2V/cTnC n = 8; cTnI/cTnT n = 8; cTnIA2V/cTnT n = 10  t test, p value,  luciferase activity were distributed inaccordance with a normal distribution and an F testshowed homogeneous distribution of variances, data presented as mean ± SD S t a t s ,  n e g  c o n t r o l s  Y e s cell lysates were assayed for luciferase from Photinus and Renilla with the dual-luciferase assay system Functionally abnormal. No interaction was seen between pACT-cTnI and pBIND, pBIND-cTnT or pBIND-cTnC and pACT, or between pACT-cTNI A2V and pBIND. Mutated cTnI and cTnT interaction is impaired and we propose that this impairment leads to diminished myocardial contractility and disease. 

Genetic Studies of Hypertrophic Cardiomyopathy in Singaporeans Identify Var iants in TNNI3 and TNNT2 That Are Common in Chinese Patients 10.1161/CIRCGEN.119.002823  Hypertrohpic  Cardiomyopathy  T N N T 2 N A N A p . R 2 8 6 H ECO:0001563. Cell growth assay evidence I n  v i t r o iPSC-CMs assays. TNNT2:p.R286H was engineered into isogenic human iPSCs containing GFP-tag on the amino terminus of titin. Cardiomyocytes were differentiated from induced pluripotent stem cells (iPSC-CMs) for engineered lines and isogenic controls.  A seahorse assay was done. iPSC-CM size and sarcomere function. The contractile profiles, oxygen consumption rates, extracellular acidification rates, and cell size were examined. 1 An established heterozygous pathogenic Hypertrohpic Cardiomyopathy variant (MYH7:p.R403Q) was engineered similarly as positive control 1 W T 2 4 0 8  Biological: wildtype/mutantsContractile characterization, metabolic flux, and cell size analysis: WT n=586 cells, R286H n=408 cells, R403Q n=488 cells GraphPad PRISM version 7.04 software was used to perform Fisher’s exact test with Bonferroni correction for multiple testing (n=15 genes, pp<0.0033), pairwise correlation, parametric Student t test, one-way ANOVA or non-parametric Mann-Whitney U test and Kruskal-Walles test depending on the normality of the data as assessed using Shapiro-Wilk test. Data is reported as means ± standard deviation or median (interquartile range) unless otherwise stated. Multivariate linear regression was performed using R version 3.6.0 (Boston, Massachusetts) to investigate the asscoiation between genotype and cardiac indices. Healthy Singaporean Chinese carriers of TNNI3:p.R79C (n=10) or TNNT2:p.R286H (n=8) genotypes and non-carriers (n=482) were included in the analysis. Models were adjusted for known clinical covariates (age, gender and systolic blood pressure) and significance was calculated using ANOVA. Statistical significance was taken with or without multiple comparison corrections and a significance cut-off of p<0.05.  Positive control, negative control, stats Y e s GFP-tagged iPSC-CMs were re-plated into 12-well plates containing 1:100 Matrigel (Corning) in RPMI 1640 medium at day 14 postdifferentiation. Two days later cells were returned to RPMI containing B27 with insulin, and media changed every two days. Imaging was performed at day 30 post-differentiation of iPSC-CMs using SarcTrack as described Functionally abnormal. It is a likely pathogenic variant. Our functional studies of iPSC-CMs showed hypercontractility, cellular hypertrophy, and higher metabolic requirements than isogenic WT iPSC-CMs. We suggest that normal relaxation and attenuated dysfunction of other parameters that we observed in mutant iPSC-CMs and could account for milder phenotype and reduced disease penetrance among Hypertrohpic Cardiomyopathy patients with this variant. 

D190Y mutation in C-terminal tail region of TNNI3 gene causing severe form of restrictive c ardiomyopathy with mild hypertrophy in an Indian patient https://doi.org/10.1016/j.mgene.2020.100777  Restr ict ive Cardiomyopathy  T N N I 3 N A c . G 5 6 8 T  p . D 1 9 0 Y ECO:0006138. Molecular mechanics simulation I n  s i l i c o 5 ml of intravenous blood samples were collected in EDTA vacutainers from 30 patients, 62 family members and 100 clinically evaluated age, sex and ethnic matched subjects as controls. Standardized phenol-chloroform method was used for DNA isolation (Sambrook, 1989). Five sets of Primers were designed to amplify the eight exons of TNNI3 gene according to the NCBI reference Sequence for TNNI3 gene (Accession: NG_007866.2.) using Primer3 (http://primer3.ut.ee) and PCR Primer Stats (https://www.bioinformatics.org) (Table 1). PCR amplified products were sequenced using Sanger method and variants were identified using available open source software. In-silico analysis of the D190Y variant was done for pathogenicity, conservation and its effect on protein stability. It was performed by using multiple software. For disease causing predictions, three different tools were used i.e. Mutation Taster (http://www.mutationtaster.org/), Polyphen-2 (http://genetics.bwh.harvard.edu/pph2/) and SIFT (https://sift.bii.a-star.edu.sg/) and to assess the conservation of the selected variant PhyloP and PhastCons were used. Stability of mutant proteins was checked using three servers; IMutant2.0 (http://folding.biofold.org/i-mutant/i-mutant2.0.html), MUpro (mupro.proteomics. ics.uci.edu) and STRUM (https://zhanglab.ccmb.med.umich.edu/ STRUM/). Pathogenicity, conservation and effect on protein stability.  N A Only for variant identification  N A N A N A N A N A N A Controls for identification of variants N o Thirty patients diagnosed with idiopathic restrictive cardiomyopathy (RCM) were recruited from cardiology outpatient department (OPD) of the All India Institute of Medical Science (AIIMS), New Delhi with written informed consent. Both Institutional Ethical Committees approved the study. intravenous blood samples were collected in EDTA vacutainers. Standardized phenol-chloroform method was used for DNA isolation. Five sets of Primers were designed to amplify the eight exons of TNNI3 gene according to the NCBI reference Sequence for TNNI3 gene using Primer3 and PCR Primer Stats. PCR amplified products were sequenced using Sanger method and variants were identified using available open source software. In-silico analysis of the D190Y variant was done for pathogenicity, conservation and its effect on protein stability. It was performed by using multiple software. For disease causing predictions, three different tools were used: Mutation Taster, Polyphen-2 and SIFT, and to asses the conservation of the selected variant PhyloP and PhastCons were used. Stability of mutant proteins was checked using three servers; IMutant2.0, MUpro and STRUM. Functionally abnormal. A rare heterozygous, de-novo missense mutation. Variations and the substitution of different amino acids on same codons of TNNI3 gene confer different range phenotypes. this study contributes to the mutation spectrum in exon 8 as hot spot region of the TNNI3 gene causing RCM. Computational analysis results showed decreased stability of the protein and indicated loss of protein function which might affect protein structure and function.  The variant is present on the C-terminal region (cTnI135–209) which is an important binding site that binds to actin to anchor troponin-tropomyosin complex preventing cross bridging of actin-myosin during the relaxation phase of ventricle of the cardiac cycle.  

Altered Regulatory Properties of Human Cardiac Troponin I Mutants That Cause Hypertrophic Cardiomyopathy https://doi.org/10.1074/jbc.M002502200 Hypertrohpic  Cardiomyopathy  T N N I 3 N A N A p . R 1 4 5 G BAO:BAO_0010252. Protein expression assayOBI:0001146. Binding assay I n  v i t r o The TnI constructs were overexpressed in E. Coli strain BL21(DE3)pLysS for actin-TM-activated myosing S-1 ATPase Assay, Actin-TM Sedimentation Assays and Surface Plasmon Resonance-based Assays of TnI-TnC binding. (Preparation of recombinant human cardiac troponin subunits: human cTnI cDNA were amplified via PCR to introduce the silent mutations, then c loned into bacterial expression vector pMW172 and these TnI constructs were overexpressed in E. Coli, and human cardiac TnT and TnC were expressed and purified the same way; reconstitution of Troponin Complexes: mixing recombinant tropopnins C,I and T). Reconstitution of Troponin Complexes, Protein concentrations and purification, Actin-TM-activated Myosin S-1 ATPase activity (inhibition and activation compartisons), Actin-TM Sedimentation Assays, Surface Plasmon Resonance-based Assay of TnI-TnC Binding. N A N A 1 W T 3 9 Biological: wildtype/mutantsActin-TM-activated Myosin S-1 ATPase Assay: each assay was carried out in triplicate and on at least three separate preparations of TnI. In Ca2+: WT n=6, R145G n=3, R162W n=4. In Mg2+: WT n=4, R145G n=3, R162W n=3. Data sets were analyzed to give mean ± S.E . Statistical analysis of the data was performed using the GraphPad InStat software. The Newman-Keuls post-test was used to compare pairs of group means. Values were defined as statistically significantly different with p values < 0.05  S t a t s ,  n e g  c o n t r o l s  Y e s Human cTnI cDNA (11), obtained as a gift from Dr. P. Barton (Imperial College, London, United Kingdom). The pET11c construct encoding human cardiac TnC was obtained as a gift from Prof. I. Trayer (Birmingham, UK). Myosin subfragment-1 (S-1) and F-actin from rabbit fast skeletal muscle and a-TM from rabbit cardiac muscle were prepared by standard methods. Materials:  Centricon 10 concentrators to concentrate the protein, Beckman TLA-100 rotor, WINMAXC program to determine appropiate CaCl2 concentration, BIAcore-X to study TnI-TnC binding. Biotin incorporation was determined using the protocol supplied with HABA/Avidin reagent (Sigma). Biotinylated TnC was coupled to one flow cell of a BIAcore SA chip Functionally abnormal. Both mutations gave reduced inhibition of actin-tropomyosin-activated myosin ATPase (both in experiments using cTnI alone and in those using reconstituted human cardiac troponin under relaxing conditions) and conferred increased calcium sensitivity of ATPase regulation. For the R145G mutant, the WT phenotype was dominant. 

Altered Regulatory Properties of Human Cardiac Troponin I Mutants That Cause Hypertrophic Cardiomyopathy https://doi.org/10.1074/jbc.M002502200 Hypertrohpic  Cardiomyopathy  T N N I 3 N A N A p . R 1 6 2 W BAO:BAO_0010252. Protein expression assayOBI:0001146. Binding assay I n  v i t r o The TnI constructs were overexpressed in E. Coli strain BL21(DE3)pLysS for actin-TM-activated myosing S-1 ATPase Assay, Actin-TM Sedimentation Assays and Surface Plasmon Resonance-based Assays of TnI-TnC binding. (Preparation of recombinant human cardiac troponin subunits: human cTnI cDNA were amplified via PCR to introduce the silent mutations, the  cloned into bacterial expression vector pMW172 and these TnI constructs were overexpressed in E. Coli, and human cardiac TnT and TnC were expressed and purified the same way; reconstitution of Troponin Complexes: mixing recombinant tropopnins C,I and T). Reconstitution of Troponin Complexes, Protein concentrations and purification, Actin-TM-activated Myosin S-1 ATPase activity (inhibition and activation compartisons), Actin-TM Sedimentation Assays, Surface Plasmon Resonance-based Assay of TnI-TnC Binding. N A N A 1 W T 3 9 Biological: wildtype/mutantsActin-TM-activated Myosin S-1 ATPase Assay: each assay was carried out in triplicate and on at least three separate preparations of TnI. In Ca2+: WT n=6, R145G n=3, R162W n=4. In Mg2+: WT n=4, R145G n=3, R162W n=3. Data sets were analyzed to give mean ± S.E . Statistical analysis of the data was performed using the GraphPad InStat software. The Newman-Keuls post-test was used to compare pairs of group means. Values were defined as statistically significantly different with p values < 0.05  S t a t s ,  n e g  c o n t r o l s  Y e s Human cTnI cDNA (11), obtained as a gift from Dr. P. Barton (Imperial College, London, United Kingdom). The pET11c construct encoding human cardiac TnC was obtained as a gift from Prof. I. Trayer (Birmingham, UK). Myosin subfragment-1 (S-1) and F-actin from rabbit fast skeletal muscle and a-TM from rabbit cardiac muscle were prepared by standard methods. Materials:  Centricon 10 concentrators to concentrate the protein, Beckman TLA-100 rotor, WINMAXC program to determine appropiate CaCl2 concentration, BIAcore-X to study TnI-TnC binding. Biotin incorporation was determined using the protocol supplied with HABA/Avidin reagent (Sigma). Biotinylated TnC was coupled to one flow cell of a BIAcore SA chip Functionally abnormal. Both mutations gave reduced inhibition of actin-tropomyosin-activated myosin ATPase (both in experiments using cTnI alone and in those using reconstituted human cardiac troponin under relaxing conditions) and conferred increased calcium sensitivity of ATPase regulation. R162W had an increased affinity for troponin C in the presence of calcium. There mutation may cause Hypertrohpic Cardiomyopathy via impaired relaxation. 

Clinical and Functional Characterization of TNNT2 Mutations Identified in Patients With Dilated Cardiomyopathy 10.1161/CIRCGENETICS.108.846733 D i l a t e d  C a r d i o m y o p a t h y  T N N T 2 N A N A p . R 1 3 4 G OBI:0001146. Binding assay  I n  v i t r o To identify the mutations: bidirectional sequencing of TNNT2. Cardiac myocytes reconstituted with mutant troponin T proteins. Human cardiac WT troponin T (HCTnT-WT) was used as template for recombinant human cardiac troponin T (HCTnT). Fiber force development was evaluated with increasing Ca2+ concentration.  Fiber force development was evaluated with increasing Ca2+ concentration. To address whether the troponin Dilated Cardiomyopathy mutants had altered affinity for the thin filament and subsequent poor incorporation into the fibers, we measured the unregulated tension at low Ca2+ concentration (pCa 8.0) after displacement and before reconstitution with the troponin I and troponin C binary complex N A N A 1 W T 2 N A Biological:  wildtype/mutants The experimental results were reported as X ± S.E.M., and analyzed for significance using unpaired Student's t test at p < 0.05. S t a t s ,  n e g  c o n t r o l s  Y e s Human cardiac wild type troponin T (HCTnT-WT) was previously cloned in our laboratory. Skinned papillary muscles were obtained from the left ventricles of fresh pig hearts obtained at a local slaughterhouse Functionally abnormal. Novel missense mutation. Increased maximal force development. It showed a reduced ability (38% Ca2+ u nregulated force) to displace the endogenous porcine troponin complex compared to the human wild-type protein. This mutant may exert its effects through changes in protein-protein interaction that alter thin filament and contractile function via mechanisms independent of calcium sensitivity to give the human Dilated Cardiomyopathy phenotype. 

Clinical and Functional Characterization of TNNT2 Mutations Identified in Patients With Dilated Cardiomyopathy 10.1161/CIRCGENETICS.108.846733 D i l a t e d  C a r d i o m y o p a t h y  T N N T 2 N A N A p . R 1 5 1 C OBI:0001146. Binding assay  I n  v i t r o To identify the mutations: bidirectional sequencing of TNNT2. Cardiac myocytes reconstituted with mutant troponin T proteins. Human cardiac WT troponin T (HCTnT-WT) was used as template for recombinant human cardiac troponin T (HCTnT). Fiber force development was evaluated with increasing Ca2+ concentration.  Fiber force development was evaluated with increasing Ca2+ concentration. To address whether the troponin Dilated Cardiomyopathy mutants had altered affinity for the thin filament and subsequent poor incorporation into the fibers, wemeasured the unregulated tension at low Ca2+ concentration (pCa 8.0) after displacement and before reconstitution with the troponin I and troponin C binary complex N A N A 1 W T 2 N A Biological:  wildtype/mutants The experimental results were reported as X ± S.E.M., and analyzed for significance using unpaired Student's t test at p < 0.05. S t a t s ,  n e g  c o n t r o l s  Y e s Human cardiac wild type troponin T (HCTnT-WT) was previously cloned in our laboratory. Skinned papillary muscles were obtained from the left ventricles of fresh pig hearts obtained at a local slaughterhouse Functionally abnormal. Novel missense mutation. Decreased Ca2+ sensitivity of force development 

Clinical and Functional Characterization of TNNT2 Mutations Identified in Patients With Dilated Cardiomyopathy 10.1161/CIRCGENETICS.108.846733 D i l a t e d  C a r d i o m y o p a t h y  T N N T 2 N A N A p . G 1 5 9 Q OBI:0001146. Binding assay  I n  v i t r o To identify the mutations: bidirectional sequencing of TNNT2. Cardiac myocytes reconstituted with mutant troponin T proteins. Human cardiac WT troponin T (HCTnT-WT) was used as template for recombinant human cardiac troponin T (HCTnT). Fiber force development was evaluated with increasing Ca2+ concentration.  Fiber force development was evaluated with increasing Ca2+ concentration. To address whether the troponin Dilated Cardiomyopathy mutants had altered affinity for the thin filament and subsequent poor incorporation into the fibers, wemeasured the unregulated tension at low Ca2+ concentration (pCa 8.0) after displacement and before reconstitution with the troponin I and troponin C binary complex N A N A 1 W T 2 N A Biological:  wildtype/mutants The experimental results were reported as X ± S.E.M., and analyzed for significance using unpaired Student's t test at p < 0.05. S t a t s ,  n e g  c o n t r o l s  Y e s Human cardiac wild type troponin T (HCTnT-WT) was previously cloned in our laboratory. Skinned papillary muscles were obtained from the left ventricles of fresh pig hearts obtained at a local slaughterhouse Functionally abnormal. Novel missense mutation. Decreased Ca2+ sensitivity of force development 

Clinical and Functional Characterization of TNNT2 Mutations Identified in Patients With Dilated Cardiomyopathy 10.1161/CIRCGENETICS.108.846733 D i l a t e d  C a r d i o m y o p a t h y  T N N T 2 N A N A p . R 2 0 5 W OBI:0001146. Binding assay  I n  v i t r o To identify the mutations: bidirectional sequencing of TNNT2. Cardiac myocytes reconstituted with mutant troponin T proteins. Human cardiac WT troponin T (HCTnT-WT) was used as template for recombinant human cardiac troponin T (HCTnT). Fiber force development was evaluated with increasing Ca2+ concentration.  Fiber force development was evaluated with increasing Ca2+ concentration. To address whether the troponin Dilated Cardiomyopathy mutants had altered affinity for the thin filament and subsequent poor incorporation into the fibers, wemeasured the unregulated tension at low Ca2+ concentration (pCa 8.0) after displacement and before reconstitution with the troponin I and troponin C binary complex N A N A 1 W T 2 N A Biological:  wildtype/mutants The experimental results were reported as X ± S.E.M., and analyzed for significance using unpaired Student's t test at p < 0.05. S t a t s ,  n e g  c o n t r o l s  Y e s Human cardiac wild type troponin T (HCTnT-WT) was previously cloned in our laboratory. Skinned papillary muscles were obtained from the left ventricles of fresh pig hearts obtained at a local slaughterhouse Functionally abnormal. Novel missense mutation. Decreased Ca2+ sensitivity of force development 

Clinical and Functional Characterization of TNNT2 Mutations Identified in Patients With Dilated Cardiomyopathy 10.1161/CIRCGENETICS.108.846733 D i l a t e d  C a r d i o m y o p a t h y  T N N T 2 N A N A p . K 2 1 0 d e l OBI:0001146. Binding assay  I n  v i t r o To identify the mutations: bidirectional sequencing of TNNT2. Cardiac myocytes reconstituted with mutant troponin T proteins. Human cardiac WT troponin T (HCTnT-WT) was used as template for recombinant human cardiac troponin T (HCTnT). Fiber force development was evaluated with increasing Ca2+ concentration.  Fiber force development was evaluated with increasing Ca2+ concentration. To address whether the troponin Dilated Cardiomyopathy mutants had altered affinity for the thin filament and subsequent poor incorporation into the fibers, wemeasured the unregulated tension at low Ca2+ concentration (pCa 8.0) after displacement and before reconstitution with the troponin I and troponin C binary complex N A N A 1 W T 2 N A Biological:  wildtype/mutants The experimental results were reported as X ± S.E.M., and analyzed for significance using unpaired Student's t test at p < 0.05. S t a t s ,  n e g  c o n t r o l s  Y e s Human cardiac wild type troponin T (HCTnT-WT) was previously cloned in our laboratory. Skinned papillary muscles were obtained from the left ventricles of fresh pig hearts obtained at a local slaughterhouse Functionally abnormal. Definitively causative from prior reports. 

Clinical and Functional Characterization of TNNT2 Mutations Identified in Patients With Dilated Cardiomyopathy 10.1161/CIRCGENETICS.108.846733 D i l a t e d  C a r d i o m y o p a t h y  T N N T 2 N A N A p . E 2 4 4 D OBI:0001146. Binding assay  I n  v i t r o To identify the mutations: bidirectional sequencing of TNNT2. Cardiac myocytes reconstituted with mutant troponin T proteins. Human cardiac WT troponin T (HCTnT-WT) was used as template for recombinant human cardiac troponin T (HCTnT). Fiber force development was evaluated with increasing Ca2+ concentration.  Fiber force development was evaluated with increasing Ca2+ concentration. To address whether the troponin Dilated Cardiomyopathy mutants had altered affinity for the thin filament and subsequent poor incorporation into the fibers, wemeasured the unregulated tension at low Ca2+ concentration (pCa 8.0) after displacement and before reconstitution with the troponin I and troponin C binary complex N A N A 1 W T 2 N A Biological:  wildtype/mutants The experimental results were reported as X ± S.E.M., and analyzed for significance using unpaired Student's t test at p < 0.05. S t a t s ,  n e g  c o n t r o l s  Y e s Human cardiac wild type troponin T (HCTnT-WT) was previously cloned in our laboratory. Skinned papillary muscles were obtained from the left ventricles of fresh pig hearts obtained at a local slaughterhouse Functionally abnormal. Previously reported with Hypertrohpic Cardiomyopathy 

Late Onset Sporadic Dilated Cardiomyopathy Caused by a Cardiac Troponin T Mutation 10.1111/j.1752-8062.2010.00228.x D i l a t e d  C a r d i o m y o p a t h y  T N N T 2 N A N A p . R 1 3 9 H OBI:0001146. Binding assay  I n  v i t r o Functional studies in porcine cardiac skinned fibers reconstituted with the mutant R139H troponin T protein. Briefly, the wild-type human cardiac troponin (HCTnT-WT) was cloned, expressed, and purified and used as template for sequential overlapping PCR ) with primers designed to replace the R139H mutation, as previously reported. A functional assay using porcine papillary skinned fibers prepared from the left ventricles of freshly slaughtered porcine hearts was conducted. The endogenous troponin complex was displaced by an excess of exogenous HCTnT and the binary complex was reconstituted. The Ca 2+ dependence of force development and maximal force were measured N A N A 1 W T 2 5 Biological: wildtype/mutantsData in each experiment are the average of 5 experiments Th e experimental results were reported as x ± SEM, and analyzed for signifi cance using unpaired Student’s t test at p < 0.05. S t a t s ,  n e g  c o n t r o l s  N o Written, informed consent was obtained from all subjects, and the Institutional Review Board of the University of Miami approved the project. Genetic counseling was provided and the patient gave consent for  genetic testing. Commercial genetic testing was conducted for  the proband by the Laboratory for Molecular Medicine (Boston, MA) for 19 Dilated Cardiomyopathy genes (>30% detection rate) and by FAMILION (New Haven, CT; 40% detection rate) for five ARVD/C genes. Site-specifi c genetic testing was conducted in our research laboratory, as previously described. genomic DNA was extracted from whole blood and was sequenced in our laboratory in both directions to detect and/or confi rm nucleotide variants in TNNT2 in the proband and the proband’s relatives using an Applied Biosystems 3130XL capillary sequencer. Functionally abnormal. Showed decreased Ca2+ sensitivity at pH 7, characteristic of Dilated Cardiomyopathy. Because fatty infiltration may acidify the myocellular environment , maximal force development examined at pH 6.5 was diminished, suggesting a possible environmental trigger. 

Mutation loc ation of Hypertrohpic Cardiomyopathy-c ausing troponin T mutations defines the degree of myofilament dysfunction in human cardiomyocytes https://doi.org/10.1016/j.yjmcc.2020.10.006 Hypertrohpic  Cardiomyopathy  T N N T 2 N A N A p.I79N OBI:0001146. Binding assay  I n  v i t r o Hypertrohpic Cardiomyopathy tissue samples from the interventricular septum of patients harboring the TNNT2 R278C mutation were obtained during myectomy surgery. Single cardiomyocytes were mechanically isolated from frozen cardiac tissue. Experiments performed to determine cardiomyocyte force measurements, troponin exchange in cardiomyocytes, co-sedimentation assay (using rabbit skeletal muscle filamentous actin (F-actin), recombinant human tropomyosin (Tm), and recombinant human troponin complexes), phosphorylation assays, protein analysis (protein phosphorylation, levels and mass spectometry to determine mutant protein dose), RNA sequencing and immunofluorescence. Myofilament function after troponin exchange, contractile dysfunction (force measurements at different Ca2+ concentrations), cardiomyocyte counts, co-sedimentation assay, phosphorylation assays, protein levels (western blot and mass spectrometry) and immunofluorescence.  5 GFP control, Hypertrohpic Cardiomyopathy samples from patients with other mutations and without a sarcomere mutation (sarcomere mutation-negative) were used as controls in our protein analyses studies, The samples 4.021, 5.033, 6.034, 7.012 and 7.040 were used as non-failing controls for single cardiomyocyte measurements and/or western blot analysis 1 W T 1 0 2 Biological: wildtype/mutantsForce-calcium relations after exchange with cTnT 179N, R94C and R278C complex at low, intermediate and high dose: n(I79N) = 2/2/2, n(R94C) = 2/1/1, n(R278C) = 3/1/1Length-dependent activation after exchange with cTnT I79N, R94C and R278C: n(WT) = 11, n(I79N) = 7/6/9, n(R94C) = 7/3/5, n(R278C) = 6/5/4 for low/intermediate/high dose, respectively. For PKA  experimetns: n(Donor) = 4, n(Hypertrohpic Cardiomyopathy 173) = 4/3, n(Hypertrohpic Cardiomyopathy 175) = 4/3, n(Hypertrohpic Cardiomyopathy 234) = 3/3 for with/without PKA, respectively. Since it is well-known that reduced cTnI phosphorylation increases myofilament Ca2+- sensitivity, we repeated the functional measurements after incubation with PKA to increase cTnI phosphorylation in Hypertrohpic Cardiomyopathy samples to levels observed in non-failing donor  samples. Graphpad Prism v8 software was used for statistical analysis. Data were statistically analyzed using unpaired t-test, one-way ANOVA with Dunnett’s or Tukey’s multiple comparisons post hoc test or 2wayANOVA when appropriate. All values are shown as  mean ± standard error of the mean. A p-value ≤0.05 was considered as significantly different Stats, pos control, neg control  Y e s Exchange experiments were performed in the human sample 2.114 which had a high endogenous phosphorylation background and was obtained from the Sydney Heart Bank. Hypertrohpic Cardiomyopathy tissue samples from the interventricular septum of patients harboring the TNNT2 R278C mutation were obtained during myectomy surgery to relieve LV outflow tract obstruction and collected by the Erasmus University Medical Center Rotterdam and the University of Florence. Hypertrohpic Cardiomyopathy samples from patients with other mutations and without a sarcomere mutation (sarcomere mutation-negative) were used as controls in our protein analyses studies (samples from Erasmus Medical Center and Sydney Heart Bank).  The samples 4.021, 5.033, 6.034, 7.012 and 7.040 were used as non-failing controls for single cardiomyocyte measurements and/or western blot analysis. They originate from the LV free wall of donor hearts without history of cardiac disease and were obtained from the Sydney Heart Bank. Written informed consent was obtained from each patient prior to myectomy and the study protocol was approved by the local medical ethics review committees. All samples were stored in liquid nitrogen until use. Functionally abnormal. A small dose of mutant protein is sufficient for the maximal effect on myofilament Ca2+ sensitivity for the I79N and R94C mutation while the mutation location determines the magnitude of this effect. All three cTnT mutants showed reduced thin filament binding affinity. 

Mutation location of Hypertrohpic Cardiomyopathy-causing troponin T mutations defines the degree of myofilament dysfunction in human cardiomyocytes https://doi.org/10.1016/j.yjmcc.2020.10.006 Hypertrohpic  Cardiomyopathy  T N N T 2 N A N A p.R94C OBI:0001146. Binding assay  I n  v i t r o Hypertrohpic Cardiomyopathy tissue samples from the interventricular septum of patients harboring the TNNT2 R278C mutation were obtained during myectomy surgery. Single cardiomyocytes were mechanically isolated from frozen cardiac tissue. Experiments performed to determine cardiomyocyte force measurements, troponin exchange in cardiomyocytes, co-sedimentation assay (using rabbit skeletal muscle filamentous actin (F-actin), recombinant human tropomyosin (Tm), and recombinant human troponin complexes), phosphorylation assays, protein analysis (protein phosphorylation, levels and mass spectometry to determine mutant protein dose), RNA sequencing and immunofluorescence. Myofilament function after troponin exchange, contractile dysfunction (force measurements at different Ca2+ concentrations), cardiomyocyte counts, co-sedimentation assay, phosphorylation assays, protein levels (western blot and mass spectrometry) and immunofluorescence.  5 GFP control, Hypertrohpic Cardiomyopathy samples from patients with other mutations and without a sarcomere mutation (sarcomere mutation-negative) were used as controls in our protein analyses studies, The samples 4.021, 5.033, 6.034, 7.012 and 7.040 were used as non-failing controls for single cardiomyocyte measurements and/or western blot analysis 1 W T 1 0 2 Biological: wildtype/mutantsForce-calcium relations after exchange with cTnT 179N, R94C and R278C complex at low, intermediate and high dose: n(I79N) = 2/2/2, n(R94C) = 2/1/1, n(R278C) = 3/1/1Length-dependent activation after exchange with cTnT I79N, R94C and R278C: n(WT) = 11, n(I79N) = 7/6/9, n(R94C) = 7/3/5, n(R278C) = 6/5/4 for low/intermediate/high dose, respectively. For PKA  experimetns: n(Donor) = 4, n(Hypertrohpic Cardiomyopathy 173) = 4/3, n(Hypertrohpic Cardiomyopathy 175) = 4/3, n(Hypertrohpic Cardiomyopathy 234) = 3/3 for with/without PKA, respectively. Since it is well-known that reduced cTnI phosphorylation increases myofilament Ca2+- sensitivity, we repeated the functional measurements after incubation with PKA to increase cTnI phosphorylation in Hypertrohpic Cardiomyopathy samples to levels observed in non-failing donor  samples. Graphpad Prism v8 software was used for statistical analysis. Data were statistically analyzed using unpaired t-test, one-way ANOVA with Dunnett’s or Tukey’s multiple comparisons post hoc test or 2wayANOVA when appropriate. All values are shown as  mean ± standard error of the mean. A p-value ≤0.05 was considered as significantly different Stats, pos control, neg control  Y e s Exchange experiments were performed in the human sample 2.114 which had a high endogenous phosphorylation background and was obtained from the Sydney Heart Bank. Hypertrohpic Cardiomyopathy tissue samples from the interventricular septum of patients harboring the TNNT2 R278C mutation were obtained during myectomy surgery to relieve LV outflow tract obstruction and collected by the Erasmus University Medical Center Rotterdam and the University of Florence. Hypertrohpic Cardiomyopathy samples from patients with other mutations and without a sarcomere mutation (sarcomere mutation-negative) were used as controls in our protein analyses studies (samples from Erasmus Medical Center and Sydney Heart Bank).  The samples 4.021, 5.033, 6.034, 7.012 and 7.040 were used as non-failing controls for single cardiomyocyte measurements and/or western blot analysis. They originate from the LV free wall of donor hearts without history of cardiac disease and were obtained from the Sydney Heart Bank. Written informed consent was obtained from each patient prior to myectomy and the study protocol was approved by the local medical ethics review committees. All samples were stored in liquid nitrogen until use. Functionally abnormal. A small dose of mutant protein is sufficient for the maximal effect on myofilament Ca2+ sensitivity for the I79N and R94C mutation while the mutation location determines the magnitude of this effect. All three cTnT mutants showed reduced thin filament binding affinity. 

Mutation location of Hypertrohpic Cardiomyopathy-causing troponin T mutations defines the degree of myofilament dysfunction in human cardiomyocytes https://doi.org/10.1016/j.yjmcc.2020.10.006 Hypertrohpic  Cardiomyopathy  T N N T 2 N A N A p . R 2 7 8 C OBI:0001146. Binding assay  I n  v i t r o Hypertrohpic Cardiomyopathy tissue samples from the interventricular septum of patients harboring the TNNT2 R278C mutation were obtained during myectomy surgery. Single cardiomyocytes were mechanically isolated from frozen cardiac tissue. Experiments performed to determine cardiomyocyte force measurements, troponin exchange in cardiomyocytes, co-sedimentation assay (using rabbit skeletal muscle filamentous actin (F-actin), recombinant human tropomyosin (Tm), and recombinant human troponin complexes), phosphorylation assays, protein analysis (protein phosphorylation, levels and mass spectometry to determine mutant protein dose), RNA sequencing and immunofluorescence. Myofilament function after troponin exchange, contractile dysfunction (force measurements at different Ca2+ concentrations), cardiomyocyte counts, co-sedimentation assay, phosphorylation assays, protein levels (western blot and mass spectrometry) and immunofluorescence.  5 GFP control, Hypertrohpic Cardiomyopathy samples from patients with other mutations and without a sarcomere mutation (sarcomere mutation-negative) were used as controls in our protein analyses studies, The samples 4.021, 5.033, 6.034, 7.012 and 7.040 were used as non-failing controls for single cardiomyocyte measurements and/or western blot analysis 1 W T 1 0 2 Biological: wildtype/mutantsForce-calcium relations after exchange with cTnT 179N, R94C and R278C complex at low, intermediate and high dose: n(I79N) = 2/2/2, n(R94C) = 2/1/1, n(R278C) = 3/1/1Length-dependent activation after exchange with cTnT I79N, R94C and R278C: n(WT) = 11, n(I79N) = 7/6/9, n(R94C) = 7/3/5, n(R278C) = 6/5/4 for low/intermediate/high dose, respectively. For PKA  experimetns: n(Donor) = 4, n(Hypertrohpic Cardiomyopathy 173) = 4/3, n(Hypertrohpic Cardiomyopathy 175) = 4/3, n(Hypertrohpic Cardiomyopathy 234) = 3/3 for with/without PKA, respectively. Since it is well-known that reduced cTnI phosphorylation increases myofilament Ca2+- sensitivity, we repeated the functional measurements after incubation with PKA to increase cTnI phosphorylation in Hypertrohpic Cardiomyopathy samples to levels observed in non-failing donor  samples. Graphpad Prism v8 software was used for statistical analysis. Data were statistically analyzed using unpaired t-test, one-way ANOVA with Dunnett’s or Tukey’s multiple comparisons post hoc test or 2wayANOVA when appropriate. All values are shown as  mean ± standard error of the mean. A p-value ≤0.05 was considered as significantly different Stats, pos control, neg control  Y e s Exchange experiments were performed in the human sample 2.114 which had a high endogenous phosphorylation background and was obtained from the Sydney Heart Bank. Hypertrohpic Cardiomyopathy tissue samples from the interventricular septum of patients harboring the TNNT2 R278C mutation were obtained during myectomy surgery to relieve LV outflow tract obstruction and collected by the Erasmus University Medical Center Rotterdam and the University of Florence. Hypertrohpic Cardiomyopathy samples from patients with other mutations and without a sarcomere mutation (sarcomere mutation-negative) were used as controls in our protein analyses studies (samples from Erasmus Medical Center and Sydney Heart Bank).  The samples 4.021, 5.033, 6.034, 7.012 and 7.040 were used as non-failing controls for single cardiomyocyte measurements and/or western blot analysis. They originate from the LV free wall of donor hearts without history of cardiac disease and were obtained from the Sydney Heart Bank. Written informed consent was obtained from each patient prior to myectomy and the study protocol was approved by the local medical ethics review committees. All samples were stored in liquid nitrogen until use. Functionally abnormal. Incorporation of R278C increased Ca2+  sensitivity at low and intermediate dose, while it decreased Ca2+-sensitivity at high dose. All three cTnT mutants showed reduced thin filament binding affinity. Shows a highly dose-dependent effect on myofilament function. 

Loss of Function Mutations in NNT Are Associated with Left Ventricular Noncompaction 10.1161/CIRCGENETICS.115.001026 Left Ventricular Non-Compaction N N T N A c . 6 3 8 _ 6 3 9 i n s T  p.R213fs ECO:0000179: animal model system study evidence i n  v i v o Complementation strategy in a transient zebrafish model system, we detected two NNT orthologs in the Danio rerio genome, nnt-a and nnt-b. Individual injection of morpholinos (MO) targeting either nnt-a or nnt-b and scoring blind to injection cocktail (n=50–100 embryos per injection) resulted in reduced endogenous transcript and impaired heart function as evident by cardiac edema at 3-days post fertilization. The edema phenotype was specific to the nnt-a/nnt-b MOs, since we were able to rescue the MO-induced defects by co-injecting 200 pg of capped wild-type (WT) human NNT mRNA. Next, we compared the rescue efficiency of NNT mRNA harboring the 277Tyr-encoding change found in the LVNC patient to that of WT. To determine the cellular and morphological basis underlying the nnt-a/nnt-b MO-induced cardiac edema, we utilized transgenic reporter zebrafish lines to refine the relevance of the phenotype to LVNC in humans. We conducted live imaging of 2 dpf cmlc2:GFP control and nnt-a/nnt-b MO-injected larvae to visualize cardiac chamber morphology, contraction, and heart beat (n=10 larvae/injection batch, repeated twice). We quantified the numbers of proliferating versus non-proliferating cardiomyocytes to investigate the cellular basis for the contractile defects of nnt-a/nnt-b MO-injected larvae. MO dose response curves for individual and combined suppression of nnt-a and nnt-b, n=50–100 embryos/injection, repeated three times with masked scoring. In transgenic reporter zebrafish lines to refine the relevance of the phenotype to LVNC in humans, we visualized cardiac chamber morphology, contraction, and heart beat. We quantified the numbers of proliferating versus non-proliferating cardiomyocytes to investigate the cellular basis for the contractile defects of nnt-a/nnt-b MO-injected larvae. 1 G F P  c o n t r o l  1 W T 2 3 Biological: wildtype/mutantsZebrafish injections: n=10 embryos/injection replicate batches, Then (2 and 3 dpf controls and morphants; n=12 larvae/injection batch; two biological replicates).EK/AB embryos at 3 dpf; n=50–100 embryos/injection, repeated three times with masked scoring Mutation burden—To test whether the frequency of rare variants in MYH7 differed between ARIC and our LVNC cohort we used a two-tailed Fisher’s exact test. The Atherosclerosis Risk In Communities (ARIC)19 cohort consists of 1,650 individuals who have undergone WES using the NimbleGen capture reagent followed by Illumina sequencing15. On average, >99% of the coding bases in MYH7 have at least 20x redundant coverage in this dataset. In vivo complementation—To test for differences in cardiac edema in 3 dpf morphant zebrafish larvae, we compared qualitative scoring data (normal or affected) in a pairwise manner across embryo batches using χ 2 tests (n=46–15 embryos/batch; three biological replicates). Contractile dysfunction and cardiomyocyte counts—We used a student’s t-test to determine the statistical significance of differences in heart beat (2 dpf controls and morphants; n=10 larvae/injection batch; two biological replicates). Differences in proliferating and non-proliferating cardiomyocytes were also determined using a two-tailed, homoscedastic Student’s t-test (2 and 3 dpf controls and morphants; n=12 larvae/injection batch; two biological replicates). Stats, pos control, neg control  Y e s IRB approval for this study was obtained from Baylor College of Medicine. All participants provided informed consent prior to participating in this study. Hybridization was conducted with a custom capture reagent. Precapture libraries for SOLiD (2 ug) were hybridized in solution according to the NimbleGen Seqcap EZ protocol with minor revisions. Functionally abnormal. NNT suppression results in malformation of the ventricle, likely resulting in contractility defects and brachycardia. Mouse models of Tafazzin, a protein critical to mitochondrial function that when mutated gives rise to the syndromic LVNC phenotype of Barth syndrome , display altered cellular proliferation in embryonic hearts. We do not know the precise developmental  mechanisms that link cardiomyocyte proliferative defects with ventricular noncompaction defects. However, NNT is important for supporting the antioxidant capacity of mitochondria and NNT deficient cells are likely under severe oxidative stress. Furthermore, our findings of brachycardia and abnormal contractility in the nnt in vivo model highlight potential clinical implication. 

Tropomyosin pseudo-phosphorylation can rescue the effects of c ardiomyopathy-associated mutat ions https://doi.org/10.1016/j.ijbiomac.2020.10.201 Hypertrohpic CardiomyopathyDilated Cardiomyopathy T P M 1 N A N A p.S283D BAO:BAO_0003005. Phosphorylation assayBAO:BAO_0010252. Protein expression assayECO:0006138. Molecular mechanics simulation In vitroIn silico Differential scanning calorimetry (DSC): experiments were performed on a MicroCal VP-Capillary DSC differential scanning calorimeter (Malvern Instruments, Northampton, MA 01060, USA) at a heating rate of 1 °C/min in 30 mM Hepes-Na buffer(pH 7.3) containing 100 mM NaCl. The DSC scans obtained from the first heating of the samples were omittedand the reversibility of the heat sorption curves was assessed byreheating the sample immediately after it had cooled from the previous scan.  The calorimetric traces were corrected for the instrumental background by subtracting a scan with the buffer in both cells.Viscosity measurements performed on a falling ball micro viscometer Anton Para AMVn (VA, USA).  Cosedimentation of Tpm with F-actin: the affinity of Tpm species for actin was estimated using a cosedimentation assay. Actin was pelleted and equivalent samples of the pellet and the supernatant were subjected to SDS-PAGE. Protein bands were scanned and analyzed with ImageJ 1.45 s software (Scion, Frederick, MD, USA).Molecular dynamics: MD simulations were performed using GROMACS v. 2019.3 package. A crystal structure of the full Tpm molecule ([34], PDB code 1C1G) was used as the initial model for MD simulation of WT Tpm molecule and its S61D mutant. As the Tpm residue S283 is located in the headto-tail overlap junction of two Tpm molecules, we also used a model consisting of residues 11–284 of one Tpm molecule and residues 1–29 of another one from the structure of the actin-Tpm-Tn complex (PDB code 6KN7). 
DSC to investigate how mutations S283D and S61Dmimicking Tpm phosphorylation affect the thermal unfolding and domain structure of the Tpm molecule by interpreting the excess heat capacity curves. (Parameters: the maximum temperature of the transition, Tm, and calorimetric enthalpy, ΔHcal, i.e. the area under the calorimetric peak)Viscosity
 
Temperature dependences of light scatteringMolecular dynamics (MS): The 200 ns long MD trajectory was calculated with the AMBER99SB-ILDN force field, the TIP3P water model, 2 fs time steps, and periodic boundary conditions. The snapshots of the MD trajectory were recorded every 10ps and used for further analysis 

N A N A 1 W T 2 3 Biological: wildtype/mutantsIn viscosity experiment, the measurements for each Tpm sample were repeated 3 times, and the obtained values were averaged. Temperature and cosedimentation assay were also repeated 3 times. Results presented as mean ± SD, p<0.05 (viscosity) S t a t s ,  n e g  c o n t r o l s  Y e s The S283D and S61D α-Tpm mutant constructs were prepared in the bacterial expression plasmid pMW172 by PCR-mediated site-directed mutagenesis using Q5 DNA Polymerase (NEB, NewEngland BioLabs).  All recombinant Tpm species were overexpressed in E. coli C41 (DE3) bacterial cells and purified by anion exchange chromatography using a HiTrap QHP column. According to SDS-PAGE, the purity of all these Tpm preparations was no less than 95%. Rabbit skeletal muscle actin was prepared by a standard method. F-actin polymerized by the addition of 4 mM MgCl2 and 100 mM KCl was further stabilized with a 1.5-fold molar excess of phalloidin(Sigma Chemical Co., St Louis, MO, USA). DSC experiments were performed on a MicroCal VP-Capillary DSC differential scanning calorimeter (Malvern Instruments, Northampton, MA 01060, USA) at a heating rate of 1 °C/min in 30 mM Hepes-Na buffer (pH 7.3) containing 100 mM NaCl. The protein concentration was 2 mg/ ml. he temperature dependence of the excess heat capacity was further analyzed and plotted using Origin software (MicroCal Inc., Northampton, MA).  Functionally normal. No apparent effect on the thermal unfodling and domain structure of the Tpm molecule, either WT or mutant. Not surprising since the amino acid is located in disordered C-terminus of Tpm, therefore it seems unlikely that the S283D mutation could stabilize an entire C-terminal. However, it can increase viscosity of Tpm solution without affecting its affinity for F-actin nor the thermal stability of its complex with F-actin. Pseudo-phosphorylation of Tpm by this mutation prevented to a gre at extent undesirable effects of some cardiomyopathic mutations, which decreased the Tpm affinity for F-actin. In this case, this mutation strongly decreased the viscosity.   

Tropomyosin pseudo-phosphorylation can rescue the effects of cardiomyopathy-associated mutations https://doi.org/10.1016/j.ijbiomac.2020.10.201 Hypertrohpic CardiomyopathyDilated Cardiomyopathy T P M 1 N A N A p.S61D BAO:BAO_0003005. Phosphorylation assayBAO:BAO_0010252. Protein expression assayECO:0006138. Molecular mechanics simulation In vitroIn silico Differential scanning calorimetry (DSC): experiments were performed on a MicroCal VP-Capillary DSC differential scanning calorimeter (Malvern Instruments, Northampton, MA 01060, USA) at a heating rate of 1 °C/min in 30 mM Hepes-Na buffer(pH 7.3) containing 100 mM NaCl. The DSC scans obtained from the first heating of the samples were omittedand the reversibility of the heat sorption curves was assessed byreheating the sample immediately after it had cooled from the previous scan.  The calorimetric traces were corrected for the instrumental background by subtracting a scan with the buffer in both cells.Viscosity measurements performed on a falling ball micro viscometer Anton Para AMVn (VA, USA).  Cosedimentation of Tpm with F-actin: the affinity of Tpm species for actin was estimated using a cosedimentation assay. Actin was pelleted and equivalent samples of the pellet and the supernatant were subjected to SDS-PAGE. Protein bands were scanned and analyzed with ImageJ 1.45 s software (Scion, Frederick, MD, USA).Molecular dynamics: MD simulations were performed using GROMACS v. 2019.3 package. A crystal structure of the full Tpm molecule ([34], PDB code 1C1G) was used as the initial model for MD simulation of WT Tpm molecule and its S61D mutant. As the Tpm residue S283 is located in the headto-tail overlap junction of two Tpm molecules, we also used a model consisting of residues 11–284 of one Tpm molecule and residues 1–29 of another one from the structure of the actin-Tpm-Tn complex (PDB code 6KN7). 
DSC to investigate how mutations S283D and S61Dmimicking Tpm phosphorylation affect the thermal unfolding and domain structure of the Tpm molecule by interpreting the excess heat capacity curves. (Parameters: the maximum temperature of the transition, Tm, and calorimetric enthalpy, ΔHcal, i.e. the area under the calorimetric peak)Viscosity
 
Temperature dependences of light scatteringMolecular dynamics (MS): The 200 ns long MD trajectory was calculated with the AMBER99SB-ILDN force field, the TIP3P water model, 2 fs time steps, and periodic boundary conditions. The snapshots of the MD trajectory were recorded every 10ps and used for further analysis 

N A N A 1 W T 2 3 Biological: wildtype/mutantsIn viscosity experiment, the measurements for each Tpm sample were repeated 3 times, and the obtained values were averaged. Temperature and cosedimentation assay were also repeated 3 times. Results presented as mean ± SD, p<0.05 (viscosity) S t a t s ,  n e g  c o n t r o l s  Y e s The S283D and S61D α-Tpm mutant constructs were prepared in the bacterial expression plasmid pMW172 by PCR-mediated site-directed mutagenesis using Q5 DNA Polymerase (NEB, NewEngland BioLabs).  All recombinant Tpm species were overexpressed in E. coli C41 (DE3) bacterial cells and purified by anion exchange chromatography using a HiTrap QHP column. According to SDS-PAGE, the purity of all these Tpm preparations was no less than 95%. Rabbit skeletal muscle actin was prepared by a standard method. F-actin polymerized by the addition of 4 mM MgCl2 and 100 mM KCl was further stabilized with a 1.5-fold molar excess of phalloidin(Sigma Chemical Co., St Louis, MO, USA). DSC experiments were performed on a MicroCal VP-Capillary DSC differential scanning calorimeter (Malvern Instruments, Northampton, MA 01060, USA) at a heating rate of 1 °C/min in 30 mM Hepes-Na buffer (pH 7.3) containing 100 mM NaCl. The protein concentration was 2 mg/ ml. he temperature dependence of the excess heat capacity was further analyzed and plotted using Origin software (MicroCal Inc., Northampton, MA).  Functionally abnormal. Causes significant destabilization of the N-terminal part of the Tpm molecule independently of the absence or presence of cardiomyopathyassociated mutations. This is due to a decrease in the occupancy of the H-bonds and the decrease in the Tmp bending stiffness in the vicinity of the mutation. This may cause increased flexibility that reduces the viscosity. Another possibility is that it impairs the interaction between N- and C- termini of the Tpm molecules,  thus preventing the formation of a long Tpm strand and decreasing the viscosity of the Tpm solution. 

Familial Dilated Cardiomyopathy Caused by an Alpha-Tropomyosin Mutation: The Distinctive Natural History of Sarcomeric Dilated Cardiomyopathy 10.1 016 /j .j acc .2 009 .11 .0 17  D i l a t e d  C a r d i o m y o p a t h y  T P M 1 N A N A p . D 2 3 0 N MMO:0000250. Intracellular calcium assayOBI:0001146. Binding assay I n  v i t r o In vitro reconstituted sarcomere complex. Two types of experiments: Actin-tropomyosin-activated myosing ATPase assay: bacterial expression constructs in pMW172 encoding human wild-type and D230N mutant. Mutant or wild-type Ala-Ser-alpha-tropomyosin were expressed with wild-type troponin I, troponin T, and troponin C in BL21 (DES) pLysS Escherichia coli cells.Measurement of Ca2+ affinity by the use of 2-[4'-(iodo-acetamido)aniline]-naphthalene-6-sulfonate (IAANS) troponin: the filament Ca2+ affinity was measured by the use of IAANS label bound to Cys35 of recombinant human troponin C. Steady-state fluorescence measurements were made with a RF-1501 spectrofluorometer (Shimadzu, Kyoto, Japan) at 22°C.  ATPase regulation and Ca2+ affinity ascorrelates of contractility. N A N A 1 W T 2 3 Biological: wildtype/mutantsCa2+ sensitivity and ATPase assay: n=3 SAS version 9.1 (SAS Institute, Cary, North Carolina) was used to generate Kaplan-Meier curves to describe disease penetrance and event-free survival. Statistically significant differences in Ca2+ affinity and myosin ATPase activity were determined by the use of an unpaired Student t test  InStat, GraphPad Software Inc., La Jolla, California),  with significance values defined as p < 0.05. To calculate the statistical likelihood that a genetic variant was associated with disease, logarithm (base 10) of odds (i.e., LOD) scores were calculated by the use of Vitesse (version 2.0, Bournemouth, Dorset, United Kingdom) S t a t s ,  n e g  c o n t r o l s  Y e s All subjects provided informed consent in accordance with the guidelines of the University of Chicago and Brigham and Women’s Hospital Human Subjects Committees.  Functionally abnormal. Functionally abnormal. Novel missense mutation that impacts on contractility. Demonstrated major inhibitory effects on sarcomere function with reduced Ca2+ sensitivity, maximum activation, and Ca2+ affinity compared with wild-type TPM1. Clinical manifestations ranged from decompensated heart failure or sudden death in those presenting early in life to asym ptomatic left ventricular dysfunction in those diagnosed during adulthood. Notably, several affected infants had remarkable improvement.  

Mechanistic Heterogeneity in Contractile Properties of α-Tropomyosin (TPM1) Mutants Associated with Inher ited Cardiomyopathies https://doi.org/10.1074/jbc.M114.596676   Hypertrohpic CardiomyopathyDilated Cardiomyopathy T P M 1 N A N A p . E 6 2 Q BAO:BAO_0010252. Protein expression assayMMO:0000250. Intracellular calcium assayOBI:0001146. Binding assayECO:0006341. Computational structure modeling evidence In vitroIn silico DNA, plasmids and mutagenesis, Protein Purification, Labeling of TnC3 with ANS and NBD, Reconstituting the Tn Complex (with or without ANS), Measuring Tm Thermal Stability by Circular Dichroism, Actin-Tropomyosin Cosedimentation Assay, Troponin-Tropomyosin Interaction, ANS Assay and ATPase.Finally, we examined a computationally designed mutant, E181K, that is hypersensitive, confirming predictions derived from in silico structural analysis. Measurements of Ca2+ sensitivity of human beta-cardiac myosin ATPase activity, correlations between ATPase activity at maximum Ca2+ concentrations, conformational changes i n TnC and changes in protein  stability and its interactions. Normalized ellipticity signal was plotted as a function of temperature. The affinity of WT and mutant Tm for F-acting was measured as decribed using the buffer system described by Coulton et al.  1 Controls with S1 (in the absence of actin provided baseline activity (typically 0.05 s^-1) that was subtracted from all actin-activated measurements). 1 W T 2 3  ( e a c h  e x p e r i m e n t )  Biological: wildtype/mutantsMeasurements of Tm Thermal Stability by Circular Dichroism were repeated twice for each sample. For ANS assay, regulated thin filaments (RTF) was aliquoted in duplicate wells. For inhibition of myosing ATPase activity and Ca2+ sensitivity assays, each experiment was repeated at least 3 times. Results presented as mean ± SE, p<0.05 by t test S t a t s ,  n e g  c o n t r o l s  Y e s Plasmids encoding human cardiac isoforms of alpha-Tm with an Ala-Ser N-terminal dipeptide, TnC, TnT, and TnI were kindly provided by James D. Potter, University of Miami. Escherichia coli Rosetta cells were transformed, selected with ampicillin and chloramphenicol, grown in terrific broth at 37 °C to an A600 of approx. 1, induced with 1 mM isopropyl 1-thio-beta-D-galactopyranoside for 4 h at 25 °C, and pelleted. WT and mutant Tms were purified as described by Monteiro et al. with modifications. Actin was purified from chicken pectoral muscle acetone powder. Human beta-cardiac myosin subfragment 1 (S1), containing the ATPase head domain and the essential light chain, was expressed and purified from C2C12 cells. For reconstitution, TnI, TnT and TnC were mixed and incubated for 1h. Nonsaturated gel images were acquired using an ImageQuant LAS 4000 (GE Healthcare) and the concentration of free Tm was calculated by densitometric analysis using ImageJ and then the pellets were resuspended and separated by SDS-PAGE. The binding of Tm to Tn was monitored by fluorescence of NBD and the method for the ANS assay was modified frmo David et al. The ATPase activity of S1 was measured using the colorimetric Fiske-Subbarow method. Functionally abnormal. Also showed altered (increase) Ca2+ sensitivity in the six -component reconstituted regulated system. Regulated thin filaments containing the Hypertrohpic Cardiomyopathy mutant Tms displayed a greater fluorescence increase between pCa 8 and pCa 4, which correlates well with the increased activation of ATPase.  
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Diseño y desarrollo de una fuente de datos sobre estudios funcionales asociados al criterio PS3/BS3 de las guías ACMG-AMP 2015 y aplicación en cardiopatías familiares 
 
 

 
 

Mechanistic Heterogeneity in Contractile Properties of α-Tropomyosin (TPM1) Mutants Associated with Inherited Cardiomyopathies https://doi.org/10.1074/jbc.M114.596676   Hypertrohpic CardiomyopathyDilated Cardiomyopathy T P M 1 N A N A p . D 8 4 N BAO:BAO_0010252. Protein expression assayMMO:0000250. Intracellular calcium assayOBI:0001146. Binding assayECO:0006341. Computational structure modeling evidence In vitroIn silico DNA, plasmids and mutagenesis, Protein Purification, Labeling of TnC3 with ANS and NBD, Reconstituting the Tn Complex (with or without ANS), Measuring Tm Thermal Stability by Circular Dichroism, Actin-Tropomyosin Cosedimentation Assay, Troponin-Tropomyosin Interaction, ANS Assay and ATPase.Finally, we examined a computationally designed mutant, E181K, that is hypersensitive, confirming predictions derived from in silico structural analysis. Measurements of Ca2+ sensitivity of human beta-cardiac myosin ATPase activity, correlations between ATPase activity at maximum Ca2+ concentrations, conformational changes in TnC and changes in protein  stability and its interactions. Normalized ellipticity signal was plotted as a function of temperature. The affinity of WT and mutant Tm for F-acting was measured as decribed using the buffer system described by Coulton et al.  1 Controls with S1 (in the absence of actin provided baseline activity (typically 0.05 s^-1) that was subtracted from all actin-activated measurements). 1 W T 2 3  ( e a c h  e x p e r i m e n t )  Biological: wildtype/mutantsMeasurements of Tm Thermal Stability by Circular Dichroism were repeated twice for each sample. For ANS assay, regulated thin filaments (RTF) was aliquoted in duplicate wells. For inhibition of myosing ATPase activity and Ca2+ sensitivity assays, each experiment was repeated at least 3 times. Results presented as mean ± SE, p<0.05 by t test S t a t s ,  n e g  c o n t r o l s  Y e s Plasmids encoding human cardiac isoforms of alpha-Tm with an Ala-Ser N-terminal dipeptide, TnC, TnT, and TnI were kindly provided by James D. Potter, University of Miami. Escherichia coli Rosetta cells were transformed, selected with ampicillin and chloramphenicol, grown in terrific broth at 37 °C to an A600 of approx. 1, induced with 1 mM isopropyl 1-thio-beta-D-galactopyranoside for 4 h at 25 °C, and pelleted. WT and mutant Tms were purified as described by Monteiro et al. with modifications. Actin was purified from chicken pectoral muscle acetone powder. Human beta-cardiac myosin subfragment 1 (S1), containing the ATPase head domain and the essential light chain, was expressed and purified from C2C12 cells. For reconstitution, TnI, TnT and TnC were mixed and incubated for 1h. Nonsaturated gel images were acquired using an ImageQuant LAS 4000 (GE Healthcare) and the concentration of free Tm was calculated by densitometric analysis using ImageJ and then the pellets were resuspended and separated by SDS-PAGE. The binding of Tm to Tn was monitored by fluorescence of NBD and the method for the ANS assay was modified frmo David et al. The ATPase activity of S1 was measured using the colorimetric Fiske-Subbarow method. Functionally abnormal. Regarding binding affinity with actin, it significantly altered the Kd values relative to WT and the cooperativity of binding in high salt buffer. Also showed altered (decrease) Ca2+ sensitivity in the six-component reconstituted regulated system. Slightly decreased ATPase activity at high Ca2+ concentrations. 

Mechanistic Heterogeneity in Contractile Properties of α-Tropomyosin (TPM1) Mutants Associated with Inherited Cardiomyopathies https://doi.org/10.1074/jbc.M114.596676   Hypertrohpic CardiomyopathyDilated Cardiomyopathy T P M 1 N A N A p . I 1 7 2 T BAO:BAO_0010252. Protein expression assayMMO:0000250. Intracellular calcium assayOBI:0001146. Binding assayECO:0006341. Computational structure modeling evidence In vitroIn silico DNA, plasmids and mutagenesis, Protein Purification, Labeling of TnC3 with ANS and NBD, Reconstituting the Tn Complex (with or without ANS), Measuring Tm Thermal Stability by Circular Dichroism, Actin-Tropomyosin Cosedimentation Assay, Troponin-Tropomyosin Interaction, ANS Assay and ATPase.Finally, we examined a computationally designed mutant, E181K, that is hypersensitive, confirming predictions derived from in silico structural analysis. Measurements of Ca2+ sensitivity of human beta-cardiac myosin ATPase activity, correlations between ATPase activity at maximum Ca2+ concentrations, conformational changes i n TnC and changes in protein  stability and its interactions. Normalized ellipticity signal was plotted as a function of temperature. The affinity of WT and mutant Tm for F-acting was measured as decribed using the buffer system described by Coulton et al.  1 Controls with S1 (in the absence of actin provided baseline activity (typically 0.05 s^-1) that was subtracted from all actin-activated measurements). 1 W T 2 3  ( e a c h  e x p e r i m e n t )  Biological: wildtype/mutantsMeasurements of Tm Thermal Stability by Circular Dichroism were repeated twice for each sample. For ANS assay, regulated thin filaments (RTF) was aliquoted in duplicate wells. For inhibition of myosing ATPase activity and Ca2+ sensitivity assays, each experiment was repeated at least 3 times. Results presented as mean ± SE, p<0.05 by t test S t a t s ,  n e g  c o n t r o l s  Y e s Plasmids encoding human cardiac isoforms of alpha-Tm with an Ala-Ser N-terminal dipeptide, TnC, TnT, and TnI were kindly provided by James D. Potter, University of Miami. Escherichia coli Rosetta cells were transformed, selected with ampicillin and chloramphenicol, grown in terrific broth at 37 °C to an A600 of approx. 1, induced with 1 mM isopropyl 1-thio-beta-D-galactopyranoside for 4 h at 25 °C, and pelleted. WT and mutant Tms were purified as described by Monteiro et al. with modifications. Actin was purified from chicken pectoral muscle acetone powder. Human beta-cardiac myosin subfragment 1 (S1), containing the ATPase head domain and the essential light chain, was expressed and purified from C2C12 cells. For reconstitution, TnI, TnT and TnC were mixed and incubated for 1h. Nonsaturated gel images were acquired using an ImageQuant LAS 4000 (GE Healthcare) and the concentration of free Tm was calculated by densitometric analysis using ImageJ and then the pellets were resuspended and separated by SDS-PAGE. The binding of Tm to Tn was monitored by fluorescence of NBD and the method for the ANS assay was modified frmo David et al. The ATPase activity of S1 was measured using the colorimetric Fiske-Subbarow method. Functionally abnormal. Also showed altered (increase) Ca2+ sensitivity in the six-component reconstituted regulated system. Regulated thin filaments containing the Hypertrohpic Cardiomyopathy mutant Tms displayed a greater fluorescence increase between pCa 8 and pCa 4, which correlates well with the increased activation of ATPase.  

Mechanistic Heterogeneity in Contractile Properties of α-Tropomyosin (TPM1) Mutants Associated with Inherited Cardiomyopathies https://doi.org/10.1074/jbc.M114.596676   Hypertrohpic CardiomyopathyDilated Cardiomyopathy T P M 1 N A N A p . L 1 8 5 R BAO:BAO_0010252. Protein expression assayMMO:0000250. Intracellular calcium assayOBI:0001146. Binding assayECO:0006341. Computational structure modeling evidence In vitroIn silico DNA, plasmids and mutagenesis, Protein Purification, Labeling of TnC3 with ANS and NBD, Reconstituting the Tn Complex (with or without ANS), Measuring Tm Thermal Stability by Circular Dichroism, Actin-Tropomyosin Cosedimentation Assay, Troponin-Tropomyosin Interaction, ANS Assay and ATPase.Finally, we examined a computationally designed mutant, E181K, that is hypersensitive, confirming predictions derived from in silico structural analysis. Measurements of Ca2+ sensitivity of human beta-cardiac myosin ATPase activity, correlations between ATPase activity at maximum Ca2+ concentrations, conformational changes i n TnC and changes in protein  stability and its interactions. Normalized ellipticity signal was plotted as a function of temperature. The affinity of WT and mutant Tm for F-acting was measured as decribed using the buffer system described by Coulton et al.  1 Controls with S1 (in the absence of actin provided baseline activity (typically 0.05 s^-1) that was subtracted from all actin-activated measurements). 1 W T 2 3  ( e a c h  e x p e r i m e n t )  Biological: wildtype/mutantsMeasurements of Tm Thermal Stability by Circular Dichroism were repeated twice for each sample. For ANS assay, regulated thin filaments (RTF) was aliquoted in duplicate wells. For inhibition of myosing ATPase activity and Ca2+ sensitivity assays, each experiment was repeated at least 3 times. Results presented as mean ± SE, p<0.05 by t test S t a t s ,  n e g  c o n t r o l s  Y e s Plasmids encoding human cardiac isoforms of alpha-Tm with an Ala-Ser N-terminal dipeptide, TnC, TnT, and TnI were kindly provided by James D. Potter, University of Miami. Escherichia coli Rosetta cells were transformed, selected with ampicillin and chloramphenicol, grown in terrific broth at 37 °C to an A600 of approx. 1, induced with 1 mM isopropyl 1-thio-beta-D-galactopyranoside for 4 h at 25 °C, and pelleted. WT and mutant Tms were purified as described by Monteiro et al. with modifications. Actin was purified from chicken pectoral muscle acetone powder. Human beta-cardiac myosin subfragment 1 (S1), containing the ATPase head domain and the essential light chain, was expressed and purified from C2C12 cells. For reconstitution, TnI, TnT and TnC were mixed and incubated for 1h. Nonsaturated gel images were acquired using an ImageQuant LAS 4000 (GE Healthcare) and the concentration of free Tm was calculated by densitometric analysis using ImageJ and then the pellets were resuspended and separated by SDS-PAGE. The binding of Tm to Tn was monitored by fluorescence of NBD and the method for the ANS assay was modified frmo David et al. The ATPase activity of S1 was measured using the colorimetric Fiske-Subbarow method. Functionally abnormal. Regarding binding affinity with actin, it altered the Kd values relative to WT and the cooperativity of binding in low salt buffer. This mutant showed a decreased inhibition of ATPase relative to WT controls.  Also showed altered (increase) Ca2+ sensitivity in the six-component reconstituted regulated system. Regulated thin filaments containing the Hypertrohpic Cardiomyopathy mutant Tms disp layed a greater fluorescence increase between pCa 8 and pCa 4, which correlates well with the increased activation of ATPase.  

Mechanistic Heterogeneity in Contractile Properties of α-Tropomyosin (TPM1) Mutants Associated with Inherited Cardiomyopathies https://doi.org/10.1074/jbc.M114.596676   Hypertrohpic CardiomyopathyDilated Cardiomyopathy T P M 1 N A N A p . S 2 1 5 L BAO:BAO_0010252. Protein expression assayMMO:0000250. Intracellular calcium assayOBI:0001146. Binding assayECO:0006341. Computational structure modeling evidence In vitroIn silico DNA, plasmids and mutagenesis, Protein Purification, Labeling of TnC3 with ANS and NBD, Reconstituting the Tn Complex (with or without ANS), Measuring Tm Thermal Stability by Circular Dichroism, Actin-Tropomyosin Cosedimentation Assay, Troponin-Tropomyosin Interaction, ANS Assay and ATPase.Finally, we examined a computationally designed mutant, E181K, that is hypersensitive, confirming predictions derived from in silico structural analysis. Measurements of Ca2+ sensitivity of human beta-cardiac myosin ATPase activity, correlations between ATPase activity at maximum Ca2+ concentrations, conformational changes i n TnC and changes in protein  stability and its interactions. Normalized ellipticity signal was plotted as a function of temperature. The affinity of WT and mutant Tm for F-acting was measured as decribed using the buffer system described by Coulton et al.  1 Controls with S1 (in the absence of actin provided baseline activity (typically 0.05 s^-1) that was subtracted from all actin-activated measurements). 1 W T 2 3  ( e a c h  e x p e r i m e n t )  Biological: wildtype/mutantsMeasurements of Tm Thermal Stability by Circular Dichroism were repeated twice for each sample. For ANS assay, regulated thin filaments (RTF) was aliquoted in duplicate wells. For inhibition of myosing ATPase activity and Ca2+ sensitivity assays, each experiment was repeated at least 3 times. Results presented as mean ± SE, p<0.05 by t test S t a t s ,  n e g  c o n t r o l s  Y e s Plasmids encoding human cardiac isoforms of alpha-Tm with an Ala-Ser N-terminal dipeptide, TnC, TnT, and TnI were kindly provided by James D. Potter, University of Miami. Escherichia coli Rosetta cells were transformed, selected with ampicillin and chloramphenicol, grown in terrific broth at 37 °C to an A600 of approx. 1, induced with 1 mM isopropyl 1-thio-beta-D-galactopyranoside for 4 h at 25 °C, and pelleted. WT and mutant Tms were purified as described by Monteiro et al. with modifications. Actin was purified from chicken pectoral muscle acetone powder. Human beta-cardiac myosin subfragment 1 (S1), containing the ATPase head domain and the essential light chain, was expressed and purified from C2C12 cells. For reconstitution, TnI, TnT and TnC were mixed and incubated for 1h. Nonsaturated gel images were acquired using an ImageQuant LAS 4000 (GE Healthcare) and the concentration of free Tm was calculated by densitometric analysis using ImageJ and then the pellets were resuspended and separated by SDS-PAGE. The binding of Tm to Tn was monitored by fluorescence of NBD and the method for the ANS assay was modified frmo David et al. The ATPase activity of S1 was measured using the colorimetric Fiske-Subbarow method. Functionally abnormal. Regarding binding affinity with actin, it altered the Kd values relative to WT and the cooperativity of binding in low salt buffer significantly.  Also showed altered (increase) Ca2+ sensitivity in the six-component reconstituted regulated system. Regulated thin filaments containing the Hypertrohpic Cardiomyopathy mutant Tms displayed a greater fluorescence increase between pCa 8 and pCa 4, which correlates well with the increased activation of ATPase.  

Mechanistic Heterogeneity in Contractile Properties of α-Tropomyosin (TPM1) Mutants Associated with Inherited Cardiomyopathies https://doi.org/10.1074/jbc.M114.596676   Hypertrohpic CardiomyopathyDilated Cardiomyopathy T P M 1 N A N A p . D 2 3 0 N BAO:BAO_0010252. Protein expression assayMMO:0000250. Intracellular calcium assayOBI:0001146. Binding assayECO:0006341. Computational structure modeling evidence In vitroIn silico DNA, plasmids and mutagenesis, Protein Purification, Labeling of TnC3 with ANS and NBD, Reconstituting the Tn Complex (with or without ANS), Measuring Tm Thermal Stability by Circular Dichroism, Actin-Tropomyosin Cosedimentation Assay, Troponin-Tropomyosin Interaction, ANS Assay and ATPase.Finally, we examined a computationally designed mutant, E181K, that is hypersensitive, confirming predictions derived from in silico structural analysis. Measurements of Ca2+ sensitivity of human beta-cardiac myosin ATPase activity, correlations between ATPase activity at maximum Ca2+ concentrations, conformational changes i n TnC and changes in protein  stability and its interactions. Normalized ellipticity signal was plotted as a function of temperature. The affinity of WT and mutant Tm for F-acting was measured as decribed using the buffer system described by Coulton et al.  1 Controls with S1 (in the absence of actin provided baseline activity (typically 0.05 s^-1) that was subtracted from all actin-activated measurements). 1 W T 2 3  ( e a c h  e x p e r i m e n t )  Biological: wildtype/mutantsMeasurements of Tm Thermal Stability by Circular Dichroism were repeated twice for each sample. For ANS assay, regulated thin filaments (RTF) was aliquoted in duplicate wells. For inhibition of myosing ATPase activity and Ca2+ sensitivity assays, each experiment was repeated at least 3 times. Results presented as mean ± SE, p<0.05 by t test S t a t s ,  n e g  c o n t r o l s  Y e s Plasmids encoding human cardiac isoforms of alpha-Tm with an Ala-Ser N-terminal dipeptide, TnC, TnT, and TnI were kindly provided by James D. Potter, University of Miami. Escherichia coli Rosetta cells were transformed, selected with ampicillin and chloramphenicol, grown in terrific broth at 37 °C to an A600 of approx. 1, induced with 1 mM isopropyl 1-thio-beta-D-galactopyranoside for 4 h at 25 °C, and pelleted. WT and mutant Tms were purified as described by Monteiro et al. with modifications. Actin was purified from chicken pectoral muscle acetone powder. Human beta-cardiac myosin subfragment 1 (S1), containing the ATPase head domain and the essential light chain, was expressed and purified from C2C12 cells. For reconstitution, TnI, TnT and TnC were mixed and incubated for 1h. Nonsaturated gel images were acquired using an ImageQuant LAS 4000 (GE Healthcare) and the concentration of free Tm was calculated by densitometric analysis using ImageJ and then the pellets were resuspended and separated by SDS-PAGE. The binding of Tm to Tn was monitored by fluorescence of NBD and the method for the ANS assay was modified frmo David et al. The ATPase activity of S1 was measured using the colorimetric Fiske-Subbarow method. Functionally abnormal. Regarding binding affinity with actin, it significantly altered the Kd values relative to WT and the cooperativity of binding in low salt buffer.  Also showed altered (decrease) Ca2+ sensitivity in the six-component reconstituted regulated system. Slightly decreased ATPase activity at high Ca2+ concentrations. 

Mechanistic Heterogeneity in Contractile Properties of α-Tropomyosin (TPM1) Mutants Associated with Inherited Cardiomyopathies https://doi.org/10.1074/jbc.M114.596676   Hypertrohpic CardiomyopathyDilated Cardiomyopathy T P M 1 N A N A p . M 2 8 1 T BAO:BAO_0010252. Protein expression assayMMO:0000250. Intracellular calcium assayOBI:0001146. Binding assayECO:0006341. Computational structure modeling evidence In vitroIn silico DNA, plasmids and mutagenesis, Protein Purification, Labeling of TnC3 with ANS and NBD, Reconstituting the Tn Complex (with or without ANS), Measuring Tm Thermal Stability by Circular Dichroism, Actin-Tropomyosin Cosedimentation Assay, Troponin-Tropomyosin Interaction, ANS Assay and ATPase.Finally, we examined a computationally designed mutant, E181K, that is hypersensitive, confirming predictions derived from in silico structural analysis. Measurements of Ca2+ sensitivity of human beta-cardiac myosin ATPase activity, correlations between ATPase activity at maximum Ca2+ concentrations, conformational changes i n TnC and changes in protein  stability and its interactions. Normalized ellipticity signal was plotted as a function of temperature. The affinity of WT and mutant Tm for F-acting was measured as decribed using the buffer system described by Coulton et al.  1 Controls with S1 (in the absence of actin provided baseline activity (typically 0.05 s^-1) that was subtracted from all actin-activated measurements). 1 W T 2 3  ( e a c h  e x p e r i m e n t )  Biological: wildtype/mutantsMeasurements of Tm Thermal Stability by Circular Dichroism were repeated twice for each sample. For ANS assay, regulated thin filaments (RTF) was aliquoted in duplicate wells. For inhibition of myosing ATPase activity and Ca2+ sensitivity assays, each experiment was repeated at least 3 times. Results presented as mean ± SE, p<0.05 by t test S t a t s ,  n e g  c o n t r o l s  Y e s Plasmids encoding human cardiac isoforms of alpha-Tm with an Ala-Ser N-terminal dipeptide, TnC, TnT, and TnI were kindly provided by James D. Potter, University of Miami. Escherichia coli Rosetta cells were transformed, selected with ampicillin and chloramphenicol, grown in terrific broth at 37 °C to an A600 of approx. 1, induced with 1 mM isopropyl 1-thio-beta-D-galactopyranoside for 4 h at 25 °C, and pelleted. WT and mutant Tms were purified as described by Monteiro et al. with modifications. Actin was purified from chicken pectoral muscle acetone powder. Human beta-cardiac myosin subfragment 1 (S1), containing the ATPase head domain and the essential light chain, was expressed and purified from C2C12 cells. For reconstitution, TnI, TnT and TnC were mixed and incubated for 1h. Nonsaturated gel images were acquired using an ImageQuant LAS 4000 (GE Healthcare) and the concentration of free Tm was calculated by densitometric analysis using ImageJ and then the pellets were resuspended and separated by SDS-PAGE. The binding of Tm to Tn was monitored by fluorescence of NBD and the method for the ANS assay was modified frmo David et al. The ATPase activity of S1 was measured using the colorimetric Fiske-Subbarow method. Functionally abnormal. Regarding binding affinity with actin, it altered the Kd values relative to WT.  Also showed altered (increase) Ca2+ sensitivity in the six-component reconstituted regulated system. Regulated thin filaments containing the Hypertrohpic Cardiomyopathy mutant Tms displayed a greater fluorescence increase between pCa 8 and pCa 4, which correlates well with the increased activation of ATPase.  

Mechanistic Heterogeneity in Contractile Properties of α-Tropomyosin (TPM1) Mutants Associated with Inherited Cardiomyopathies https://doi.org/10.1074/jbc.M114.596676   
Hypertrohpic  Cardiomyopathy  
D i l a t e d  C a r d i o m y o p a t h y  

T P M 1 N A N A p . E 1 8 1 K BAO:BAO_0010252. Protein expression assayMMO:0000250. Intracellular calcium assayOBI:0001146. Binding assayECO:0006341. Computational structure modeling evidence In vitroIn silico DNA, plasmids and mutagenesis, Protein Purification, Labeling of TnC3 with ANS and NBD, Reconstituting the Tn Complex (with or without ANS), Measuring Tm Thermal Stability by Circular Dichroism, Actin-Tropomyosin Cosedimentation Assay, Troponin-Tropomyosin Interaction, ANS Assay and ATPase.Finally, we examined a computationally designed mutant, E181K, that is hypersensitive, confirming predictions derived from in silico structural analysis. Measurements of Ca2+ sensitivity of human beta-cardiac myosin ATPase activity, correlations between ATPase activity at maximum Ca2+ concentrations, conformational changes in TnC and changes in protein  stability and its interactions. Normalized ellipticity signal was plotted as a function of temperature. The affinity of WT and mutant Tm for F-acting was measured as decribed using the buffer system described by Coulton et al.  1 Controls with S1 (in the absence of actin provided baseline activity (typically 0.05 s^-1) that was subtracted from all actin-activated measurements). 1 W T 2 3  ( e a c h  e x p e r i m e n t )  Biological: wildtype/mutantsMeasurements of Tm Thermal Stability by Circular Dichroism were repeated twice for each sample. For ANS assay, regulated thin filaments (RTF) was aliquoted in duplicate wells. For inhibition of myosing ATPase activity and Ca2+ sensitivity assays, each experiment was repeated at least 3 times. Results presented as mean ± SE, p<0.05 by t test S t a t s ,  n e g  c o n t r o l s  Y e s Plasmids encoding human cardiac isoforms of alpha-Tm with an Ala-Ser N-terminal dipeptide, TnC, TnT, and TnI were kindly provided by James D. Potter, University of Miami. Escherichia coli Rosetta cells were transformed, selected with ampicillin and chloramphenicol, grown in terrific broth at 37 °C to an A600 of approx. 1, induced with 1 mM isopropyl 1-thio-beta-D-galactopyranoside for 4 h at 25 °C, and pelleted. WT and mutant Tms were purified as described by Monteiro et al. with modifications. Actin was purified from chicken pectoral muscle acetone powder. Human beta-cardiac myosin subfragment 1 (S1), containing the ATPase head domain and the essential light chain, was expressed and purified from C2C12 cells. For reconstitution, TnI, TnT and TnC were mixed and incubated for 1h. Nonsaturated gel images were acquired using an ImageQuant LAS 4000 (GE Healthcare) and the concentration of free Tm was calculated by densitometric analysis using ImageJ and then the pellets were resuspended and separated by SDS-PAGE. The binding of Tm to Tn was monitored by fluorescence of NBD and the method for the ANS assay was modified frmo David et al. The ATPase activity of S1 was measured usin g the colorimetric Fiske-Subbarow method. Functionally abnormal. Computationally designed hypersensitive mutant. This mutant showed a decreased inhibition of ATPase relative to WT. In silico analysis predicted that the E181K substitution would destabilize the closed state and increase the time spent in the myosin-bound open state. we observed hypersensitivity, with reduced pCa50 and greater S1 ATPase activity at pCa 4 thanWT Tm, typical of Hypertrohpic Cardiomyopathy mutants. It also showed a greater increase of Ca2+ sensitivity than most Hypertrohpic Cardiomyopathy mutants in this study. 

Implication of a novel truncating mutation in titin as a cause of autosomal dominant left ventricular noncompaction 10.11909/j.issn.1671-5411.2022.04.001 Left Ventricular Non-Compaction T T N N A N A p . R 2 0 2 1 X BAO:BAO_0010252. Protein expression assay I n  v i t r o The clustered regularly interspaced short palindromic repeats associated protein 9 (CRISPR/ Cas9) technology was used to establish novel truncating mutation in TTN in a rat cardiomyoblast H9C2 cell line in vitro, in which functional studies were carried out and characterized in comparison to its wild-type counterpart. Experiments carried out: quantitative reverse transcription-polymerase chain reaction analysis, western blot analysis, cellular immunofluorescence, extracellular oxygen consumption assay, measurement of adenosine triphosphate (ATP) levels, ETC complex activity assays, measurement of mitochondrial membrane potential and electron microscopy. In silico prediction was also carried out (Mutation Taster). Cardiac titin expression, titin protein level, mitochondrial respiratory activity represented by cellular oxygen consumption rate (OCR), ATP levels, ETC complex activity, mitochondrial membrane potential, autophagy-related ultrastructural differences and mTORC1 signaling. 1 HPRT as internal control in WB analysis to compare expression of proteins.  1 W T 2 3 Biological replicates: wild-type/mutantsQuantitative reverse PCR Analysis for each sample was performed in triplicate.  Data are presented as mean ± SD. Statistical analysis were performed using GraphPad Prism version 6.0 (GraphPad Inc., La Jolla, CA, USA). Comparisons were made using the Student’s t-test or one-way analysis of variance followed by Tukey’s multiple comparison test. Two-sided P-value < 0.05 were considered statistically significant. Stats, Replicates, Mutation Taster prediction Y e s The study was approved by the Ethics Committee of Fuwai Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, China (No.2021-1428), and all subjects provided written informed consent. Genomic DNA was extracted from peripheral blood leukocytes using the QIAamp DNA Blood Midi Kit (QIAGEN, Hilden, Germany), according to the standard protocols. The proband was selected for whole-exome sequencing. The Agilent SureSelect Human All Exon V5 capture kit (Agilent, Santa Clara, CA, USA) was used for exome capture. And the Illumina’s HiSeq4000 platform (Illumina, Inc, San Diego, CA, USA) was used for sequencing . Sequence data were aligned to the human reference genome (GRCh37/hg19) with BWA followed by sorting and marking of duplicate reads using Picard. Local realignment of insertions/deletions (InDels) and base quality score recalibration were performed using GATK. Total RNA of wild-type (WT) and mutant cells was extracted using the Cell/Tissue Total RNA Isolation Mini Kit (Vazyme Biotech) according to the manufacturer’s instructions Functionally abnormal. Haploinsufficient disease mechanism in titin truncation mutation cardiomyocytes. Functional studies suggested mitochondrial abnormities in the presence of mutation, including decreased oxygen consumption rate, reduced adenosine triphosphate production, impaired activity of electron translation chain and abnormal mitochondrial structure on electron microscopy (impaired mitochondrial respiratory activity and reduced mitochondrial membrane potencial). Impaired autophagy, activation of the Akt-mTORC1 signaling pathway caused by fewer numbers of active lysosomes and accumulation of glycogen granules. Levels of several proteins were higher, expression levels were reduced. This, c ombined with an increased dual phosphorylation of seine-threonine kinase Akt/protein kinase B, suggest that activated mTORC1 might result from the activation of Akt signaling in response to the mutation. 

Combination of Whole Genome Sequencing, Linkage, and Functional Studies Implic ates a Missense Mutation in Tit in as a Cause of Autosomal Dominant Cardiomyopathy With Features of Left Ventricular Nonc ompaction 10.1161/CIRCGENETICS.116.001431 Left Ventricular Non-Compaction T T N N A N A p . A 1 7 8 D BAO:BAO_0010252. Protein expression assay I n  v i t r o Mutation was introduced into human titin Z1Z2 constructs for bacterial and mammalian expression. Bacterial expressión in E. coli (in comparison to WT counterpart) for size exclusion chromatography, small-angel x ray scattering, circular dichroism spectroscopy and themorlysin digests experiments.  These and mammalian expression constructs in COS-1 cells were studied in Förster Resonance Energy Transfer experiments. Neonatal rat cardiomyocytes (NRC) cultures were established too and were studied in Glutathione S-transferase pulldown assays.Also, along with COS-1 cells, they underwent assessment of reduced protein stability.  Prediction of deleterious effects of the mutation (predicted to directly affect the β-strands B and C and the loop connecting the β-strands B and C; thus, the insertion of a charged residue in this position is likely to impact on the domain's secondary structure, potentially causing a misfolding of the protein), reduced Stability of Titin Z1Z2 A178D as a Consequence of the Partial Misfolding, Impaired Binding to Telethonin. 3 Destabilization of the titin Z1Z2 fragment in the presence of the A178D mutation: titin Z1Z2 protein sample without thermolysin. In neonatal rat cardiomyocytes (NRC): non-infected cells.Probing for endogenous GAPDH served as loading control.For western blots and pull down GST- telethonin assays: lysate controls.  1 W T 2 2 Biological replicates: wild-type/mutantsNRC were infected in duplicates.Quantification of GST pulldown experiments: values expressed as bound protein relative to lysate with n=2 per group. For FRET experiments: WT n=20 and A178D n=26 cells Quantification of GST pulldown experiments: values were expressed as mean with SD for bound protein relative to lysate, but due to the semiquantitative nature of the experiments no statistical test was performed. For FRET experiments: WT n=20 and A178D n=26 cells; P<0.0001 unpaired Student’s t test Stats, pos control, neg control, prediciton Y e s The study was approved by the Oxfordshire Research Ethics Committee B (REC Ref 09/H0605/3), and all subjects gave informed consent. SNP array genotyping was performed using the Illumina HumanCytoSNP-12v1 BeadChip (Illumina, San Diego, CA), according to the manufacturer’s protocols. A refined subset of SNPs in approximate linkage aquilibrium was generated using the software PLINK v1.07 and linkage analysis was performed using MERLIN v1.1.2. Annotation and integration of information were based on Variant Effect Predictor.  Functionally abnormal. Missense mutation. This study suggests a likely pathogenic role of titin A178D by (1) evidence of protein degradation, partial unfolding, and domain destabilizat ion in vitro, (2) protein destabilization in 2 cellular systems, and (3) altered binding properties to the ligand telethonin. 

Functional analysis of titin/connectin N2-B mutations found in cardiomyopathy 10.1007/s10974-005-9018-5  Ischemic CardiomyopathyDilated CardiomyopathyHypertrohpic Cardiomyopathy T T N N A N A p . S 3 7 9 9 Y ECO:0001802. Beta- galactosidase reporter gene assay evidenceOBI:0001679. Yeast 2-hybrid assay I n   v i t r o We investigated the functional changes caused by the N2-B region mutations by using yeast-two-hybrid assays (Saccharomyces cerevisae was used.  FHL2 cDNA was cloned into a bait plasmid and co-transformed with an activator plasmid containing titin/connectin cDNA covering a part of the N2-B or is2 region with or without cardiomyopathy-specific mutations), and lacZ-reporter gene-activation assay and ONPG as substrate, was performed too. LacZ gene activation, binding of FHL2 and titin/connectin and beta-galactosidase activity. N A N A 1 W T  ( N 2 - B ) 2 1 0 Biological replicates: wild-type/mutantsSer3799Tyr mutation Y2H assay: normal N2-B n=26, mutant n=10Gln4053ter mutation Y2H assay: mutant n=8Arg25618Gln mutation Y2H assay: n=6 both WT and mutant p  v a l u e  <  0 . 0 0 1 Neg control Y e s Blood sample was obtained from each subject after a given informed consent. The study protocol was approved by the Ethics Reviewing Committee of Medical Research Institute, Tokyo Medical and Dental University. Genomic DNA extracted from peripheral blood of each panel was subjected to polymerase chain reaction (PCR) under standard conditions. PCR products from patients were searched for sequence variations by single-strand conformation polymorphism (SSCP)  methods, as described previously (Satoh et al., 1999). When an abnormal SSCP pattern was obtained, the PCR product was purified by using a Gel Band Purification kit (Amersham) and sequenced directly from the primers on both strands by using a Big Dye termination kit (ABI) to determine the nucleotide change. The FHL2 cDNA fragments were inserted into pGBKT7 vector (Matchmaker two-hybrid system 3, Clontech). Functionally abnormal. Hypertrohpic Cardiomyopathy associated. Inreased binding to FHL2 protein. 

Functional analysis of titin/connectin N2-B mutations found in cardiomyopathy 10.1007/s10974-005-9018-5  Ischemic CardiomyopathyDilated CardiomyopathyHypertrohpic Cardiomyopathy T T N N A N A p . Q 4 0 5 3 t e r ECO:0001802. Beta- galactosidase reporter gene assay evidenceOBI:0001679. Yeast 2-hybrid assay I n   v i t r o We investigated the functional changes caused by the N2-B region mutations by using yeast-two-hybrid assays (Saccharomyces cerevisae was used.  FHL2 cDNA was cloned into a bait plasmid and co-transformed with an activator plasmid containing titin/connectin cDNA covering a part of the N2-B or is2 region with or without cardiomyopathy-specific mutations), and lacZ-reporter gene-activation assay and ONPG as substrate, was performed too. LacZ gene activation, binding of FHL2 and titin/connectin and beta-galactosidase activity. N A N A 1 W T  ( N 2 - B ) 2 8 Biological replicates: wild-type/mutantsSer3799Tyr mutation Y2H assay: normal N2-B n=26, mutant n=10Gln4053ter mutation Y2H assay: mutant n=8Arg25618Gln mutation Y2H assay: n=6 both WT and mutant p  v a l u e  <  0 . 0 0 1 Neg control Y e s Blood sample was obtained from each subject after a given informed consent. The study protocol was approved by the Ethics Reviewing Committee of Medical Research Institute, Tokyo Medical and Dental University. Genomic DNA extracted from peripheral blood of each panel was subjected to polymerase chain reaction (PCR) under standard conditions. PCR products from patients were searched for sequence variations by single-strand conformation polymorphism (SSCP)  methods, as described previously (Satoh et al., 1999). When an abnormal SSCP pattern was obtained, the PCR product was purified by using a Gel Band Purification kit (Amersham) and sequenced directly from the primers on both strands by using a Big Dye termination kit (ABI) to determine the nucleotide change. The FHL2 cDNA fragments were inserted into pGBKT7 vector (Matchmaker two-hybrid system 3, Clontech). Functionally abnormal. Dilated Cardiomyopathy associated. Decreased binding to FHL2 protein. 

Functional analysis of titin/connectin N2-B mutations found in cardiomyopathy 10.1007/s10974-005-9018-5  Ischemic CardiomyopathyDilated CardiomyopathyHypertrohpic Cardiomyopathy T T N N A N A p . R 2 5 6 1 8 Q ECO:0001802. Beta- galactosidase reporter gene assay evidenceOBI:0001679. Yeast 2-hybrid assay I n   v i t r o We investigated the functional changes caused by the N2-B region mutations by using yeast-two-hybrid assays (Saccharomyces cerevisae was used.  FHL2 cDNA was cloned into a bait plasmid and co-transformed with an activator plasmid containing titin/connectin cDNA covering a part of the N2-B or is2 region with or without cardiomyopathy-specific mutations), and lacZ-reporter gene-activation assay and ONPG as substrate, was performed too. LacZ gene activation, binding of FHL2 and titin/connectin and beta-galactosidase activity. N A N A 1 W T  ( N 2 - B ) 2 6 Biological replicates: wild-type/mutantsSer3799Tyr mutation Y2H assay: normal N2-B n=26, mutant n=10Gln4053ter mutation Y2H assay: mutant n=8Arg25618Gln mutation Y2H assay: n=6 both WT and mutant p  v a l u e  <  0 . 0 0 1 Neg control Y e s Blood sample was obtained from each subject after a given informed consent. The study protocol was approved by the Ethics Reviewing Committee of Medical Research Institute, Tokyo Medical and Dental University. Genomic DNA extracted from peripheral blood of each panel was subjected to polymerase chain reaction (PCR) under standard conditions. PCR products from patients were searched for sequence variations by single-strand conformation polymorphism (SSCP)  methods, as described previously (Satoh et al., 1999). When an abnormal SSCP pattern was obtained, the PCR product was purified by using a Gel Band Purification kit (Amersham) and sequenced directly from the primers on both strands by using a Big Dye termination kit (ABI) to determine the nucleotide change. The FHL2 cDNA fragments were inserted into pGBKT7 vector (Matchmaker two-hybrid system 3, Clontech). Functionally normal. Assumed to be Dilated Cardiomyopathy related since it was found as an abnormal SSCP band in a Dilated Cardiomyopathy patient, not seen in controls and changed electrical charge from basic to neutral amino acid. No clones containing FHL2 and is2 region with or without mutation showed beta-galactosidase acitvity in ONPG assay. 

A Novel Titin Truncation Variant Linked to Familial Dilated Cardiomyopathy Found in a Japanese Family and Its Functional Analysis in Genome-Edited Model Cells 1 0 . 1 5 3 6 / i h j . 2 0 - 6 6 4 D i l a t e d  C a r d i o m y o p a t h y  T T N N A N A p . S 1 7 4 5 6 R  f s * 1 4  ECO:0001131. Transgenic organism evidence I n  v i t r o H9c2 cell line (ATCC, VA, USA) derived from rat embryonic cardiomyocytes was used as a model system. They  were subjected to genome editing to generate cells with a homologous t runcation variant . The cells were differentiated using all-trans-retinoic acid. Genetic analysis of the genomic DNA was performed for 67 genes reported as inherited primary and secondary cardiomyopathy-associated genes.  Titin and actin expression levels.  1 H9c2 cells harboring rat TTN I6334fs, homologous to human TTN V6382fs. 1 W T  c e l l s 1 3 Biological replicates: wild-type/mutantsExperiments were repeated 3 times, except for the expression of ACTA1 in TTN V17602fs (n = 2). Statistical analysis was performed using the unpaired or Welch’s t-tests; statistical significance was indicated by P values lower than 0.05 Stats, neg control, pos control  Y e s Written informed consent was obtained from patients who agreed to undergo genetics analysis. This study was approved by the Ethics Review Committee of Medical Research Institute, Tokyo Medical and Dental University (TMDU) and Tokyo Medical University School of Medicine. Cardiac catheterization and myocardial biopsy at the right ventricular myocardium were performed when the proband patient was 46 years old. Genomic DNA was extracted from the peripheral blood of the patient using a Wizard DNA purification kit (Promega Corporation, WI, USA). Genetic analysis of the genomic DNA was performed using an Ion Torrent PGM ™ system (Thermo Fisher Scientific, CA, USA). Sequenced lead data were mapped to the reference genome, hg19, using Torrent Suite 4.4 (Thermo Fischer Scientific) to extract the variants. Databases used as comparison were 100 Genome Project, GenomAD, HGVD. In addition, nonsynonymous variants were selected using CLC Genomic Workbench (Qiagen, Hilden, Germany). In addition, the PCR product of the TTN variant was cloned into the pMD 20-T vector using a Mighty TA-cloning Kit (Takara Bio, Shiga, Japan), and each allele of the gene mutation was confirmed by sequencing. FUNCTIONAL ASSAY: Guide-it CRISPR/Cas9 system (Clontech, CA, USA). H9c2 cells were transfected with pGuide-it-ZsGreen1 vector having the generated target gRNA sequence using Lipofectamine TM 3000 Reagent (Thermo Fisher Scientific). After 48 hours, H9c2 cells expressing ZsGreen were selected from cells transfected with the pGuide-it-ZsGreen1 vector using MoFlo XDP (Beckman Coulter, CA, USA) and cultured as single cells. Each single cell clone was cultured and subjected to Sanger sequencing for validation of gene editing. The mutant and wild-type H9c2 cells were seeded in 24-well plates at a density of 3×104 cells/cm2 and cultured at 37°C and 5% CO2 in Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific).  Functionally abnormal. Novel truncation variant located in the A-band region. mRNA expression of skeletal actin and cardiac actin were found to be increased and decreased, respectively. H9c2 rat cardiomyoblasts exhibited low titin expression; however, when differentiated using a low concentration of bovine serum plus ATRA, the expression levels of titin (TTN) and cardiac actin (ACTC1) increased, whereas those of skeletal muscle actin (ACTA1) remained low, resulting in an enhanced cardiac phenotype. H9c2 cells with the rat TTN V17602fs, equivalent to the TTN S17456fs found in the FDilated Cardiomyopathy family, showed increased expression of skeletal actin and decreased expression of cardiac actin.  

Stress-induced dilated c ardiomyopathy in a knock-in mouse model mimic king human titin-based disease 10.1016/j.yjmcc.2009.04.014  D i l a t e d  C a r d i o m y o p a t h y  T T N N A c . 4 3 6 2 8 i n s A T N A ECO:0001131. Transgenic organism evidence I n  v i v o Expression analysis: densitometry of coomassie-stained agarose gels. For the detection of potential minor truncated titin species, more sensitive silver stains were used. The separated proteins were transferred to a polyvinylidene fluoride membrane, incubated with an antibody directed against Z1Z2 and M8M9 and detected by an AP-conjugated secondary antibody. Muscle mechanics and cardiac function: The cardiac performance of heterozygous mice and wild-type littermates was assessed by physiological studies, including echocardiography (Vevo 770, Visual Sonics) and induction of hypertrophy by two weeks continued angiotensin II (Ang II) and isoproterenol (ISO) application via ALZET mini pumps Expression levels of cardiac mRNA for selected molecular markers of heart failure and titin ligands involved in myofibrillar signal transduction and Ca(2+) signalling, the relative amounts of titin, nebulin, and myosin were compaired by densitometry of coomassie-stained agarose gels, detection of potential minor truncated titin species. Mechanical properties: active and passive tension, contribution of titin and collagen to passive tensión in skinned ventricular papillary muscle fibers, cardiac performance under chronic cardiac stress (Ang II applicat ion) andn in isotropenol presence. 2 Group of 4 heterozygous animals and control samplesA vehicle-treated control group (“HET + NaCl”) was also examined in the evaluation before and after 1 week of ISO application.  1 W T  a n i m a l s 2 6 Biological replicates: wild-type/mutantsn=8 per genotypePapillary muscle fibers were derived from age-matched HET (n=10) and control WT animals (n=12), n=6 experiments for each group Differences between experimental groups were analyzed by use of an adjusted student t test or ANOVA for repeated measures, as appropriate. Data are reported as mean± SEM. Values of pb0.05 were considered significant. Stats, neg control, pos control  Y e s All animal investigations were approved by the Institutional Animal Care and Use Committee, as well as by the Berlin Animal Review Board (Reg. G0115/05). Papillary muscles were isolated from mouse LV and mechanically investigated as described previously. A heart muscle biopsy of the right ventricle was taken after receiving ethical approval from the local Ethics Committee at the Royal Brisbane Hospital (Brisbane, Australia) and obtaining informed consent of the patient.  Functionally abnormal. Mutant embryos homozygous developed defects in sarcomere formation and consequently died before E9.5. Heterozygous mice were viable and demonstrated normal cardiac morphology, function and muscle mechanics, but with elevated wild-type titin mRNA under resting conditions, suggesting that up-regulation of the wild-type titin alle le compensates for the unstable mutated titin under these conditions. When chronically exposed to angiotensin II or isoproterenol, heterozygous mice developed marked left ventricular dilatation with impaired fractional shortening and diffuse myocardial fibrosis. 

Cardiac Ankyrin Repeat Protein Gene (ANKRD1) Mutations in Hypertrophic Cardiomyopathy https://doi.org/10.1016/j.jacc.2008.12.082 Hypertrohpic  Cardiomyopathy  A N K R D 1 N A N A p . P 5 2 A OBI:0000854. Western Blot assayBAO:BAO_0000129. ImmunoassayBAO:BAO_0010252. Protein expression assay I n  v i t r o Interaction of CARP with titin/connectin  ( WT-, Pro52Ala-, Thr123Met-, or Ile280Val-CARP construct was cotransfected with the WT TTN-N2A construct into COS-7 cells) or myopalladin  (the WT or mutant CARP construct was cotransfected with a MYPN construct) was investigated using coimmunoprecipitation (co-IP) assay and Wetern Blot to demonstrate the funct ional alteration caused by ANKRD1 or TTN mutations. Cellular distribution of the mutant CARP proteins expressed in neonatal rat primary cardiomyocytes was examined (cells were transfected with myc-tagged WT or mutant CARP constructs, coimmunostained for myc (a marker for CARP) and alpha-actinin (a marker for Z-disc)). Interaction of CARP with titin/connectin or myopalladin and cellular distribution of mutant CARP proteins in the neonatal rat primary cardiomyocytes. 1 Control cells expressing myc-tag alone 1 W T 2 6 - 9  Biological replicates: wild-type/mutantsco-IP assay n=6Number of binding assesment experiments n= 9 Numerical data were expressed as mean ± SEM. Statistical differences were analyzed using 1-way analysis of variance and the Student t test for paired values. Means were compared by independent sample t tests without correction for multiple comparisons. A p value < 0.05 was considered to be statistically significant Stats, neg control, pos control  Y e s The cDNA fragments of ANKRD1 were cloned into myc-tagged pCMV-Tag3 (Stratagene, La Jolla, California), and TTN and MYPN cDNA fragments were cloned into pEGFP-C1 (Clontech, Mountain View, California). These constructs were sequenced to ensure that no errors were introduced. Cellular transfection and protein extractions were performed as described previously, and co-IP assays were performed using the Catch and Release version 2.0 Reversible Immunoprecipitation System according to the manufacturer’s instructions (Millipore, Billerica, Massachusetts). For indirect immunofluorescence microscopy, all care and treatment of animals were in accordance with “Guidelines for the Care and Use of Laboratory Animals”  published by the National Institutes of Health and subjected to prior approval by the local animal protection authority. All cells were mounted on cover-glass using Mowiol 4-88 Reagent (Calbiochem, Darmstadt, Germany) with 4=6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich), and images from at least 200 transfected cells were analyzed with an LSM510 laser-scanning microscope (Carl Zeiss Microscopy, Jena, Germany). Functionally abnormal. Increased binding of CARP to both titin/connectin and myopalladin. WT and mutant myc-CARP proteins  ere expressed at a similar level in the transfected cells as assessed by Western-blot analyses, suggesting that the mutations did not affect the expression level and stability of CARP proteins.  Mutations also resulted in the mislocalization of CARP to the nucleus, which may cause embryonic/fetal gene expression in mature myofibrils, but it is unclear whether this abnormal gene expression is a possible mechanism that might lead to the pathogenesis of Hypertrohpic Cardiomyopathy. 

Cardiac Ankyrin Repeat Protein Gene (ANKRD1) Mutations in Hypertrophic Cardiomyopathy https://doi.org/10.1016/j.jacc.2008.12.082 Hypertrohpic  Cardiomyopathy  A N K R D 1 N A N A p . T 1 2 3 M OBI:0000854. Western Blot assayBAO:BAO_0000129. ImmunoassayBAO:BAO_0010252. Protein expression assay I n  v i t r o Interaction of CARP with titin/connectin  ( WT-, Pro52Ala-, Thr123Met-, or Ile280Val-CARP construct was cotransfected with the WT TTN-N2A construct into COS-7 cells) or myopalladin  (the WT or mutant CARP construct was cotransfected with a MYPN construct) was investigated using coimmunoprecipitation (co-IP) assay and Wetern Blot to demonstrate the funct ional alteration caused by ANKRD1 or TTN mutations. Cellular distribution of the mutant CARP proteins expressed in neonatal rat primary cardiomyocytes was examined (cells were transfected with myc-tagged WT or mutant CARP constructs, coimmunostained for myc (a marker for CARP) and alpha-actinin (a marker for Z-disc)). Interaction of CARP with titin/connectin or myopalladin and cellular distribution of mutant CARP proteins in the neonatal rat primary cardiomyocytes. 1 Control cells expressing myc-tag alone 1 W T 2 6 - 9  Biological replicates: wild-type/mutantsco-IP assay n=6Number of binding assesment experiments n= 9 Numerical data were expressed as mean ± SEM. Statistical differences were analyzed using 1-way analysis of variance and the Student t test for paired values. Means were compared by independent sample t tests without correction for multiple comparisons. A p value < 0.05 was considered to be statistically significant Stats, neg control, pos control  Y e s The cDNA fragments of ANKRD1 were cloned into myc-tagged pCMV-Tag3 (Stratagene, La Jolla, California), and TTN and MYPN cDNA fragments were cloned into pEGFP-C1 (Clontech, Mountain View, California). These constructs were sequenced to ensure that no errors were introduced. Cellular transfection and protein extractions were performed as described previously, and co-IP assays were performed using the Catch and Release version 2.0 Reversible Immunoprecipitation System according to the manufacturer’s instructions (Millipore, Billerica, Massachusetts). For indirect immunofluorescence microscopy, all care and treatment of animals were in accordance with “Guidelines for the Care and Use of Laboratory Animals”  published by the National Institutes of Health and subjected to prior approval by the local animal protection authority. All cells were mounted on cover-glass using Mowiol 4-88 Reagent (Calbiochem, Darmstadt, Germany) with 4=6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich), and images from at least 200 transfected cells were analyzed with an LSM510 laser-scanning microscope (Carl Zeiss Microscopy, Jena, Germany). Functionally abnormal. Increased binding of CARP to both titin/connectin and myopalladin. WT and mutant myc-CARP proteins  were expressed at a similar level in the transfected cells as assessed by Western-blot analyses, suggesting that the mutations did not affect the expression level and stability of CARP proteins. Mutations also resulted in the mislocalization of CARP to the nucleus, which may cause embryonic/fetal gene expression in mature myofibrils, but it is unclear whether this abnormal gene expression is a possible mechanism that might lead to the pathogenesis of Hypertrohpic Cardiomyopathy. 

Cardiac Ankyrin Repeat Protein Gene (ANKRD1) Mutations in Hypertrophic Cardiomyopathy https://doi.org/10.1016/j.jacc.2008.12.082 Hypertrohpic  Cardiomyopathy  A N K R D 1 N A N A p . I 2 8 0 V OBI:0000854. Western Blot assayBAO:BAO_0000129. ImmunoassayBAO:BAO_0010252. Protein expression assay I n  v i t r o Interaction of CARP with titin/connectin  ( WT-, Pro52Ala-, Thr123Met-, or Ile280Val-CARP construct was cotransfected with the WT TTN-N2A construct into COS-7 cells) or myopalladin  (the WT or mutant CARP construct was cotransfected with a MYPN construct) was investigated using coimmunoprecipitation (co-IP) assay and Wetern Blot to demonstrate the funct ional alteration caused by ANKRD1 or TTN mutations. Cellular distribution of the mutant CARP proteins expressed in neonatal rat primary cardiomyocytes was examined (cells were transfected with myc-tagged WT or mutant CARP constructs, coimmunostained for myc (a marker for CARP) and alpha-actinin (a marker for Z-disc)). Interaction of CARP with titin/connectin or myopalladin and cellular distribution of mutant CARP proteins in the neonatal rat primary cardiomyocytes. 1 Control cells expressing myc-tag alone 1 W T 2 6 - 9  Biological replicates: wild-type/mutantsco-IP assay n=6Number of binding assesment experiments n= 9 Numerical data were expressed as mean ± SEM. Statistical differences were analyzed using 1-way analysis of variance and the Student t test for paired values. Means were compared by independent sample t tests without correction for multiple comparisons. A p value < 0.05 was considered to be statistically significant Stats, neg control, pos control  Y e s The cDNA fragments of ANKRD1 were cloned into myc-tagged pCMV-Tag3 (Stratagene, La Jolla, California), and TTN and MYPN cDNA fragments were cloned into pEGFP-C1 (Clontech, Mountain View, California). These constructs were sequenced to ensure that no errors were introduced. Cellular transfection and protein extractions were performed as described previously, and co-IP assays were performed using the Catch and Release version 2.0 Reversible Immunoprecipitation System according to the manufacturer’s instructions (Millipore, Billerica, Massachusetts). For indirect immunofluorescence microscopy, all care and treatment of animals were in accordance with “Guidelines for the Care and Use of Laboratory Animals”  published by the National Institutes of Health and subjected to prior approval by the local animal protection authority. All cells were mounted on cover-glass using Mowiol 4-88 Reagent (Calbiochem, Darmstadt, Germany) with 4=6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich), and images from at least 200 transfected cells were analyzed with an LSM510 laser-scanning microscope (Carl Zeiss Microscopy, Jena, Germany). Functionally abnormal. Increased binding of CARP to both titin/connectin and myopalladin. WT and mutant myc-CARP proteins  ere expressed at a similar level in the transfected cells as assessed by Western-blot analyses, suggesting that the mutations did not affect the expression level and stability of CARP proteins. Mutations also resulted in the mislocalization of CARP to the nucleus, which may cause embryonic/fetal gene expression in mature myofibrils, but it is unclear whether this abnormal gene expression is a possible mechanism that might lead to the pathogenesis of Hypertrohpic Cardiomyopathy. 

Cardiac Ankyrin Repeat Protein Gene (ANKRD1) Mutations in Hypertrophic Cardiomyopathy https://doi.org/10.1016/j.jacc.2008.12.082 Hypertrohpic  Cardiomyopathy  T T N  N A N A p . R 8 5 0 0 H OBI:0000854. Western Blot assayBAO:BAO_0000129. ImmunoassayBAO:BAO_0010252. Protein expression assay I n  v i t r o Interaction of CARP with titin/connectin  ( WT-, Pro52Ala-, Thr123Met-, or Ile280Val-CARP construct was cotransfected with the WT TTN-N2A construct into COS-7 cells) or myopalladin  (the WT or mutant CARP construct was cotransfected with a MYPN construct) was investigated using coimmunoprecipitation (co-IP) assay and Wetern Blot to demonstrate the funct ional alteration caused by ANKRD1 or TTN mutations. Cellular distribution of the mutant CARP proteins expressed in neonatal rat primary cardiomyocytes was examined (cells were transfected with myc-tagged WT or mutant CARP constructs, coimmunostained for myc (a marker for CARP) and alpha-actinin (a marker for Z-disc)). Interaction of CARP with titin/connectin or myopalladin and cellular distribution of mutant CARP proteins in the neonatal rat primary cardiomyocytes. 1 Control cells expressing myc-tag alone 1 W T 2 6 - 9  Biological replicates: wild-type/mutantsco-IP assay n=6Number of binding assesment experiments n= 9 Numerical data were expressed as mean ± SEM. Statistical differences were analyzed using 1-way analysis of variance and the Student t test for paired values. Means were compared by independent sample t tests without correction for multiple comparisons. A p value < 0.05 was considered to be statistically significant Stats, neg control, pos control  Y e s The cDNA fragments of ANKRD1 were cloned into myc-tagged pCMV-Tag3 (Stratagene, La Jolla, California), and TTN and MYPN cDNA fragments were cloned into pEGFP-C1 (Clontech, Mountain View, California). These constructs were sequenced to ensure that no errors were introduced. Cellular transfection and protein extractions were performed as described previously, and co-IP assays were performed using the Catch and Release version 2.0 Reversible Immunoprecipitation System according to the manufacturer’s instructions (Millipore, Billerica, Massachusetts). For indirect immunofluorescence microscopy, all care and treatment of animals were in accordance with “Guidelines for the Care and Use of Laboratory Animals”  published by the National Institutes of Health and subjected to prior approval by the local animal protection authority. All cells were mounted on cover-glass using Mowiol 4-88 Reagent (Calbiochem, Darmstadt, Germany) with 4=6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich), and images from at least 200 transfected cells were analyzed with an LSM510 laser-scanning microscope (Carl Zeiss Microscopy, Jena, Germany). Functionally abnormal. Increased binding of titin/connectin to CARP. Mutations also resulted in the mislocalization of CARP to the nucleus, which may cause embryonic/fetal gene expression in mature myofibrils, but it is unclear whether this abnormal gene expression is a possible mechanism that might lead to the pathogenesis of Hypertrohpic Cardiomyopathy. 

Cardiac Ankyrin Repeat Protein Gene (ANKRD1) Mutations in Hypertrophic Cardiomyopathy https://doi.org/10.1016/j.jacc.2008.12.082 Hypertrohpic  Cardiomyopathy  T T N  N A N A p . R 8 6 0 4 Q OBI:0000854. Western Blot assayBAO:BAO_0000129. ImmunoassayBAO:BAO_0010252. Protein expression assay I n  v i t r o Interaction of CARP with titin/connectin  ( WT-, Pro52Ala-, Thr123Met-, or Ile280Val-CARP construct was cotransfected with the WT TTN-N2A construct into COS-7 cells) or myopalladin  (the WT or mutant CARP construct was cotransfected with a MYPN construct) was investigated using coimmunoprecipitation (co-IP) assay and Wetern Blot to demonstrate the funct ional alteration caused by ANKRD1 or TTN mutations. Cellular distribution of the mutant CARP proteins expressed in neonatal rat primary cardiomyocytes was examined (cells were transfected with myc-tagged WT or mutant CARP constructs, coimmunostained for myc (a marker for CARP) and alpha-actinin (a marker for Z-disc)). Interaction of CARP with titin/connectin or myopalladin and cellular distribution of mutant CARP proteins in the neonatal rat primary cardiomyocytes. 1 Control cells expressing myc-tag alone 1 W T 2 6 - 9  Biological replicates: wild-type/mutantsco-IP assay n=6Number of binding assesmen t  e x p e r i m e n t s  n =  9  Numerical data were expressed as mean ± SEM. Statistical differences were analyzed using 1-way analysis of variance and the Student t test for paired values. Means were compared by independent sample t tests without correction for multiple comparisons. A p value < 0.05 was considered to be statistically significant Stats, neg control, pos control  Y e s The cDNA fragments of ANKRD1 were cloned into myc-tagged pCMV-Tag3 (Stratagene, La Jolla, California), and TTN and MYPN cDNA fragments were cloned into pEGFP-C1 (Clontech, Mountain View, California). These constructs were sequenced to ensure that no errors were introduced. Cellular transfection and protein extractions were performed as described previously, and co-IP assays were performed using the Catch and Release version 2.0 Reversible Immunoprecipitation System according to the manufacturer’s instructions (Millipore, Billerica, Massachusetts). For indirect immunofluorescence microscopy, all care and treatment of animals were in accordance with “Guidelines for the Care and Use of Laboratory Animals”  published by the National Institutes of Health and subjected to prior approval by the local animal protection authority. All cells were mounted on cover-glass using Mowiol 4-88 Reagent (Calbiochem, Darmstadt, Germany) with 4=6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich), and images from at least 200 transfected cells were analyzed with an LSM510 laser-scanning microscope (Carl Zeiss Microscopy, Jena, Germany). Functionally abnormal. Increased binding of titin/connectin to CARP. Mutations also resulted in the mislocalization of CARP to the nucleus, which may cause embryonic/fetal gene expression in mature myofibrils, but it is unclear whether this abnormal gene expression is a possible mechanism that might lead to the pathogenesis of Hypertrohpic Cardiomyopathy. 

A cardiac α-actin (ACTC1) p. Gly247Asp mutation inhibits SRF-signaling in vitro in neonatal rat cardiomyocytes https://doi.org/10.1016/j.bbrc.2019.08.081 D i l a t e d  C a r d i o m y o p a t h y  A C T C 1 N A N A p . G 2 4 7 D ECO:000018. In vitro assay evidence I n  v i t r o Neonatal rat cardiomyocytes (NRVCMs) were transduced with adenoviruses encoding either native/wild-type ACTC1 (ACTC1_WT), G247D mutant ACTC1 (ACTC1_G247D), or b-galactosidase (LacZ, as a control). Immunoblotting and densitometry analyses, atrial natriuretic peptide (ANF)-reporter driven luciferase activity assay performed either in murine C2C12 cells (immortalized mouse myoblast cell line) or in NRVCMs, RhoA G-L ISA activation assay to measure RhoA activity in cultured cells performed as per manufacturer's instructions (Cytoskeleton Inc.) and actin polymerization assay to confirm possible actin polymerization defects caused by the mutation.  Possible actin polymerization defects as G247D mutation resides at the juncture of side-chain interaction,  luciferase assay to investigate the mutation's effect on the activation of Rho-GTPase-mediated serum response factor (SRF)-signaling, nuclear localization of monomeric actin. 1 NRVCM transduced with adenoviruses encoding beta-galactosidase (LacZ) 1 W T 2 3 - 6  Biological replicates: wild-type/mutantsLuciferase assay n=6/groupRelative densitometry analysis for RhoA n=3/groupG-LISA assay n=6/group All results are presented as the means ± standard error of the mean (SEM). Statistical significance was determined using twotailed Student's t-test, one-way or two-way analysis of variance (ANOVA, followed by Student-Newman-Keuls post-hoc test) where appropriate. P-values < 0.05 were considered statistically significant. Molecular dynamics (MD) simulations and predictions, stats, neg controls, pos controls Y e s NRVCMs were transduced with adenoviruses encoding either native/wild-type ACTC1 (ACTC1_WT), G247D mutant ACTC1 (ACTC1_G247D), or b-galactosidase (LacZ, as a control) 24 h post isolation and further incubated for 72 h. Reporter gene assays were performed either in murine C2C12 cells (immortalized mouse myoblast cell line) or in NRVCMs Functionally abnormal. Phenotypic characterization of the G247D revealed sarcomeric disarray, increased apoptosis, defective actin turnover and contractile dysfunction. MD studies predictions of actin polymerization defects were confirmed. Interestingly, we observed a negative regulation of SRF signaling when G247D mutant ACTC1 was overexpressed in NRVCMs. The SRF-activating effect is almost completely disrupted, involving the upstream small GTPase RhoA and increased nuclear accumulation of mutant G-actin which leads to inhibiting transcriptional activation of SRF. In vivo studies in mice desmonstrated that global deletion of Srf  is embrionically lethal. Tamoxifen-inducible Cre recombinase led to progressive dilated cardiomyopathy and subsequent heart failure due to downregulation of proteins involved in force generation and transmission, reduced levels of filamentous-actin (F-Actin), and changes in cytoarchitecture without hypertrophic compensation.  

The molecular phenotype of human cardiac myosin assoc iated with hypertrophic obstructive c ardiomyopathy 1 0 . 1 0 9 3 / c v r / c v n 0 9 4  Hypertrohpic  Cardiomyopathy  M Y H 7 N A N A p . V 6 0 6 M ECO:0005803. Motility assay evidence I n  v i t r o Skeletal muscle actin and human cardiac muscle tropomyosin and troponin were prepared. Motility assay technique to study TRITC-phalloidin-labelled actin filaments moving over immobilized myosin. Light chain isoforms were also analysed by two-dimensional electrophoresis. Finally, samples were screend for mutations.  Motility assay technique to study TRITC-phalloidin-labelled actin filaments moving over immobilized myosin. Light chain isoforms were also analysed by two-dimensional electrophoresis. Finally, samples were screend for mutations.  1 N o n - f a i l i n g h e a rt  s a mp l e s N A N A 7 4 Biological replicates: four measurements each from fivepaired myosin preparation M1, M2, M3, M4, M5). p < 0 . 0 0 1 P o s  c o n t r o l s ,  s t a t s Y e s Human myocardial samples were obtained from patients with hypertrophic cardiomyopathy undergoing surgical septal myectomy for relief of LVOTO. Samples were snap-frozen in liquid nitrogen and stored for later use. Local ethical approval was obtained from University College London Hospitals and the Brompton, Harefield and NHLI ethics committees for collection and use of tissue sam ples. Tissue samples were supplied by Prof. C. Dos Remedios, University of Sydney, Australia. Ethical approval was obtained from the Brompton, Harefield and NHLI Research Ethics Committee, London, and St Vincent’s Hospital, Sydney. The investigation conformed with the principles outlined in the Declaration of Helsinki. We studied tissue from nine explanted hearts with end-stage heart failure. and eight non-failing donor hearts. The donor heart tissue was obtained from hearts where no suitable transplant recipient was found. The patients had no history of cardiac disease Functionally normal. Suggested that the hypocontractile state in the interventricular septum of patients with HOCM is not a direct effect of a hypertrophy-inducing mutation. The connection between an altered molecular phenotype such as that observed in M5 and the development of pathological hypertrophy remain unknown. 

Hypertrophic c ardiomyopathy: from mutation to functional analysis of defective protein 1 0 . 3 32 5 / cm j . 2 01 1 . 52 . 3 8 4  Hypertrohpic  Cardiomyopathy  M Y H 7 N A N A p . D 7 7 8 V OBI:0003117. 3D molecular structure determination assay.  I n  s i l i c o Functional analysis of the 3D molecular model of defective myosin-7 protein in silico. DNA samples from   153 Hypertrohpic Cardiomyopathy diagnosed patients from Czech Republic were analyzed for mutations in exons 21 and 22 of the MYH7 gene. The 3D model of  human myosin-7 was built using the x-ray structure of nucleotide-free scallop myosin S1 as the structural template. The Arg870His and Asp778Val amino acid alterations were found in 2 unrelated patients with a severe form of hypertrophic cardiomyopathy. The Asp778Val variation was chosen for subsequent 3D molecular modeling in silico.We performed de novo structure prediction of mutant and  wild type peptides spanning the 769-788 amino acids  region of the myosin-7 protein, we used the web based prediction PEP-FOLD server (peptide structure prediction server, to obtain 3D models of the peptides (wild type and mutant variant).  Wild-type and mutant predicted peptide structure and interaction patterns comparison. N A N A 1 W T N A N A N A N A N e g  c o n t r o l ,  s o f t w a r e  Y e s Ethical approval Received from the Charles University, Prague. All of the collected samples were fully anonymous and were given voluntary during the period 2000-2003. Informed consent was obtained from all study participants. The DNA bank of the Department of Anthropology and Human Genetics, Faculty of Science, Charles University in Prague houses all the tested samples and all procedures were carried out in line with the institutional ethical guidelines. Replacement of the structurally conserved regions and rebuilding of the said variable regions was done with the homology module of molecular operating environment program (Chemical Computing group Inc., Montreal, Canada), with BLOSUM62 and based on global pair-wise alignment of the humanand scallop myosin performed by EMBOSS Pairwise Alignment Algorithms.  Functionally abnormal. The mutation of the Asp by Val not only changes the character of the interaction pattern with other amino acids or ions but Val, being a small hydrophobic amino acid, can also completely change the stability of the region. The mutant structure is still helical but the amino acid change leads t oa tension in the helix. . Short molecular dynamics simulation (10 nanoseconds) in an explicit solvent revealed that rigidity of the Asp778Val mutant of the peptide was 5-6 times higher than of the Asp778 variant of the peptide. This change might lead to the decreased contractility of myosin molecule. 
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Identific ation of a Mutation Near a Functional Site of the β cardiac myosin Heavy Chain Gene in a Family with Hypertrophic Cardiomyopathy https://doi.org/10.1006/jmcc.1994.1142 Hypertrohpic  Cardiomyopathy  M Y H 7 N A N A p . N 2 3 2 S OBI:0600047. Sequencing assay I n  v i t r o Three highly polymorphic chromosome 14 q11-q12 microsatellite markers were used for genotyping of the family members. Alleles were resolved on standard 6% denaturing polyacrylamide DNA sequencing gels and visualized by a nonradioactive probing technique. Detection of heteroduplex DNA molecules containing a single base pair mismatch was performed by Double Stranded Conformation Polymorphism (DSCP). Asymmetric PCR was performed on both strands of the fragment showing mismatch to generate single-strand DNA templates to be sequenced by the dideoxynucleotide chain termination method. Electrographic abnormalities, echocardiographic features like SAM and IVS and LVFW, DNA fragment matches or mismatches, effect on restriction enzyme site, ATPase activity. N A N A N A N A N A N A N A N A N A N o Genomic DNA was extracted from blood samples that were obtained after informed consent in accordance with the guidelines of the Comité d'Ethique du Centre Hospitalier Universitaire de la Pitié-Salpêtrière. Methods for genotyping and PCR amplifications followed Schwartz et al. 1992 and Weisenbach et al. Electrophoresis conditions are descriebd in Dausse et al., 1993. For the dideoxynucleotide chain termination method the Sequenase kit, US Biochemical Corp. was used. Functionally normal. No effect on restriction enzyme sites. Data suggests that the MHC region that contains the mutation reported is involved in acti-activated myosin ATPase activity, Asn232Ser mutation affects a functional site on the myorsin head. It seems to be associated with a favourable prognosis in thisfamily since no sudden deaths have been reported. However, it is higlly unlikely that the mutaiton is a normal polymorphism since it segreated concordant with disease status in four patients and the residue is highly conserved across several invertebrate and vertebrate species, which tend to be deleterious for the molecule. 
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ANEXO 2. CÓDIGO DE PYTHON EMPLEADO EN EL CASO DE USO 

# PART1 REDUCE VCF 

import os 

import pandas as pd 

# List of gene names to match 

gene_names = ['ACTC1', 'ANKRD1', 'BRAF', 'CACNA1C', 'DES', 'DSC2', 'DSG2', 'DSP', 'FHOD3', 'FLNC', 'GATA4', 'JUP', 'KCNH2', 'KCNH2', 'KCNJ2', 'KCNQ1', 'KCNQ1', 'LAMA4', 'LMNA', 
'MYBPC3', 'MYH7', 'NEXN', 'NNT', 'PKP2', 'PSEN1', 'PSEN2', 'RBM20', 'RBM21', 'RBM22', 'RYR2', 'SCN10A', 'SCN1B', 'SCN5A', 'SCN5A', 'TGF', 'TMEM43', 'TNNC1', 'TNNI3', 'TNNT2', 
'TPM1', 'TTN', 'TTNT2', 'VCL'] 

parent_directory = r'C:\Users\olymp\Documents\TFG\INFORMES_Cardio_Alicante_Abril' 

folder_names = ['OGM-04-{:03d}'.format(i) for i in range(1, 43)] 

# Loop through the folders 

for folder_name in folder_names: 

    # Construct the file path 

    csv_file = os.path.join(parent_directory, folder_name, 'annotated.hg19_multianno.csv') 

    # Load the CSV file 

    csv_data = pd.read_csv(csv_file, delimiter='\t') 

    # Filter rows based on matching gene names 

    filtered_data = csv_data[csv_data['Gene.refGene'].isin(gene_names)] 

    # Check if any rows matched the gene names 

    if len(filtered_data) == 0: 

        print(f"No matching rows found in folder: {folder_name}") 

    else: 

          # Create a new file with the filtered data 

        output_file = os.path.join(parent_directory, folder_name,'reduced_annotated.hg19_multianno.csv') 

        filtered_data.to_csv(output_file, index=False) 

        print(f"Filtered data saved to: {output_file}") 

    print()  # Add an empty line between each folder's results 

# PART2 FIND VARIANTS, RETURN FUNCTIONAL IMPACT 

import re  

csv_file2 = r'C:\Users\olymp\Documents\TFG\infoCSHG_csv.csv' 

parent_directory = r'C:\Users\olymp\Documents\TFG\INFORMES_Cardio_Alicante_Abril' 

folder_names = ['OGM-04-{:03d}'.format(i) for i in range(1, 43)] 

# Loop through the folders 

for folder_name in folder_names: 
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    # Construct the file path 

    csv_file1 = os.path.join(parent_directory, folder_name, 'reduced_annotated.hg19_multianno.csv') 

    # Load the CSV files 

    csv_data1 = pd.read_csv(csv_file1) 

    csv_data2 = pd.read_csv(csv_file2) 

    # Extract the desired columns from both datasets 

    varan_data = csv_data1[['AAChange.refGene','GeneDetail.refGene','CLNHGVS']] 

    varfunp_data = csv_data2['Variant in protein (p.)'].astype(str) 

    varfunc_data = csv_data2['Variant in transcript (c.)'].astype(str) 

    varfung_data = csv_data2['Genomic position'].astype(str) 

    # Extract the varfunp values using regular expressions 

    varfunp_values = varfunp_data.str.findall(r"p\.[A-Za-z\d*–_>\(\)\+=]+").explode().tolist() 

    varfunc_values = varfunc_data.str.findall(r"c\.[A-Za-z\d*–_>\(\)\+=]+").explode().tolist() 

    varfung_values = varfung_data.str.findall(r"g\.[A-Za-z\d*–_>\(\)\+=]+").explode().tolist() 

    # Extract the varan values using regular expressions 

    varanp_values = varan_data['AAChange.refGene'].apply(lambda x: re.findall(r"p\.[A-Za-z\d*–_>\(\)\+=]+", str(x))).explode().tolist() 

    varanc_values1 = varan_data['AAChange.refGene'].apply(lambda x: re.findall(r"c\.[A-Za-z\d*–_>\(\)\+=]+", str(x))).explode().tolist() 

    varanc_values2 = varan_data['GeneDetail.refGene'].apply(lambda x: re.findall(r"c\.[A-Za-z\d*–_>\(\)\+=]+", str(x))).explode().tolist() 

    varang_values = varan_data['CLNHGVS'].apply(lambda x: re.findall(r"g\.[A-Za-z\d*–_>\(\)\+=]+", str(x))).explode().tolist() 

    # Find the common elements 

    common_elementsp = set(varanp_values).intersection(varfunp_values) 

    common_elementsc = set(varanc_values1).intersection(varfunc_values).union(set(varanc_values2).intersection(varfunc_values)) 

    common_elementsg = set(varang_values).intersection(varfung_values) 

   # Print the folder name 

    print(f"Folder: {folder_name}") 

    common_elements = set() 

    common_elements |= common_elementsp 

    common_elements |= common_elementsc 

    common_elements |= common_elementsg 

    for element in common_elements: 

        matched_row_p = csv_data2[csv_data2['Variant in protein (p.)'] == element] 

        matched_row_c = csv_data2[csv_data2['Variant in transcript (c.)'] == element] 

        matched_row_g = csv_data2[csv_data2['Genomic position'] == element] 

        if len(matched_row_p) > 0: 
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            impact_text_p = matched_row_p['functionalImpact'].values[0] 

            print(f"Variant: {element} \nImpact (Protein): {impact_text_p}") 

            print() 

        if len(matched_row_c) > 0: 

            impact_text_c = matched_row_c['functionalImpact'].values[0] 

            print(f"Variant: {element} \nImpact (Transcript): {impact_text_c}") 

            print()  

        if len(matched_row_g) > 0: 

            impact_text_g = matched_row_g['functionalImpact'].values[0] 

            print(f"Variant: {element} \nImpact (Genomic): {impact_text_g}") 

            print() 

    print() 


