UNIVERSITAT
POLITECNICA
DE VALENCIA

Biotechnology Doctoral Program

New Approaches in the Genetic Diagnosis of
Inherited Retinal Dystrophies and Future

Therapeutic Insights

Belén Garcia Bohdorquez

Doctoral Thesis

December 2024

SUPERVISORS:

José Maria Millan Salvador

Gema Garcia Garcia



© 2024 Belén Garcia Bohdrquez

PhD dissertation, 2024

Instituto de Investigacion Sanitaria La Fe

Biotechnology Doctoral Program, Universidad Politénica de Valencia

Valencia, Spain

All material contained in this work is original unless otherwise stated, including cover, text, and

figures.



iIN
35‘::§:§E %:\%
UNIVERSITAT — ==
POLITECNICA Instituto de Invesfigacion
DE VALENCIA Sanitaria La Fe

El Dr. José M? Millan Salvador, Facultativo Especialista e Investigador Principal del grupo de
Biomedicina Molecular, Celular y Gendmica perteneciente al Instituto de Investigacidn

Sanitaria La Fe.

La Dra. Gema Garcia Garcia, Investigadora Postdoctoral del Centro de Investigacidon
Biomédica en Red de Enfermedades Raras y miembro del grupo de Biomedicina Molecular,

Celular y Gendmica perteneciente al Instituto de Investigacion Sanitaria La Fe.

HACEN CONSTAR QUE:

El trabajo de tesis doctoral titulado New approaches in the genetic diagnosis of inherited
retinal dystrophies and future therapeutic insights que presenta Belén Garcia Bohdrquez,
Graduada en Biologia con Master en Investigacién en Biomedicina Molecular, Celular y
Gendmica, para optar al titulo de Doctora por la Universitat Politécnica de Valéncia, ha sido
realizado en el grupo de Biomedicina Molecular, Celular y Gendmica del IIS La Fe bajo su

direccién y que reune las condiciones para ser defendida por su autora.

Para que conste, en cumplimiento de la legislacién vigente, firman el presente certificado

en Valencia, a 16 de noviembre de 2024.

Yy

/S

Fdo. Dr. José M? Millan Salvador Fdo. Dra. Gema Garcia Garcia













A mis padres, siempre.






ACKNOWLEDGEMENTS (AGRADECIMIENTOS)

Desde que tengo uso de razén todos mis méritos los he compartido con las personas que
quiero, porque siempre he creido que el apoyo de los que te rodean marca la diferencia y

define, en cierta manera, quién eres.

Por eso, en primer lugar, como no podia ser de otra manera, quiero empezar dando las
gracias a mis padres y a mi primo (mi choqui). Gracias por haberme demostrado un amor
incondicional, por la dedicacién absoluta que me habéis prestado, porque me lo habéis
dado todo. Habéis sido el timén que me ha guiado siempre y las personas a las que les debo
el orgullo que siento de haber llegado hasta aqui. Todo lo que consiga en mi vida es por y

para vosotros, porque quiero ser la recompensa de todo vuestro esfuerzo.

Mama, gracias por ensefiarme que nunca es tarde para cumplir nuestros suefos, eres el
mayor ejemplo de valentia y fuerza que cualquiera quisiera tener en su vida. Gracias por
tener siempre una buena palabra cuando la necesito y que, en los momentos de tormenta,
hayas sido mi calma. Gracias por mostrarme que el amor mueve montafias, por ayudarme
a ser la mujer que soy hoy en dia y por demostrarme que la vida contigo como madre, es
mas que bella. Cada paso que doy en mi vida es mas firme si cuento contigo. Papa, gracias
por compartir conmigo tu nobleza, tu forma de hacer las cosas y la pasidn que le pones a
todo lo que te gusta. He tenido la suerte de compartir contigo algunas de las que seran mis
mayores aventuras y de que hayas dado todo por querer vivirlas conmigo. Gracias por
escucharme y apoyarme siempre, por aconsejarme desde la prudencia y la bondad, y por
permitirme cada dia descubrir todo lo bonito que hay en ti. La vida contigo como padre es
el mayor regalo que jamdas pudiera imaginar. Sois unos padres ejemplares y asi me lo
demostrais cada dia, con vuestra forma de quererme a mi y la forma de quereros entre

vosotros. Os quiero muchisimo.

Sin embargo, nada de esto hubiera sido lo mismo si la vida no hubiera cruzado en mi camino
a mi tercer pilar, a mi choqui. Gracias por formar parte de los recuerdos mas bonitos de mi
vida. Aquellos en los que yo interpretaba con ilusion los cuentos que tu me leias y en los
gue me llevabas al centro para ir a Nostromo y comer palodd. Mi choqui me ha hecho la

friki con orgullo que soy hoy. Gracias por ser mi tercera e indispensable figura de apoyo, por



ensefiarme a que se puede afrontar la vida con humor, sean cuales sean las circunstancias,
y gracias, sobre todo, por convertirte en una parte esencial de mi vida. Esto también es para

ti, choquito.

Me hubiera encantado poder agradeceros en persona lo que habéis influido en la persona
que soy, mis abuelitos, y deciros lo mucho que aprendi de cada uno de vosotros. Por eso
quiero intentarlo ahora. Gordita mia, cdmo te digo que aun sigo sintiéndote conmigo, que
miro tus fotos y tus videos y oigo tu risa a mi ladito. Solo tu historia es un ejemplo de vida
del que todos deberiamos aprender. Me alegra haberte dado todo el amor que te merecias
siempre que pude. Gracias por haber sido mi abuelita, tu bombdn te adora. A mi abuela
Elia, gracias por haber sido el mejor ejemplo de prudencia que conozco, por haber querido
siempre a mi madre como una hija y por haber formado conmigo un vinculo Unico. Has sido
la persona con la que mas me gustaba ver los concursos de la tele y comer pipas de calabaza.
Me enorgullece reconocerme en ti en muchas cosas. Y a mi abuelito, el que jugaba conmigo
hasta mds no poder cuando era una nifia. Te ha tocado recorrer los Ultimos pasos en tu vida
sin la compafiia de tu bellotera, y has demostrado ser un gran ejemplo de valentia. Aldn
recuerdo cuando comprabas churritos el dia de la loteria de Navidad y los dias en los que
me recogias del colegio. Siento que ninguno ha recibido durante su vida el carifo que
hubiera merecido y no sé cémo agradeceros que yo haya tenido todo el amor del mundo

gracias a los padres que me habéis dado. Por eso, mis logros son infinitamente vuestros.

Llegar hasta aqui ha sido un camino largo, el de toda mi vida. Por eso doy también las gracias
a toda mi familia. Quiero dedicar este trabajo en especial a mis padrinos, a mi tito Angel, a
mi Lolilla y a mi tita Eli, que me han dado siempre todo el carifio del mundo. Gracias por
guererme tanto, me habéis ensefiado mucho y quiero seguir aprendiendo de vosotros cada
dia. A mis titos de Valencia, Gloria y Jose, gracias por haberme ayudado a sentirme siempre
en casa, vuestro carifio ha sido esencial. Gracias también a mis primos, por haber formado
parte de los recuerdos mas bonitos de mi infancia. Ademas, como madrina, quiero que este
trabajo sirva como un pequeno reflejo de lo bueno que te espera en la vida,

mi Fran. Os adoro a todos.

Por supuesto, no quiero olvidarme de agradecer todo lo que he conseguido a mis amigos.

Gracias mis “Templus Fugi”, a Pablo, a Natalia y a todos los que me han acompafiado hasta



el dia de hoy. Gracias por ser mi familia y por sentir que sois casa. A mi amiga Julia, gracias
por haber sido la persona que el destino ha querido que me acompanfase desde Sevilla hasta
Valencia, con la que comparto vocacion y la que siempre, siempre, estd ahi. Y por si no fuera
suficiente, Valencia me ha regalado grandes tesoros. Sin duda este ha sido el caso al
encontrarme con vosotros en mis primeros pasos en Valencia y en la ciencia, Pepe y Yaiza;
al sacarme bastante a flote en los momentos en los que |a tesis puede hundirte un poco y
al ensefarme que, a veces, la conexion entre las personas es inexplicable, Alba, Lidén y
Amara. Me habéis sostenido en mis peores momentos y me habéis ayudado a continuar.
Por eso este trabajo os lo agradezco y os lo dedico, porque vuestro carifio ha sido
indispensable hasta llegar a conseguirlo. Gracias a todos aquellos amigos mios que no
menciono aqui, porque no tendria espacio suficiente si quisiera nombrar a todas las
personas tan bonitas que tengo en mi vida. Gracias a todos por haber dedicado tiempo de
vuestras vidas a conocerme tan bien, casi mejor que yo misma, a quererme de una manera
tan bonita y creer tanto en mi. Vuestro apoyo y amor son esenciales para mi. Os adoro y os
quiero siempre conmigo. “Es parentesco sin sangre una amistad verdadera” — Pedro

Calderdn de la Barca.

Muchas gracias a Gema y a Chema, por confiar en mi desde el principio y darme la
oportunidad de formar parte del grupo y dedicarme a la genética. Gracias también por
vuestra escucha, carifio y por haber sido mis guias en este mundo de la ciencia. Llegué hace
ocho afios al laboratorio y me habéis educado profesionalmente hasta el dia de hoy. Gracias
siempre. Millones de gracias a todas mis compafieras de laboratorio, sin vuestras risas no
hubiera sabido llevar tan bien los dias. Con vosotras se ven las cosas de otra forma. Gracias
también al resto de miembros del grupo, he tenido palabras de apoyo por parte de todos

cuando lo he necesitado y os lo agradeceré siempre.

Y, por ultimo, con especial ilusion, quiero darte las gracias a ti, Nico, mi chico. Gracias por
aparecer en esta etapa de mi vida y acompafiarme, comprenderme y apoyarme siempre.
Sin duda has sido mi gran suerte, me has hecho el camino mas facil y los dias mas bonitos.
Quiero compartir contigo todos mis logros y acompafiarte y admirarte siempre en todos los

tuyos. Te quiero mucho.






TABLE OF CONTENT

2 ) Y o XV
RESUMEN .cuututtieietiieitereitieietereietetestesestesateeresestessseerasestassstessssssassstassssessssssassssasas XIX
RESUM 1uiiutiiiiiiiiiiiiiiiiiiei ittt et raa s e s raa s saa s eas s saa s easssassseasssnsssensssasssennss XX
LIST OF FIGURES ......cuuiiiiiiiiiiiiieiien e srens e rassseasras s seassasssasssensssnssssnsssanssenns XXVl
LIST OF TABLES.....c..oiuiiiiiiiiiiiiiieiiii e s e rass e s rassseassasssassseasssassssnsssasssennss XXIX
ABBREVIATIONS.....uiiiiiiiiiiiiiiiiiiiitirei et raissea s raa et s eas s saaeseanssasssensssnns XXXI
GENERAL INTRODUCTION ...ccuuiiuuiinniiiniiiniiiiuiiieiieniiieieesiiesieeseieasessisesssessessasessees 1
1. THE VISUAL SYSTEM ..cuuriuuiiiiiiiiiiitiiiiiiiiniitiii i seaissesseassssssssseasssesssenssssnsssane 3
1.0, TRE FEEING e e e e s s e e e e e s e e 4
0 o T} o] =Tl =T o 1 o] £ 5
1.3 Phototransduction and visual CYCle ......ouuuueiiiii e 6
2. INHERITED RETINAL DYSTROPHIES ......ceuuiiuniiiniiiniiiniiiiiiicsianressras s seans e seaees 8
2.1 Heterogeneity and classification of IRDS .........cuuuieiiiiiiiiiiiiiicie e 8
2.1.1 Cone dystrophies and Cone-Rod dystrophies .......ccccccvceeeiiiiiiiiiiiiiceen e, 9

2.1.2 Macular DYSTrOPNIES cuvueeii ettt e e e e e e 10

D I o Yo B DY Ly d o] o] a1 (=TSR PP 11

2.1.4 Other retinopPathies ... e 13
2.1.4.1 Ocular diseases that primarily affect the choroid...............ccccccvveeeenn.... 13

2.1.4.2 VitreoretinOPAtNIES ............ccuuuuuceeeieeee e 14

2.2 SYNAIOMIC IRDS ..ttt et e e e e e e e e e ettt e e e e e e e e eeetbaaeeeeeeeeeaeannnanns 15
2.2.1 UShEr SYNOIOME .. .coviiiiiiiieeeeiieeeeieee ettt e e e e e e e e e e e e e e e eeas e eeeeas 15

Xi



2.2.1.1 Clinical and genetic classification of USH .........ccccccceveiiiiiiiiiiiiiiiieeeeeenn, 15

2.2.1.2 USher iNtEraCtOME ..........ooecuuiiiiiiiiiiiiiieeee et 17

3. GENETIC DIAGNOSIS APPROACH .....cuuiiuuiiiniiiiiiiiiitiiieiraceiseaissenseaesssaseasseans 18
3.1 High throughput SEQUENCING .....uuuuuiiiiiiiiiiiiiiiiiiiii bbb aaeaeeaeeneeeanes 19
3.1.1 Targeted SEQUENCING ..vuuuii et e e e e e e e e e e e e e e e e e e 19

3.1.2 Whole EXOME SEQUENCING .cceeeeiieeeeeeeeeeeeeeeeeeee e e e e e e e e e e e e e e e e e e e e e 20

3.1.3 Whole GENOME SEQUENCING ..ceeeeeeeeeeeeeeeeeeeeeeeeee e e e e e e e e e e e e e e e e e e e e e e 20

3.2 Third-Generation Sequencing: new insights for genetic diagnosis............ccccevvvnnnnen. 21
3.3 Variants in NON-COAING FEZIONS .....uuuuuuuruiuiiiiiiiiiiiiiiiititrraaeeaeeaeaeaaeeaaeaeaaaaaeanaennes 21
3.3.1. SPliciNg AlteratioNS e 21

3.3.2. Splicing variants detection and analysiS......cccccevviiiiiiiiiiiciii e, 25
3.3.3Variants in UTR 5" and 37 ...ttt 26

4. THERAPEUTIC APPROACHES AND CURRENT THERAPIES ......c.ccovviiuniiiiiiniianieaens 28
4.1 Pharmacological therapy ..o 28
o 1= Yo d a1 = 1V RPN 29
4.1.1 Gene augMENTATION ..uiiiiiiii i e 30

A 1= e TR =T 11 41 o = UUPP PP 32

4.1.3 Antisense OligonuCleotides......cccoiivveiiiiieiiiieeeecee e 33

A O] | I o 1=T = 1 2SR 34
4.4 OptogenetiCs APPrOACNES .....cooiveeiiccci e 35
[0 123 1 o I LY =3 37
00 Y 1 41
Y o1 o - ot PRSP PRI 45

Xii



Materials and Methods .........uviiiiiiiiiii e 47
RESUILS e e e s e e e e e e e s e 49
D 11010 1Y o o PP 58
00 Y 2 | N 65
ADSTIACT e e e e e e e e e e e r e e e e e e e e e a b eaees 69
INEFOAUCTION 1.t e e e s e e bbb e e e e e s e e s reeeeeeeeeeenanns 70
RESUIES it e e e s e e e e e e s e e e e e e e e 72
DT 110 1Y o o PP PR T TT 80
Materials and Methods...........uuiiiiiiii e 86
00 Y 2 | N 93
ADSTIACT e e e e e e e e e e e e e e et et e e e e e e e aanrenees 97
INEFOAUCTION 1. e e e e s e e e e e e e s e e 98
Materials and Methods............oeiiiiiiiii e 99
RESUIES et s s e e e e e 102

D TE ol 8 XY o o T RTRRRPRY 1 0 1 o

GENERAL DISCUSSION ....cuuiiiiiiiiiiiitiitiiiiiiieniieiiiiaeeiiiieaiiesseieaeessisesssessersasessnes 113
CONCLUSIONS ... ettt rase et easssesseaseseassessssesssrasssennss 133
Y o o =3 0 N 137
Supplemental material from Chapter | ..o 139
Supplemental material from Chapter ... 142
REFERENCES ...ccuieuiiieiiiiiiiiiii st sre s s s e s s s s e s sa s sa s ran s saas s easssanssennss 147



Xiv



ABSTRACT

Inherited retinal dystrophies (IRD) encompass a wide range of genetic disorders
characterized by the degeneration or dysfunction of photoreceptors or retinal pigment
epithelium cells, leading to usually progressive vision loss. IRDs exhibit considerable genetic
and clinical heterogeneity, making their genetic diagnosis a challenge. To date, over 280
genes have been associated to IRD, which hinders even more their diagnostic. However, the
advent of high-throughput sequencing (HTS) has revolutionized the genetic diagnostic
approach, enabling more efficient variant identification and offering patients more accurate
genetic counselling and the possibility of accessing to clinical trials for gene-based

therapies.

The first approach carried out in this thesis was based on the study of 92 IRD patients by
sequencing two custom panels including IRD-causing genes. Both designs contained IRD-
associated genes and intronic regions where pathogenic deep-intronic variants were
identified to date. We successfully found the genetic cause in 57.6% of the cases, while 13%
had only one mutation in genes known to follow an autosomal recessive inheritance pattern
and 29.3% of patients remained undiagnosed. A total of 120 pathogenic or likely pathogenic
variants were found, including 30 novel variants. Among patients with cone-rod dystrophy,
ABCA4 was the most frequently mutated gene, while mutations in USH2A were the most
common among those with retinitis pigmentosa (RP). Additionally, 10 families carried
mutations in multiple IRD-related genes, emphasizing the genetic complexity of these
disorders. Due to the inclusion of several non-coding regions, two deep-intronic variants in
ABCA4 and CEP290 previously known to be pathogenic were also identified. This
accentuates the importance of studying non-coding regions in genetic diagnosis strategies.
This approach has enabled the molecular diagnosis of a significant percentage of patients,
thereby allowing them to make reproductive decisions and be included in clinical trials

based on gene therapy from which they may probably benefit in the future.

Non-coding regions have gained a lot of significance becoming essential in genetic
diagnosis. Particularly, deep-intronic variants in USH2A are being frequently described as
pathogenic. This type of variants has been described to have an impactin splicing that alters

the coding sequence. Thus, the second strategy designed for this thesis was focused on the
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study of non-coding regions in USH genes in unsolved USH and non-syndromic autosomal
recessive RP patients. For this reason and as a first standpoint, a screening of five USH2A
deep-intronic variants previously described as pathogenic was performed in monoallelic
patients. The genetic diagnosis was completed in the 30.95% of screened patients by
identifying the second causing-variant among the five deep-intronic studied. Subsequently,
in patients that remained unsolved and in those newly monoallelic cases, the sequencing
of either the entire USH2A gene or all USH genes was performed. Sixteen variants were
identified and predicted to have an impact in splicing, of which four turned out to actually
affect splicing by minigenes assays. Two of the newly discovered variants were deep-
intronic and a pseudoexon (PE) inclusion in the pre-mRNA was observed after the functional
assay. The other two affected a regulatory cis-element. Afterwards, given their potential to
modulate splicing, antisense oligonucleotides (ASOs) were designed to address the PE
inclusion in three deep-intronic variants in USH2A (two identified in this study and one
previously reported). The insertion of all PE was successfully corrected in vitro for the three
variants. This highlights the critical role that deep-intronic variants play in the pathogenicity
of USH2A-related diseases and demonstrates the therapeutic potential of ASOs for patients

carrying these variants, offering a novel approach for a future treatment.

Inherited retinal dystrophies can also be considered as ciliopathies, a group of disorders
caused by defects in cilia, which are essential structures for cell signalling and the function
of various tissues. For example, mutations in genes like USH2A and CEP290 disrupt ciliary
function, leading to photoreceptor degeneration and vision loss. Particularly, the oro-facial-
digital syndrome (OFD), is characterized by facial clefts, microphthalmia/anophthalmia,
coloboma, and polydactyly, and is caused by mutations in genes involved in cilia formation.
OFD type IX, was recently linked to the gene TBC1D32, which has also been associated with
RP in certain families. Following this premise, the third line of study in this thesis was
motivated by the study of a patient who displayed OFD type IX features, including RP and
moderate bilateral sensorineural hearing loss (SNHL). This drove us to perform a clinical
exome sequencing, which resulted in the identification of two heterozygous variants in
TBC1D32 confirmed to be in trans by segregation analysis. Since this is the first case
diagnosed with SNHL with mutations in TBC1D32, we also performed an analysis of genes

associated with SNHL, but no disease-causing variant was identified. Moreover, a wide
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range of ciliopathies linked to abnormalities in inner ear cilia, often resulting in hearing
impairment, have been reported. Altogether, it could be suggested that SNHL may be an
additional symptom associated with OFD type IX caused by TBC1D32 mutations. These
findings imply a new possibility to broaden the clinical spectrum of TBC1D32-related
disorders, highlighting the value of a combined genetic and clinical analysis in patients with

a complex phenotype.

Collectively, these studies emphasize the importance of exploring both coding and non-
coding regions to enhance the understanding of IRD. They also demonstrate how advanced
genetic tools like HTS can significantly improve diagnosis and open new windows for
personalized treatments, such as the use of ASOs, ultimately offering hope for patients with
ultra rare variants. Furthermore, it is important to highlight the relevance of a proper clinical
anamnesis and a careful review of previously reported cases that display similar clinical
features to cases under study. This could eventually be decisive in unravelling the genetic

diagnosis of a patient and ensuring proper follow-up of the case.
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RESUMEN

Las distrofias hereditarias de retina (DHR) engloban un amplio espectro de trastornos
genéticos caracterizados por la degeneraciéon o disfuncion de los fotorreceptores o las
células del epitelio pigmentario, que conduce a una pérdida progresiva de la visidon. Las DHR
presentan una elevada heterogeneidad genética y clinica, lo que hace que su diagndstico
genético sea un reto. Hasta la fecha, mas de 280 genes se han asociado a las DHR, lo que
dificulta aun mas su diagndstico. Sin embargo, la llegada de la secuenciacién de nueva
generacion o High-throughput Sequencing (HTS) ha supuesto una revolucidon para el
diagndstico genético, permitiendo una identificacién de variantes mds eficiente, ofreciendo
a los pacientes un asesoramiento genético mas preciso y la posibilidad de acceder a ensayos

clinicos basados en terapia génica.

La primera parte de esta tesis se basd en el estudio 92 pacientes con DHR mediante la
secuenciacion de dos paneles personalizados que incluian genes asociadas a estas
patologias. Ambos disefios contenian genes asociados a DHR y regiones intrénicas donde se
habian identificado variantes intrdonicas profundas patogénicas hasta la fecha. Identificamos
la causa genética en el 57,6% de los casos, mientras que el 13% tenia solo una mutacién en
genes que siguen un patron de herencia autosomico recesivo y el 29,3% de los pacientes
permanecieron sin un diagndéstico molecular. Se encontraron un total de 120 variantes
patogénicas o probablemente patogénicas, incluidas 30 variantes noveles. Entre los
pacientes con distrofia de conos y bastones, ABCA4 fue el gen mutado con mayor
frecuencia, mientras que las mutaciones en USH2A fueron las mas comunes entre aquellos
pacientes con Retinosis Pigmentaria (RP). Ademads, 10 familias portaban mutaciones en
multiples genes relacionados con la distrofia de conos y bastones, lo que resalta la
complejidad de estas patologias a nivel genético. Gracias a haber incluido ciertas regiones
no codificantes en el disefio del panel, también se identificaron dos variantes intrénicas
profundas en ABCA4 y CEP290 descritas previamente como patogénicas. Esto subraya la
importancia de estudiar las regiones no codificantes en las estrategias de diagnéstico
genético. Este enfoque ha permitido el diagndstico molecular de un alto porcentaje de
pacientes, permitiéndoles asi tomar decisiones reproductivas y ser incluidos en ensayos
clinicos basados en terapia génica de los que probablemente podran beneficiarse en el

futuro.
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Las regiones no codificantes han adquirido una gran importancia y su estudio ha pasado a
ser esencial para el diagndstico genético. En particular, se ha identificado un numero
importante de variantes intronicas profundas en el gen USH2A que se han clasificado como
patogénicas. Se ha descrito que este tipo de variantes tienen un impacto en el splicing que
altera la secuencia codificante. Por lo tanto, la segunda parte de esta tesis se centrd en el
estudio de las regiones no codificantes de los genes USH en pacientes no resueltos con USH
y con RP autosdmica recesiva no sindrémica.En un primer paso, se realizd un cribado de
cinco variantes intrénicas profundas en USH2A, previamente descritas como patogénicas,
en pacientes monoalélicos para este gen. El diagndstico genético se completé en el 30,95%
de los pacientes seleccionados identificando la segunda variante causante de enfermedad
entre las cinco intrénicas profundas estudiadas. Posteriormente, en los pacientes que
permanecieron sin resolver y en aquellos nuevos casos monoalélicos, se realizé la
secuenciacion completa de USH2A o de todos los genes USH. Se identificaron 16 variantes
en las que se predijo una alteracién en el splicing, de las cuales cuatro mostraron un efecto
al splicing mediante ensayos funcionales con minigenes. Dos de las variantes identificadas
en este estudio eran intrénicas profundas y el ensayo funcional mostré la inclusién de un
pseudoexdén (PE) en el pre-ARNm. Las otras dos alteraban un elemento regulador en cis.
Posteriormente, dado su potencial para modular el splicing, se disefiaron oligonucledtidos
antisentido (ASO) para revertir la inclusidn del PE en tres variantes intrénicas profundas del
gen USH2A (dos identificadas en este estudio y una descrita previamente). La insercion de
todos los PE se corrigid con éxito in vitro en las tres variantes. Estos resultados resaltan el
papel fundamental que tienen las variantes intrénicas profundas en la patogenicidad de
estas enfermedades y demuestra el potencial terapéutico de los ASO para los pacientes

portadores de estas variantes.

Las DHR también pueden ser consideradas como ciliopatias, un grupo de trastornos
causados por defectos en los cilios, que son estructuras esenciales para la sefalizacion
celular y la funcién de varios tejidos. Por ejemplo, las mutaciones en genes como USH2A y
CEP290 alteran la funcidn ciliar, lo que conlleva a la degeneracion de los fotorreceptores y
la pérdida de visidn. En particular, el sindrome oro-facial-digital (OFD) se caracteriza por
hendiduras faciales, microftalmia/anoftalmia, coloboma y polidactilia, y esta causado por

mutaciones en genes involucrados en la formacién de los cilios. El OFD tipo IX se vinculd
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recientemente con el gen TBC1D32, que también se ha asociado a RP en ciertas familias.
Siguiendo esta linea, el tercer articulo de esta tesis ha sido resultado del estudio de un
paciente que presentaba una clinica compatible con OFD tipo IX, incluyendo RP e hipoacusia
neurosensorial bilateral moderada (Sensorineural Hearing Loss, SNHL). Esto nos llevd a
realizar una secuenciacion del exoma clinico en el que se identificaron dos variantes en
heterocigosis en el gen TBC1D32. Posteriormente, el andlisis de segregacion familiar
demostrd que se encontraban en trans. Dado que este es el primer caso diagnosticado con
SNHL con mutaciones en TBC1D32, también realizamos un analisis de genes asociados con
SNHL, pero no identificamos ninguna variante relevante que pudiese explicar la hipoacusia.
Ademds, se ha descrito un amplio niumero de ciliopatias vinculadas a anomalias en los cilios
del oido interno que a menudo resultan en pérdida auditiva. En base a los hallazgos
encontrados en el paciente, se podria sugerir que la SNHL podria ser un sintoma adicional
asociado con OFD tipo IX causado por mutaciones en TBC1D32. Estos resultados implican la
posibilidad de ampliar el espectro clinico de los trastornos relacionados con TBC1D32,
destacando la importancia de realizar un andlisis genético y clinico conjunto en pacientes

con un fenotipo complejo.

En resumen, los resultados obtenidos en la tesis subrayan la importancia de analizar tanto
las regiones codificantes como las no codificantes para mejorar la comprensiéon de DHR.
También demuestran cdmo las herramientas como la HTS pueden mejorar
significativamente el diagndstico y abrir nuevas vias para tratamientos personalizados, tales
como el uso de ASO, abriendo una posible via terapéutica para los pacientes con variantes
ultra raras. Ademas, cabe destacar la importancia de una anamnesis clinica adecuada y una
buena revisidon de los casos previamente publicados que muestran caracteristicas clinicas
similares a nuestros casos de estudio ya que podria ser decisivo para conseguir el

diagndstico genético de un paciente y continuar con un buen seguimiento del caso.

XXi



XXii



RESUM

Les distrofies hereditaries de retina (DHR) engloben un ampli espectre de trastorns geneétics
caracteritzats per la degeneracié o disfuncié dels fotoreceptors o les cél-lules de I'epiteli
pigmentari, que conduix a una pérdua progressiva de la visid. Les DHR presenten una
elevada heterogeneitat geneética i clinica, la qual cosa fa que el seu diagnostic genétic siga
un repte. Fins a la data, més de 280 gens s'han associat a les DHR, la qual cosa dificulta
encara més el seu diagnostic. No obstant aixo, l'arribada de la sequienciacié de nova
generacio o High-throughput Sequencing (HTS) ha suposat una revolucié per al diagnostic
genétic, permetent una identificacié de variants més eficiente, oferint als pacients un
assessorament genetic més precis i la posibilitat d’accedir a assajos clinics de terapies

basades en gens.

La primera la primera part d'aquesta tesi es va basar en l'estudi 92 pacients amb DHR
mitjancant la seqlienciacié de dos panells personalitzats que incloien gens associats a
aquestes patologies. Tots dos dissenys contenien gens associats a DHR i regions introniques
on s'havien identificat variants introniques profundes patogéniques fins a la data.
Identifiquem la causa genética en el 57,6% dels casos, mentres que el 13% tenia només una
mutacidé en gens que seguixen un patrd d'heréncia autosomic recessiu i el 29,3% dels
pacients van romandre sense un diagnostic molecular. Es van trobar un total de 120 variants
patogéniques o probablement patogeniques, incloent 30 variants novelles. Entre els
pacients amb distrofia de cons i bastons, ABCA4 va ser el gen mutat amb major freqiéncia,
mentres que les mutacions en USH2A van ser les més comuns entre aquells pacients amb
Retinosis Pigmentaria (RP). A més, 10 families portaven mutacions en multiples gens
relacionats amb la distrofia de cons i bastons, la qual cosa ressalta la complexitat genética
d’aquestas patologies. Gracies al fet d’haver inclos certes regions no codificants en el
disseny del panell, també es van identificar dos variants introniques profundes en ABCA4 i
CEP290 descrites previament com a patogeniques. Aixo subratlla la importancia d'estudiar
les regions no codificants en les estrategies de diagnostic genetic. Aqueste enfocament ha
permés el diagnostic molecular d'un alt percentatge de pacients, permetent-los aixi prendre
decisions reproductives i ser inclosos en assajos clinics basats en terapia génica dels quals

probablement podran beneficiar-se en el futur.
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Les regions no codificants han adquirit una gran importancia i el seu estudi ha passat a ser
essencial per al diagnostic genetic. En particular, s'ha identificat un nombre important de
variants introniques profundes en el gen USH2A que s'han classificat com a patogeniques.
S'ha descrit que aqueste tipus de variants tenen un impacte en el splicing que altera la
seqliencia codificant. Per tant, la segona part d’aquesta tesi es va centrar en I'estudi de les
regions no codificants dels gens USH en pacients no resolts amb USH i amb RP autosomica
recessiva no sindromica. En un primer pas, es va realitzar un cribratge de cinc variants
introniques profundes en USH2A, préeviament descrites com a patogéniques, en pacients
monoalelics per a aqueste gen. El diagnostic genetic es va completar en el 30,95% dels
pacients seleccionats identificant la segona variant causant de malaltia entre les cinc
introniques profundes estudiades. Posteriorment, en els pacients que van romandre sense
resoldre i en aquells nous casos monoalélics, es va realitzar la seqlienciacid completa
d'USH2A o de tots els gens USH. Es van identificar 16 variants en les quals es va predir una
alteracié en el splicing, de les quals quatre van mostrar un efecte al splicing mitjangant
assajos funcionals amb minigens. Dos de les variants identifiques en aqueste estudi eren
introniques profundes i I'assaig funcional va mostrar la inclusié d'un pseudoexd (PE) en el
pre-ARNm. Les altres dos alteraven un element regulador en cis. Posteriorment, donat el
seu potencial per a modular el splicing, es van dissenyar oligonucleotids antisentit (ASO)
per a revertir la inclusié del PE en tres variants introniques profundes del gen USH2A (dos
identificades en aqueste estudi i una descrita previament). La insercidé de tots els PE es va
corregir amb éxit in vitro en les tres variants. Aquestes resultats ressalten el paper
fonamental que tenen les variants introniques profundes en la patogenicitat d'aquestes
malalties i demostra el potencial terapéutic dels ASO per als pacients portadors d'aquestes

variants.

Les DHR també poden ser considerades com ciliopaties, un grup de trastorns causats per
defectes en els cilis, que sén estructures essencials per a la senyalitzacié cel-lular i la funcié
de diversos teixits. Per exemple, les mutacions en gens com USH2A i CEP290 alteren la
funcio ciliar, la qual cosa porta a la degeneracié dels fotoreceptors i la péerdua de visié. En
particular, la sindrome oro-facial-digital (OFD), es caracteritza per clivelles facials,
microftalmia/anoftalmia, coloboma i polidactilia, i és causada per mutacions en gens

involucrats en la formacio dels cilis. El OFD tipus IX es va vincular recentment amb el gen
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TBC1D32, que també s'ha associat amb RP en unes certes families. Seguint aquesta linia, el
tercer article d’aquesta tesi ha resultat de I'estudi d'un pacient que presentava una clinica
compatible amb OFD tipus IX, incloent RP i hipoacusia neurosensorial bilateral moderada
(Sensorineural Hearing Loss, SNHL). Aixd ens va portar a realitzar una seqilienciacié del
exoma clinic, en el qual es van identificar dos variants en heterocigosi en TBC1D32.
Posteriorment, I'analisi de segregacio familiar va demostrar que es trobaven en trans. Atés
que este és el primer cas diagnosticat amb SNHL amb mutacions en TBC1D32, també
realitzem una analisi de gens associats amb SNHL, perd no identifiquem cap variant
rellevant que poguera explicar la hipoacusia. A més, s'ha descrit un ampli nimero de
ciliopaties vinculades a anomalies en els cilis de I'orella interna que sovint resulten en
perdua auditiva. Sobre la base de les troballes identificades en el pacient, es podria suggerir
que la SNHL podria ser un simptoma addicional associat amb OFD tipus IX causat per
mutacions en TBC1D32. Aquestes resultats impliquen la possibilitat d’ampliar I'espectre
clinic dels trastorns relacionats amb TBC1D32, destacan la importancia de realitzar una

analisi genética i clinica en conjunt en pacients amb un quadre clinic complex.

En resum, els resultats obtinguts en la tesi subratllen la importancia d’analitzar tant les
regions codificants com les no codificants per a millorar la comprensié de DHR. També
demostren com les ferramentes com la HTS poden millorar significativament el diagnostic i
obrir noves vies per a tractaments personalitzats, com ara I'Us de ASO, obrint una possible
via terapeutica per als pacients amb variants ultres rares. A més, cal destacar laimportancia
d'una anamnesi clinica adequada i una bona revisié dels casos previament publicats que
mostren caracteristiques cliniques similars als nostres casos d'estudi, ja que podria ser
decisiu per a aconseguir el diagnostic genetic d'un pacient i continuar amb un bon

seguiment del cas.
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GENERAL INTRODUCTION

1. THE VISUAL SYSTEM

The visual system let us perceive a visual stimulus around us, which will be processed as

nerve signals eventually generating interpretable images in the brain. The eyeball (principal

visual organ) is composed by two different liquids: the aqueous humour, which is

responsible for feeding and getting oxygenated the retinal layers that lack a blood supply;

and the vitreous humour, which is quite dense and works as a structural support (Figure 1).

Additionally, the eye is also formed by the crystalline lens and three concentric overlapping

layers as follows (Figure 1):

Fibrous layer. This is the most outer layer of the eye and it is responsible for
protecting and holding the eyeball. It is formed by two continuous structures called
sclera and cornea (Figure 1). The sclera is a whitish anterior membrane made up by
collagen fibers, while the cornea is a transparent anterior membrane that permits

the light path and protects the iris and lens.

Vascular layer. This layer is also called uvea and it is formed by the choroid in the
posterior pole (Figure 1), which is a membrane with blood vessels and connective
tissue that irrigates the rest of layers. In the anterior pole, the ciliary body is
implicated in the production of aqueous humour and holds the lens (Figure 1). This
layers also contains the iris (Figure 1), which is a coloured and circular membrane

that controls the amount of light entering the eye.

Nervous layer. This is the inner layer and it is known as retina (Figure 1). It is
constituted by photosensitive cells covered by epithelial cells that contain melanin.

Its principal function is to transform the light stimulus into a nerve impulse.
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Figure 1. Human eye structure. Schematic representation of the different layers of the eye.

1.1. The retina

The retina is the innermost layer of the eyeball (Figure 1). As it is the photosensitive
segment of the eye, its function relies on transforming light into neural signals that will be
send to the brain in order to be interpreted. It is localised in the posterior segment of the

eye and two regions can be differentiated:

e The anterior or blind section. This region covers the anterior part of the ciliary body
and iris (Figure 1).

e The posterior or sensitive section. This region harbours the optic spot, where the
optic nerve converges and which is lack of sensitive cells; the macula, which is
yellowish oval area and occupies the centre of the retina; and the fovea, an avascular
hollow in the centre of the macula that is the region with the greatest visual acuity

(Dowling, 1987) (Figure 1).

The human retina shows a complex layered structure, which can be thought of as a
succession of neuronal relays. The first neuron in the visual pathway is the photoreceptor
(cone-rod layer/outer nuclear layer). The photoreceptors capture the light signal and
establish synapses in the outer plexiform layer with the following neuron: the bipolar cell
(inner nuclear layer) that receives the information, sent by the first neuron, and emits its

axon to the inner plexiform layer, establishing contact with the third neuron: the retinal
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ganglion cell (ganglion cell layer). Finally, ganglion cell axons are directed towards the optic
nerve papilla forming the optic nerve fiber layer. In the outer pole, the photoreceptors are
embedded in the retinal pigment epithelium (RPE) which is in charge of transporting
nutrients to the photoreceptors, protecting the retina from the photo-oxidation and the
renewal of the photoreceptors. Two other types of neurons in the retina, the horizontal
cells and the amacrine cells, have their cell bodies in the inner nuclear layer and are
primarily responsible for lateral interactions within the retina. Besides, there are glial cells
(Muller cells, microglia, astrocytes and oligodendrocytes) that play a crucial role in

maintaining the structural and functional stability of the retina (Figure 2A).

1.2. Photoreceptors

The photoreceptors are the neuron cells responsible for turning the luminous energy into
an electric signal through the phototransduction. There are two different types of
photoreceptors, cones and rods (Figure 2B). They can be differentiated by its morphology,
the localization along the retina and their functions. On one hand, rods are the most
abundant and they are localized in the whole surface, excepting the fovea. These cells are
implicated in the peripheric vision, low-luminosity vision (scotopic vision) and black and
white vision. They contain the rhodopsin as visual pigment. On the other hand, cones are
condensed to the macula, being the only photoreceptor found in the fovea. Cones are
responsible for colour perception, visual acuity and high-luminosity vision (photopic vision)
and they contain three types of opsins (Stockman and Sharpe, 2000). The photoreceptor
function is modulated by horizontal cells (Figure 2A). Both cones and rods have a similar

structure organised as shown in Figure 2B:

e The Outer segment (OS) is where the photosensitive pigment is localized and where
the phototransduction occurs. This segment is a specialized primary cilium with
membranous discs that contain photopigment. These discs are continuously
renewed through a process in which old discs are phagocytosed by RPE cells, while
new discs are generated.

e Connecting cilium (CC) is a narrow region between OS and IS that facilitates the
intracellular transport of vesicles and other metabolites. This segment is necessary

for the renewal of the discs in the OS.
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e The inner segment (IS) is differentiated in the ellipsoid and myoid zones. The first
accumulates mitochondria and in the second resides the protein synthesis cell
machinery. This segment also harbours the cellular body, which comprises the
cellular nucleus.

e Synaptic region, terminal area where neurotransmitters are released towards

bipolar and horizontal cells.
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Figure 2. Human retina structure. (A) Transversal section of the retina representing the specific stratification
of the layers. The different cell layers are depicted from ganglion cell layer, the inner layer of the retina, to

the choroid. (B) Representation of the photoreceptor and their different segments.

1.3 Phototransduction and visual cycle

The phototransduction is the process by which the luminous stimulus is absorbed by the
pigments in the photoreceptors, amplified and transformed into a nerve signal that will be
interpreted by the brain. This process relies on the constant production of photosensitive
pigments, which are located in the membranous discs in the OS, place where the signalling
cascade begins. The light absorption produces a chemical modification in the
photopigments that activates a signal cascades which consequence is the closure of cyclic

guanosine monophosphate (cGMP)-dependent cation channels hyperpolarization of the
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membrane, and thus, the release of neurotransmitters in the synaptic regions of

photoreceptors.

The process that regenerates the retinal chromophore is known as retinoid/visual cycle
(Figure 3). The visual cycle in rods is carried out by a canonical pathway, while the cones can
also follow a non-canonical pathway (Kefalov, 2012). It has been speculated that this
distinction could be due to the hight demand of chromophores by cones, so that, they
compete with rods (Mata et al., 2002; Wang et al., 2009; Wang and Kefalov, 2011; Kiser et
al., 2018).
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Figure 3. Canonical visual cycle in rods and cones. The image represents the recycling of the all-cis-retinal
after being activated by light and separated from the opsin. LRAT: Lecithin-retinol acyltransferase; IRBP:

Interstitial retinol binding protein; RPE: Retinal pigment epithelium.

Since visual cycle has been wider studied in rods comparing with cones, canonical visual
cycle pathway is detailed bellow. After the photoreceptor activation by light, the all-trans
retinal is released from the opsin, conjugated with the lecithin-retinol acyltransferase (LRAT)
and is transported from the interior of the disc to the cytoplasm of the photoreceptor by

the ATP-binding cassette transporter retina specific protein (ABCA4; ABCR proteins family).
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Following, all-trans retinal is reduced to all-trans retinol by the enzyme all-trans retinol
dehydrogenase 12 (RDH12) and is transported to the RPE by the interstitial retinol binding
protein (IRBP) where it acquires its initial conformation (11-cis retinal) by the all-cis retinal

dehydrogenase 5 (RDH5) (Den Hollander et al., 2010; Wright et al., 2010).

2. INHERITED RETINAL DYSTROPHIES

Inherited retinal dystrophies (IRDs) are a group of rare disorders characterized by either
dysfunction or death, mainly progressive, of photoreceptor and RPE cells. Subsequently,
this results in loss of vision and, in some cases, legal blindness. IRDs affect around 1.5 million
people worldwide (Heath Jeffery et al., 2021), and they represent the first cause of legal
blindness in the population aged from 16 to 64 (Liew et al., 2014; Hanany et al., 2020; Heath
Jeffery et al., 2021). However, they are individually considered rare diseases since the
incidence is 1 in 3,000-5,000 (Simunovic et al., 2019; Malvasi et al., 2023). IRDs follow many
different modes of inheritance, from autosomal recessive (AR), autosomal dominant (AD),
X-linked (XL) and even mitochondrial inheritance, uniparental isodisomy and digenic
inheritance (Kajiwara et al., 1994; Dryja et al., 1997; Rivolta et al., 2002; Ayuso and Millan,
2010; Parmeggiani et al., 2011; Neveling et al., 2012).

2.1 Heterogeneity and classification of IRDs

IRDs are characterized by a high genetic heterogeneity with 316 genes and 345 /oci
implicated in the pathogenicity of these diseases (RetNet in December 2024;

https://retnet.org/). The genes implicated in IRDs and the corresponding proteins are

responsible for many functions such as phototransduction, cilia formation and trafficking,
morphogenesis of photoreceptors outer segment discs, visual cycle, phagocytosis, among
others (Karali and Banfi, 2015; Farrar et al., 2017; Manley et al., 2023). Furthermore, many
genes have been described as causative for the same phenotype and one single gene may
be responsible for different clinical entities (Méjécase et al., 2019). It has also been
described that IRDs can show a high inter- and intra-familiar variability with variable

symptoms expression and even incomplete penetrance (Farrar et al., 2017).
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IRDs can be classified depending on several criteria, such as the region of the retina that is
initially affected (peripheral/central), the presence of an associated extraocular pathology
(syndromic/non-syndromic), whether photoreceptor degeneration is progressive or not,
among others. Depending on the first photoreceptor type affected at the age of onset, we
can distinguish among cone dystrophies (CD), cone-rod dystrophies (CRD), rod dystrophies
(RCD), macular dystrophies (MD), diseases that primarily affect the choroid and
vitreoretinopathies (Tatour and Ben-Yosef, 2020; Georgiou et al., 2021; Fenner et al., 2022;
Moseley et al., 2024). Likewise, IRDs can be associated with other symptoms as part of the
80 syndromes associated with retinal dystrophy (Tatour and Ben-Yosef, 2020), or manifest

in isolation as occurs in 70-80% of cases.

2.1.1 Cone dystrophies and Cone-Rod dystrophies

The CD are characterized by primary degeneration of cones, which are located to the central
area of the retina and it has an incidence of 1/30,000 individuals (Michaelides, 2004; Hamel,
2007). Nonetheless, in advanced stages of the disease, the death of cones also causes the
damage of rods and eventually its death. When the rod death occurs in early stages we can
define it as CRD, which affects 1 person per 40,000 (Michaelides, 2004; Hamel, 2007). The
severity of the symptoms and the average age when patients end up legally blind varies
between CD to CRD (48 years old for CD and 24 for CRD) (Thiadens et al., 2012). The first
symptoms of cones degeneration are a decrease of visual acuity, followed by photophobia,
central scotoma and the alteration in colours perception. This usually appears within the

first and second decade of life eventually leading to legal blindness (Thiadens et al., 2012).

The cone dystrophies could be either progressive, as it has been described for CD and CRD,
or stationary, such as congenital achromatopsia (Aboshiha et al., 2016; Gill et al., 2019). The
main symptoms of achromatopsia entail reduced visual acuity, photophobia, colour

blindness and infantile nystagmus (Baxter and Borchert, 2024).

Thirty-two genes have been described as causative for CD/CRD, most of them with an AR
pattern of inheritance. Six genes have been mostly associated to CD and 22 generally

involved in CRD, existing an overlap among most of them (Gill et al., 2019).
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2.1.2 Macular Dystrophies

Macular dystrophies (MD) are a heterogeneous group of IRDs that generally cause bilateral
central vision loss in different levels and they are not as much related to nyctalopia as the
rest of IRDs (Chiang and Yu, 2023). In every MD there is a peripheral vision preservation and
a progressive degeneration of the retina and the macular RPE. In some cases,
electrophysiological examination does not show any alteration until later stages of the

disease (Rahman et al., 2020).

Macular diseases can be grouped relying on various pigment deposition patterns within the
macula. The primary affected layer of the retina is the RPE. In several pattern dystrophies

there is an accumulation in the form of lipofuscin.

Based on the pigment pattern distribution there are five main categories (Gass, 1997):

e Adult-onset Foveomacular Vitelliform Dystrophy

e Butterfly-shaped Pigment Dystrophy (BPD)

e Reticular Dystrophy

e Multifocal Pattern Dystrophy Simulating Stargardt's Disease

e Fundus Pulverulentus

One pattern may turn progressively into another in the same patient. Some patients may
have a different a pattern in each eye and some families may demonstrate different

phenotypes despite sharing the same pathogenic mutation.

Stargardt disease (STGD) is the most prevalent MD with an incidence of 1/8000-10000 cases
(Tsang and Sharma, 2018). The STGD displays a high variability in the age of onset and
progression of the symptoms, but it leads to legal blindness or severe damage in all cases
around the fourth and seventh decade of life (Cremers et al., 2020). The course of the
disease starts with visual acuity and central vision decrease in combination with difficulties
in dark adaptation. The STGD is also known under the name of Fundus Flavimaculatus as a
reference to the drusen and flecks as yellowish stains observed in the RPE (Khan and

Cremers, 2020). The macular atrophy occurs in later stages, despite the fact that many
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patients still preserve the fovea and relatively good visual acuity in advanced stages (Khan

and Cremers, 2020).

STGD follows an AR pattern of inheritance and it is caused by biallelic pathogenic variants
in ABCA4. The protein encoded by ABCA4 is localized to the OS of photoreceptors and it is
implicated in the visual cycle. It should be mentioned that there is a certain genotype-
phenotype correlation for variants identified in this gene relying on the resulting amount of
functional protein (Runhart et al., 2018). Despite the fact that the age of onset of the most
severe phenotypes is prior to 10 years of age, there is a wide intervention window for

therapies due to the slow progression of the disease.

2.1.3 Rod Dystrophies

Rod dystrophies (RD) or rod-cone dystrophies (RCD) are characterized by the initial
degeneration of rods, which being mostly in the retinal periphery lead to nyctalopia (night
blindness), followed by the reduction of the peripheric vision (tunnel vision at advanced
stages) (Hamel, 2006). However, as the disease progresses, the cones are subsequently
affected and ultimately cause the loss of central vision. RCD could either be stationary or
progressive. Night blindness is the stationary form of RCD and there are two different types

depending on whether the photoreceptors or the bipolar cells are affected.

Retinitis pigmentosa (RP) is the most frequent progressive RCD with an incidence of 1/4000
worldwide (Bruninx and Lepiéce, 2020; Hanany et al., 2020). It is also described as the most
prevalent IRD causing the 85-90% of all cases (Ayuso and Millan, 2010). The age of onset is
usually within the second decade of life and the progression of the symptoms varies among
patients, even among those whose causative gene is the same (Jespersgaard et al., 2020).
Even so, RP patients used to display nyctalopia and visual field reduction. With the
progression of the disease, pigment accumulations (bone spicules) can be observed in the
eye fundus derived from the cell damage. Arteriolar attenuation and waxy disc pallor are
also present in the clinical phenotype. It is necessary to mention that there is a directly
proportional relationship between the age of onset and the severity and progression of the
symptoms (Hamel, 2006; Hartong et al., 2006), being the symptoms more severe and with

rapid progression in cases with an earlier onset.
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RP follows different modes of inheritance such as AR (70% of all RP cases), AD (25%) and XL
(5%) according to an epidemiologic study carried out in Spain (Perea-Romero et al., 2021).
Around 30% of cases are sporadic (Parmeggiani et al., 2011). In XL cases, an earlier onset of
the disease can also be observed, reaching legal blindness within the third-fourth decade

(Hamel, 2006; Bhardwaj et al., 2022).

To date, 93 genes have been described as causative, which are implicated in the
phototransduction cascade, the visual cycle and the maintenance of the photoreceptors
structure. In Spain, RHO (31.4%) and PRPF31 (16.4%) are the most frequently mutated
genes for AD cases, while USH2A (19.1%) is the most frequently mutated gene in AR RP
cases and RPGR (41.2%) in XL cases (Bernal, 2003; Perea-Romero et al., 2021). Moreover,
more than 80 genes have been described in association with AR RP (including candidate and
causative genes), around 30 for AD RP and 3 for XL cases (RetNet in November 2024;
https://sph.uth.edu/retnet/home.htm) (Bhardwaj et al., 2022). Particularly, 6 genes have

been associated with both AR and AD RP (BEST1, NRL, NR2E3, RHO, RP1 and RPE65)
(Diakatou et al., 2019). Due to the higher number of AR RP cases, USH2A happens to be the
most frequently mutated gene. Interestingly, variant c.2276G>T in USH2A has also been
described as the most common pathogenic variant in the European population (Dreyer et

al., 2000; DuPont et al., 2018; Han et al., 2024).

Leber Congenital Amaurosis (LCA) is the most severe form of progressive RCD as the
degeneration progresses so rapidly that cones death is observed in early stages of the
disease. Within the first six weeks of life nystagmus and reduced vision are displayed and
oscillate until the first and second decade, where the vision starts decreasing (Koenekoop,
2004). Nevertheless, in three quarters of cases the vision is stationary (Koenekoop, 2004).
Furthermore, LCA is also characterised by photophobia and nyctalopia with further
complications such as keratoconus and cataracts (Hanein et al., 2004; Huang et al., 2021).
In the most severe cases of LCA, this leads to blindness in the first decade of life as every
function is compromised from the onset. It has an incidence of 1/30,000 — 1/81,000 and it
comprises a 5% of all the IRDs and a 20% of school age children cases (Koenekoop, 2004;
Koenekoop et al., 2007; Stone et al., 2017; Chen et al., 2021; Huang et al., 2021). The LCA

follows an AR and AD modes of inheritance and at least 28 genes have been described as
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causative for this disease (Kumaran et al.,, 2017) (RetNet in December 2024;

https://sph.uth.edu/retnet/home.htm). These genes are involved in phototransduction,

visual cycle, ciliary transport, photoreceptors differentiation, etc. The frequency of genes in
which mutations are identified in LCA cases varies relying on the population, being CEP290,
GUCY2D, and RPE65 the most frequently mutated in Caucasian population (Sweeney et al.,
2007; Coppieters et al., 2010; Astuti et al., 2016).

Among early-onset cases, “Early Onset Severe Retinal Dystrophy” (EOSRD) and “Severe
Early Childhood-Onset Retinal Dystrophy” (SECORD) were defined as different groups of
diseases (Weleber et al., 2011). In contrast to LCA onset that occurs within the first months
of life, EOSRD and SECORD are described as severe IRDs that usually display after infancy
and before the age of 5 years (Kumaran et al., 2017). However, there is an overlap of the
causative genes between EOSRD and LCA, although some of them are mostly associated
with  LCA (GUCY2D, NMNAT1, CEP290 and AIPL1), while others with EOSRD
(RPE65, LRAT and RDH12) (Kumaran et al., 2017). Particularly, RPE65 is responsible for 4-
16% of EOSRD (Aoun et al., 2021) and a gene therapy has been developed and approved by
both FDA and EMA, which has already been administrated to pediatric patients with great

results in accordance with clinical trials (Deng et al., 2022).

2.1.4 Other retinopathies

There are ocular diseases that involve other structures besides the retina, which can be

classified into those who first affect the choroids and the vitreoretinopathies.

2.1.4.1 Ocular diseases that primarily affect the choroid

Choroideremia is an IRD with an incidence of 1/50,000-100,000 in Europe characterized by
the degeneration of the retina (RPE and photoreceptors) and choroid (Zhang et al., 2015a).
Choroideremia follows a XL recessive mode of inheritance, and it is caused by pathogenic
variants in the CHM gene which encodes the protein REP-1. The lack of RPE-1 in RPE,
photoreceptors or choroid, triggers their degeneration (MacDonald et al., 2009; Zhang et
al., 2015a; Jo et al., 2023). Due to its XL inheritance pattern, differences in the clinic can be
observed between male and female. While male patients usually display reduction of visual

field and nyctalopia with reduced visual acuity in advanced stages, female do not usually
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present severe symptoms except for changes in retinal pigmentation (Jauregui et al., 2019).
Nonetheless, more severe cases have been described in female patients associated with the
skewed inactivation of X chromosome (Bonilha et al., 2008). The age of onset is around the
second decade of life and the disease progresses slowly until the fifth decade when patients

usually go blind.

Gyrate atrophy is also an IRD that affect the choroid and its incidence has been estimated
to be around 1/50,000 (Mantyjarvi and Tuppurainen, 1998). Chorioretinal atrophic patches
can be observed in patients with gyrate atrophy during the first decade with further signs
of visual field constriction, nyctalopia and, sometimes in later stages, a slightly reduction of
visual acuity (Takki and Milton, 1981; Hayasaka et al., 1986; Elnahry et al., 2018). It is an AR
IRD caused by alterations in the OAT gene, whose defects lead to the accumulation of
several substances that result in a toxic environment particularly for the eye (Khan et al.,
1994). Gyrate atrophy is frequently associated with the development of cataracts and cystic

macular edema (Takki and Milton, 1981; Elnahry et al., 2018).

2.1.4.2 Vitreoretinopathies

This group of IRDs is characterized by vitreous anomalies with poor vascularization and
retinal detachment (Nixon et al., 2024). Vitreoretinopathies can be divided into exudatives
or non-exudatives (Nixon et al., 2024). In patients with non-exudative vitreoretinopathies,
the vitreous also present a fibrillar degeneration associated to early onset cataracts and
different entities have been included in this group (Goldmann-Favre; Snowflake
vitreoretinopathy degeneration; AD vitreoretinochoroidopathy; Wagner syndrome; Erosive
vitreoretinopathy) (Ankala et al., 2018; Komro et al., 2022; Ashkenazy et al., 2023; Dass et
al., 2023; Borella et al., 2024).

On the other hand, the familiar exudative vitreoretinopathy is an entity in which non-
vascular areas on the peripheral retina lead to vascularization issues such as fibrosis, retinal
detachment, peripheric exudation, preretinal neovascularization, etc. Nonetheless, the
clinical spectrum can vary from vascularization problems without visual impairment to legal

blindness as a consequence of retinal detachment (Tian et al., 2019; Chen et al., 2020; Tao
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et al., 2021). This group of disorders can follow different modes of inheritances such as AR,

AD or XL, and around 16 genes have been associated with this disease (Wang et al., 2023).

2.2 Syndromic IRDs

Even though IRDs are displayed solely in most of the cases, around 20-30% can be
associated with other clinical symptoms as a part of one of the 80 syndromic forms that
have been described (Ayuso and Millan, 2010; Tatour and Ben-Yosef, 2020), for which at
least 200 genes have been described as causative (Tatour and Ben-Yosef, 2020). The majority
of syndromic IRDs are rare, follow an AR mode of inheritance and can be classified into two
groups: inborn errors of metabolism and ciliopathies (Tatour and Ben-Yosef, 2020). The most
prevalent ciliopathies are the Usher Syndrome (USH), the Bardet-Bield Syndrome (BBS), the
Joubert Syndrome (JBTS), the Senior-Lgken Syndrome (SSL) and the Alstrom Syndrome
(ALMS). Among all, USH, BBS and JBTS can be pointed out as they are characterised by the
highest genetic heterogeneity. In these cases, the proteins encoded by the responsible
genes build protein networks in the retina that explain the similarity in the phenotype

caused by pathogenic variants in different genes (Tatour and Ben-Yosef, 2020).

2.2.1 Usher Syndrome

The Usher Syndrome is a rare AR disorder that associates vision loss due to RP, sensorineural
hearing loss (SNHL) and, in some cases, vestibular dysfunction. It is considered a syndromic
IRD and it has an incidence of 4-17 per 100,000 (Delmaghani and EI-Amraoui, 2022), being
the most prevalent genetic cause of deaf-blindness cases. USH is responsible for more than
50% of inherited deaf-blindness and for 3-6% of cases during childhood (Hope et al., 1997;
Kimberling et al., 2010). It is also characterised by its high clinical and genetic heterogeneity,

which will be explained in detail in sections below.

2.2.1.1 Clinical and genetic classification of USH

The USH can be classified into three clinical subtypes depending on the age of onset and

the severity and progression of the symptoms (Smith et al., 1994):

e USH type 1 (USH1): It is the most severe type accounting for of 25-44% of USH cases

(Bonnet et al., 2016; Jouret et al.,, 2019; Toms et al., 2020b; Fuster-Garcia et al.,
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2021). Patients present with stable and prelocutive SNHL ranging from severe to
profound, vestibular dysfunction and RP of prepuberal onset. Six genes have been
described as causative of USH1 (CDH23, MYO7A, PCDH15, USH1C, USH1G and CIB2),
and each of them, except for USH1G, also cause non-syndromic AR deafness (DFNB)
and, in the case of MYO7A non-syndromic AD deafness (DFNA) (Weil et al., 1997;
Bork et al., 2001; Ahmed et al., 2002, 2003; Ouyang et al., 2002; Mburu et al., 2003;
Riazuddin et al., 2012; Maria Oonk et al., 2015; Giese et al., 2017; Jacoszek et al.,
2017; Wang et al., 2017). Particularly, CIB2 is still controversial as USH1 causative as
it has been proposed that mutations in this gene can cause phenocopies of USH1
(Booth et al., 2018).

USH type 2 (USH2): This subtype is the most prevalent among all USH cases, being
responsible for two-thirds of the USH cases (Bonnet et al., 2016; Jouret et al., 2019;
Toms et al., 2020a; Fuster-Garcia et al., 2021). The SNHL is congenital and stable and
varies from moderate to severe in low frequencies and severe to profound in high
frequencies (Abadie et al., 2012). It had always been considered that USH2 patients
did not exhibit vestibular alterations; however, this assumption has recently been
called into question (Wafa et al., 2021; Amorim et al., 2024). In the USH2 patients
the RP onset occurs during the second decade of life (Aarem et al., 1995; Millan et
al., 2011; Pierrache et al., 2016; Toms et al., 2020a). ADGRV1, USH2A and WHRN are
responsible for USH2. Moreover, USH2A causes non-syndromic RP (nsRP) and WHRN
is causative for DFNB (Mustapha et al., 2002; Tlili et al., 2005; Lenassi et al., 2015).
USH type 3 (USH3): Being the less frequent subtype, USH3 is responsible for 2-4% of

all cases although a higher incidence has been observed in Finnish and Ashkenazi

Jews populations due to a founder effect (Adato et al., 2002; Ben-Yosef and
Friedman, 2003; Ness, 2003; Malm et al., 2011; Millan et al., 2011;

Marouf et al., 2022). It is also the most variable subtype as vestibular function
can be either preserved or altered, the SNHL is progressive with variable onset and
the RP onset also varies around second and third decade of life (Adato et al., 2002;
Ness, 2003; Herrera et al., 2008; Malm et al., 2011; Khan et al., 2017). Only CLRN1
gene has been clearly associated to USH3 and pathogenic variants in this gene also

cause nsRP (Khan et al., 2011).
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e Atypic USH (aUSH): This last subtype is constituted by USH patients whose clinical
symptoms do not agree the standards of any of the three previous subtypes. Even
though the definition of aUSH is not consistent in the bibliography, it can be
characterised by moderate expression levels of SNHL and CRD. Different genes have
been slightly associated with aUSH (HARS, CEP250, CEP78, ARSG, ESPN) (Khateb et
al., 2014b, 2018; Tiwari et al., 2016; Fu et al., 2017; Ahmed et al., 2018; Fuster-Garcia
et al., 2018).

Interestingly, monoallelic pathogenic variants in PDZD7 have been identified in a USH family
and it has been proposed as an USH2A phenotype modifier and even responsible for digenic
inheritance with monoallelic ADGRV1 variants (Ebermann et al., 2010). Nevertheless, these
concepts are quite controversial and there is insufficient evidence that these mechanisms

have a clear role in the pathogenicity of USH.

2.2.1.2 Usher interactome

Usher proteins are organised as a protein network called USH interactome (Figure 4), which
is localised in the inner ear and the retina. This is why altering any of these proteins results
in similar clinical features. It has been proved that the USH interactome is essential for the
auditive function development and for the photoreceptor maintenance (Figure 4) (El-
Amraoui and Petit, 2005, 2014; Kremer et al., 2006; Maerker et al., 2008; Bonnet and El-
Amraoui, 2012; Mathur and Yang, 2015; Géléoc and El-Amraoui, 2020). Specifically, several
studies have described that this interactome is mainly localised to the stereocilia of ciliated
cells and the periciliary area of photoreceptors, but it can also be found in the synaptic

region of photoreceptors.
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Figure 4. Usher interactome and tissues where it is expressed. (A) Usher proteins are colour-organized
depending of the USH subtype. USH1 proteins are depicted in purple, USH2 in green and USH3 represented
by CLRN1 in pink. (B) USH proteins in inner ear hair cells. (C) USH proteins in photoreceptor outer segment
(0S), connecting cilium (CC) and inner segment (IS). The Golgi complex (at the bottom of the photoreceptor
in IS) generates vesicles that are directly directed to the apical IS membrane. The different USH proteins are
detailed in the legend, which is common for (B) and (C) sections Clarin 1 is not represented in the figure as it

expresses in the synapse areas in both cochlea and photoreceptors.

3. GENETIC DIAGNOSIS APPROACH

The genetic diagnosis of IRDs means a challenge especially due to their high genetic
heterogeneity. Moreover, the clinical overlap of IRDs and their association with multiple

syndromic forms, complicate an accurate clinical diagnosis and a patient-tailored follow-up.

18



Introduction

The lack of genetic diagnosis hinders the possibility of anticipating to the first symptoms (in
syndromic cases) and preventing some issues that could be detrimental for certain diseases
(for instance STGD and vitamin A supplementation) (Radu et al., 2008). Giving a proper
genetic diagnosis offers beneficial assistance such as cochlear implants in patients with
SNHL (Rahman et al., 2022) and, even more, future genetic therapies that will be explained
in detail in next sections. Unravelling the genetic cause can confirm or, in some cases, re-
classify the clinical diagnosis, which also guides the familiar study in order to provide
genetic counselling. Eventually, it should be noted that despite significant advancements in
sequencing techniques, 30-40% of IRD patients still lack a genetic diagnosis (Garcia

Bohdrquez et al., 2021; Ganapathi et al., 2022; Nash et al., 2022).

3.1 High throughput sequencing

The development of High-throughput Sequencing (HTS) has improved the genetic diagnosis
of high heterogeneous diseases such as IRDs with efficient results (Britten-Jones et al.,
2023b; Kocaaga et al., 2023). The HTS analysis can be carried out by different strategies
based on sequencing of target regions or genes, the whole exome sequencing (WES) or the

whole genome sequencing (WGS).

3.1.1 Targeted sequencing

Targeting HTS is based on the sequencing of a panel including specific regions of the genome
such as certain genes, coding and non-coding regions, regulatory regions, etc. This
sequencing approach provides the possibility of a previous enrichment step in order to
select and increase the coverage of the regions of interest to perform the targeted analysis.
The regions enrichment can be assessed by hybridization method, by multiplex PCR or even
by single-molecule molecular inversion probes (smMIPs) method. The hybridization method
is based on the use of probes which enable the capture of regions of interest. This
methodology has offered a great advantage overtime, which has been observed in the
increase of the diagnostic ratio in the genetic diagnosis of hearing loss and IRDs (Choi et al.,
2013; Dockery et al., 2017). The smMIPs method is based on single-stranded DNA that
hybridizes to the target region and can be used with DNA polymerase in order to fill the
gaps (Lizardi et al., 2011). The effectiveness of smMIPs approach has also been shown in

cases of a clear clinical diagnosis as it is very useful detecting low frequencies variants (Khan
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et al., 2020b). During the first years of HTS development, targeted sequencing was the most
used technique as it allows the specific analysis of regions of interest, facilitating the
posterior analysis and provides less unexpected findings. It also offers a good solution in
terms of low storage capacity, being a cost and time effective approach. Nevertheless, the
diagnosis percentage obtained by targeted sequencing does not exceed 50-70% (Garcia
Bohdérquez et al., 2021; Ganapathi et al., 2022; Nash et al., 2022). Additionally, targeted
sequencing needs periodic updates of the genes included. Thus, this strategy is being

progressively substituted by techniques such as WES or WGS.

3.1.2 Whole Exome Sequencing

The WES permits the analysis of the coding regions of all genes. Since 85% of pathogenic
variants are located in coding regions, this approach has become the best option to analyse
these regions as well as for the identification of new candidate genes. Nevertheless, the
diagnostic yield for IRD by WES is over 50-80% (Tiwari et al., 2016; Haer-Wigman et al.,
2017; Hussain et al., 2023) depending on the clinical entity studied. This outcome is
comparable with the success obtained with targeted sequencing. Moreover, the
identification of some types of structural variants (SVs) remains a challenge with this
approach and intronic regions or regulatory elements cannot be analysed, except for some
versions of WES which may include specific non-coding regions. On the other side, an
interesting option for the clinical practice is the clinical exome, focusing on sequencing
coding regions of genes associated exclusively with known inherited pathologies. (LaDuca
et al., 2017). It has proven to be a very robust technique and a very cost-effective approach

for genetic diagnosis (Stark et al., 2016; Stellacci et al., 2024).

3.1.3 Whole Genome Sequencing

The WGS approach offers a solution for those cases in which targeted sequencing and WES
have not unravelled the genetic cause of the disease. In this line, WGS preparation does not
require the capture of target regions, resulting in a better and more homogeneous
coverage. Moreover, this approach enables the study of non-coding regions that can have
animpactin the pathogenicity of the disease, combining the benefits of WES with the ability
to identify new genes associated with the disease (Reurink et al., 2023). This is why an

increase in the diagnostic yield of cases previously analysed by WES has been described
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when applied WGS, in which SVs and deep-intronic variants have been identified (Karam et
al., 2023; Liu et al., 2024b; Stellacci et al., 2024; Zeuli et al., 2024). Although the cost of WGS
has traditionally been a significant barrier, it has now become one of the most used
techniques for genetic diagnosis. As its cost continues to decrease, WGS is becoming

competitive enough to be considered the first-line strategy in certain cases.

3.2 Third-Generation Sequencing: new insights for genetic diagnosis

Despite the advance that WES and WGS have meant to genetic diagnosis, short reads-based
HTS strategies face some difficulties. These include the identification of large
rearrangements, sequencing of repetitive regions and short tandem repeats (STRs) and also
the establishment of haplotypes and pseudogenes are dismissed (Mantere et al., 2019). A
great solution that overcomes these limitations is the third-generation sequencing, which
offers the possibility of generating long reads (over 10Kb) (van Dijk et al., 2018; Mantere et
al., 2019). The first technique to be developed was the single molecule real-time (SMRT) by
PacBio (Pacific Biosciences), followed by Nanopore Sequencing by Oxford Nanopore (Eid et
al., 2009; Magi et al., 2017). Both coincide in a PCR-free process that require a minimum
amount of DNA and provide results in a few hours (Eid et al., 2009). In spite of its benefits,
third-generation sequencing has faced some problems such as concentration steps to
sequence a single molecule of DNA by real-time and the complications of the long-read
sequencing itself (Schadt et al., 2010). Initially, although LR was a very useful tool for SVs
identification, it used to generate many errors when detecting SNVs. Nonetheless, LR
approaches has improved significantly, even becoming comparable with SR in the detection

of SNVs (Kono and Arakawa, 2019).

3.3 Variants in non-coding regions
3.3.1. Splicing alterations

Splicing is the process by which introns are removed from newly transcribed RNA or pre-
mMRNA and exons are joined together to form mature mRNA. Eventually, the mRNA sequence
will be translated into protein. Splicing takes place in the nucleus and it is catalysed by a
protein complex called the spliceosome, which is formed by five ribonucleoproteins (U1,

U2, U4-U6) and many other associated proteins (Anna and Monika, 2018).
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Splicing elements can be classified as trans-acting or cis-acting elements (Figure 5). The
spliceosome ribonucleoproteins are trans-acting elements that interact with cis-acting
elements present in the RNA sequence. Within cis elements, which define the exonic and
intronic sequence, we find donor (5’ss) and acceptor (3’ss) splice sites, the branch point site
(BPS), polypyrimidine tract (PPT) and some auxiliary elements such as exonic or intronic
splicing silencers (ESSs/1SSs) and enhancers (ESEs/ISEs) (Glisovic et al., 2008) (Figure 5). In
this line, some of the associated proteins of the splicecosome recognize the ESE/ESS and
ISE/ISS, which boost the correct intron cleavage. Generally, the serine and arginine-rich
proteins (SR) are in charge of recognizing the ESE/ESS promoting the junction with the BPS
(Caceres and Kornblihtt, 2002; Lee and Rio, 2015), while the ISE and ISS recognition happens
by heterogenous nuclear ribonucleoproteins (hnRNP) (Wagner and Garcia-Blanco, 2001)
(Figure 5). The recognition of the different cis-acting elements within the same pre-mRNA
sequence enables splicing to occurs alternatively, a process knowns as the alternative
splicing, which generates different mRNA transcripts (WANG et al.,, 2015). Several
alternative splicing events have been reported, with exon skipping and intron retention

being the most frequent (Black, 2003; Chen and Manley, 2009).

Splicing is essential for the production of correct mRNA, which directly affects protein
synthesis. Indeed, it is estimated that 15-50% of identified variants have a pathogenic effect
in splicing (Wang and Cooper, 2007) (Figure 6). Splicing variants can be classified into
canonical or non-canonical, depending on their position. Canonical variants are those
located at nucleotides 1 and %2 of the splice sites. Variants located outside canonical
positions are referred as non-canonical and can affect the branch point as well other of cis

regulatory elements, such as ESE/ESS and ISE/ISS.

Variants located deep within the intron can cause part of intron to be recognised as coding
sequence, leading to its inclusion in the mRNA as a pseudoexon (PE) or a cryptic exon (Figure
6). These variants typically activate cryptic splice site, create new splice sites or disrupt
existing splicing regulatory elements such as ISE/ISS motifs and branch points. In addition,
over 25% of variants that alter the splicing process, have been described to have an impact
in splicing enhancers and silencers, promoting the recognition of cryptic sites or even

causing exon-skipping when the variant is flanking an exon (Cartegni et al., 2002; Davis et
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al., 2009; Sterne-Weiler et al., 2011). It is estimated that non-canonical events cause 3.5%
of all IRD cases (Soens et al., 2017). In most cases, missplicing results in the creation of a
premature stop/termination codon (PTC) which may lead to the mutant transcript being
targeted for nonsense-mediated decay to (NMD) degradation or, alternatively, the
synthesis of a non-functional protein (Dhir and Buratti, 2010; Popp and Maquat, 2013;

Romano et al., 2013; Fraile-Bethencourt et al., 2019).

Deep-intronic variants causing the inclusion of a PE have been identified and described in
several IRD-associated genes, with USH2A and ABCA4 being the genes in which they have
been most frequently described (Den Hollander et al., 2006; Littink et al., 2010; Vaché et
al., 2012a; Webb et al., 2012; Braun et al., 2013; Zernant et al., 2014; Bauwens et al., 2015;
Liquori et al., 2016; Baux et al., 2017; Khan et al., 2017, 2019b; Fadaie et al., 2019;
Sangermano et al., 2019). Particularly, more than 30 deep-intronic variants have been
identified in ABCA4 (HGMD, accessed on 20th of December), being the gene that
accumulates the highest number of deep-intronic variants identified so far. Thus, the study
of non-coding regions and the analysis of these type of variants has happened to be

essential for the proper genetic approach of IRD cases.
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Figure 5. Scheme of the cis- and trans-acting splicing elements. (A) Cis-regulatory elements sequences
encompass donor (5'ss) and acceptor (3'ss) splice sites, the branch point site (BPS), the polypyrimidine tract
(PPT), as well as splicing silencers and enhancers (ESS; ESE; ISE; ISS). The donor and acceptor sites are
represented by “GU” and “AG”, respectively, as they are highly conserved across evolution. In contrast, the
BPS and PPT exhibit greater sequence variability. Together, these cis-acting sequences are recognized by
trans-acting elements, some of which are part of the spliceosome (here only U1 and U2 are depicted) and
some are splicing activators and repressors (SR and hnRNP). Blue boxes in the extremes represent the exons.
(B) This section depicts the recognition of part of the intron. When a deep-intronic mutation activates a
cryptic splice site (in red the activation of a 3’ss) and there is a close ISE (green horizontal box) a SR protein

can bind to this enhancer and allow this region to be finally recognized as a PE.
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Figure 6. Missplicing caused by variants in canonical and non-canonical splicing positions. (1) Canonical
splicing variants altering a splice site (3’ss or 5’ss) and non-canonical splicing variants affecting either a
branch point site (BPS) or polypyrimidine tract (PPT) result in an exon-skipping. (2) Exon skipping and intron
retention caused by canonical splicing variants altering a splice site in combination with the creation of a
new splicing site within the intron. (3) A deep-intronic variant creates a new splice site or activates a cryptic
splice site and causes a pseudoexon (PE) inclusion. (4) Variants within the coding region creates a new splice
site causing partial exon-skipping. (5) Non-canonical splicing variant within the coding region alters a cis
element, particularly an exonic splicing enhancer (ESE), producing an exon skipping effect. This figure has

been obtained and modified from (Anna and Monika, 2018).

3.3.2. Splicing variants detection and analysis

Given the impact of splicing variants in the pathogenicity of the IRD, predicting their effect
is the first challenge. Different in silico predictors have been developed for this purpose,

such as Human Splicing Finder (HSF, https://www.genomnis.com/access-hsf), SpliceAl and

MaxEnt (https://mobidetails.iurc.montp.inserm.fr/MD/), NNSplice

(https://www.fruitfly.org/seq tools/splice.html), VarSeak (https://varseak.bio/), regSNP-

intron (https://regsnps-intron.ccbb.iupui.edu/), NetGene2 (NetGene2 - 2.42 - Services -
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DTU Health Tech), ESEfinder (ESEfinder 3.0 -- (cshl.edu), , SVM-BPfinder

(http://regulatorygenomics.upf.edu/Software/SVM BP/) and LaBranchoR (available in

https://genome.ucsc.edu/).

Despite the benefits of the study of these variants in silico, the splicing regulation is a
complex process, and predictors do not have enough sensitivity and specificity to provide
unequivocal results. For this reason, the most accurate way of unravel the effect is through
the study of patient RNA. Nevertheless, the expression of many genes involved in IRDs is
tissue-specific and the access to those tissues is complicated. In order to solve this issue,
the use of minigenes to perform in vitro functional assays provides a good alternative, which
use is already widespread (Baralle, 2003; Singh and Cooper, 2006; Rodriguez-Muiioz et al.,
2022).

3.3.3 Variants in UTR 5’ and 3’

Untranslated regions (UTRs) are segments found flanking a gene’s coding sequence. While
they do not code for amino acids, they are still transcribed into pre-mRNA (Hinnebusch et
al., 2016). The 5’ UTR, also known as the leader sequence, is located on the 5’ end of the
gene. It plays a crucial role in ribosome binding and recognizing the start codon in addition
to translation efficiency. The 3’ UTR, also referred to as the trailer sequence, is a significant
regulatory element that influences the speed of protein translation and is located to the 3’

extreme of the gene (Schwerk and Savan, 2015).

Beyond those variants that have a direct impact on the function of a protein, an alteration
in the regulation of the mRNA also has a huge impact in terms of gene expression and
function. Regions 5’ and 3’ UTR are in charge of the proper RNA regulation, stability,
translation and many more processes. Variants in UTR regions have been previously
associated with IRD (Coppieters et al., 2015; de Sousa Dias et al., 2015; Ghanbari et al.,
2017).

For instance, 5° UTR regions contain upstream open reading frames (UORF), ribosome-
specific motifs and stability motifs, and they are involved in many processes such as the
initiation of the translation as well as the post-transcriptional regulation of the mRNA

through uORFs and other regulatory structures (Calvo et al., 2009; Araujo et al., 2012).
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Additionally, they have the ability to form secondary structures that intervene in translation
and, hence, in gene expression (Leppek et al., 2018; Schuster and Hsieh, 2019). The uORFs
are responsible of producing uPeptides and also control the main ORF translation (mORF)
(Renz et al., 2020). uORFs can be initiated from either canonical or non-canonical start
codons (McGillivray et al., 2018), the use of which relies on stress conditions and are related

to several regulatory systems (Andreev et al., 2022).

On the other hand, 3’ UTR regions are also implicated in processing, stabilize, translate and
localization of the mRNA. Moreover, these regions harbour motifs for RNA-binding proteins
(RBP) that, in complexes with other proteins, control all those processes (Mayya and
Duchaine, 2019; Gebauer et al., 2021). Polyadenylation signals (PAS) are also localized to 3’
UTR and have a role in the cleavage and polyadenylation of the mRNA through micro-RNA
and RBPs. Within the 3’ UTR, alternative PAS can be found, whose coordination with

alternative splicing have been recently described (Zhang et al., 2023).

Despite that these regions have not been commonly studied by HTS and the in silico analysis
do not provide fully trustable information, an increase in variants identified in 5" UTR has
been observed. This comprises those variants altering ORFs, most of them affecting their
start codon and so the protein production, and also those that have an impact in gene
regulation (Whiffin et al., 2020; Ruberto et al., 2021; Trizuljak et al., 2024). So far, only some
studies related to IRD have taken these regions into account and only some variants have
been reported as IRD-causing in these regions (Coppieters et al., 2015; Ruberto et al., 2021;
Daich Varela et al., 2023; Dueias Rey et al., 2024). Nonetheless, it is still a challenge to
predict the effect of variants located within these regions by the existing bioinformatic tools

(Zhang et al., 2021).

Yet, the UTR sequences of some genes are not well characterised in order to predict the
impact in the gene expression and their implication in the disease. One of the most
traditionally used techniques to characterize promoter regions or validate the effect of
variants within these regions has been the luciferase assay (Kim et al., 2022; Malka et al.,
2024). It allows cloning the whole promotor region of a transcript of interest, and so the
promotor activity can be valued in vitro by measuring its luminescence. Furthermore,

different approaches have been proposed lately with the aim of finding ORFs and
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determining their function (Kute et al., 2022). These include ribosome footprinting or ribo-
seq (Ingolia et al., 2009), which allow the study of small mMRNA fragments that are protected
by ribosomes. They are further converted to DNA in order to perform deep sequencing for
elucidating not only those regions occupied by ribosomes but the translation efficiency
(Kute et al., 2022). Nonetheless, discovering novel ORFs is often challenging, so that,
approaches based on translation initiation blockers together with ribosome profilins are
used (Kute et al., 2022). Other complementary approaches to ribosome profiling consist of
mass spectrometry strategies in order to detect functional peptides originated from certain
small ORFs, or even a selective ribosome profiling based on selective translation complex
profiling sequencing (sel-TCP-seq) (Bohlen et al., 2020; Wagner et al., 2020; Kute et al.,
2022). Particularly, small ORFs can be shorter than 300 nucleotides and can differ from
ORFs, for instance, in their start codon sequence (Ingolia et al., 2011; Lee et al., 2012).
Although their identification has always been challenging, some developments in

computational analysis through diverse pipelines are also been assessed (Kute et al., 2022).

4. THERAPEUTIC APPROACHES AND CURRENT THERAPIES

The search for a treatment has always been a subject of interest and the great development
of diagnosis strategies for IRD has offered new possibilities to explore even further.
However, due to the high heterogeneity of IRDs, as well as the multiple modes of
inheritance associated with these pathologies, multiple therapeutic strategies are needed
to address the various underlying pathogenic mechanisms. Furthermore, not all of them
are applicable at all stages of the disease, which highlights the importance of developing
personalized approaches. These include pharmacological therapy, gene therapy, cell-based
treatments, and optogenetics approaches, that can provide effective and tailored solutions

for each case (Figure 7).

4.1 Pharmacological therapy

The photoreceptor death triggers some effects such as inflammation, apoptotic signals and
oxidative stress that contribute to this cell death. With the aim of overcoming this situation,
some drug-based treatments are being assessed to act against all these effects and prevent
the progression of the disease (Pinilla et al., 2022). Pharmacological therapies aim to slow

the progression of IRDs and preserve vision by employing neuroprotective, anti-apoptotic,
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antioxidant, and anti-inflammatory methods (Jayakody et al., 2015; Olivares-Gonzalez et al.,
2021). The anti-inflammatory therapies are focused on reducing the cell death and
maintaining the integrity of the retina by inhibiting TNFa and microglia and by the
administration of hormones (Roche et al., 2018; Benlloch-Navarro et al., 2019; Olivares-
Gonzdlez et al., 2021). Other strategies based on inhibiting cell apoptosis and other cell
death mechanism are the focus of “Anti-Cell Death” therapies (Olivares-Gonzalez et al.,
2021). Another approach based on vitamins supplementation, such as nutraceutical
molecules that promote photoreceptor maintenance, and compounds with mixed
mechanisms of action have also shown effectiveness in patients with RP (Olivares-Gonzalez

et al., 2021).

Several clinical trials have been initiated to treat IRD by pharmacological therapy.
Antioxidant, antiapoptotic and anti-inflammatory compounds are being developed for RP,
LCA, USH and STGD. These molecules include N-acetylcysteine, saffron, minocycline,

melatonin, lutein, lutein plus vitamine A, vitamine A and/or E, etc (Pinilla et al., 2022).

Interestingly, some drugs have been studied in order to block PTCs promoting the
translation of the whole protein. This is a genotype-dependent strategy, where the
molecule interacts with the ribosome for ignoring the PTC, which enables the translation of
the complete protein (Goldmann et al., 2011, 2012). As a consequence, a random amino
acid is introduced relying on the stop codon, which means that the amino acid of the
consensus sequence does not have to rigorously be introduced (Dabrowski et al., 2018).
This pharmacogenomics strategy could serve as an effective treatment, though it may
sometimes only alleviate the condition by producing alternative, functionally similar
proteins instead of the wild-type version. This has been tried for variant p.Arg31Ter of
USH1C gene with PTC124 molecule, although all stop codons could be the target for this
treatment (Goldmann et al., 2011, 2012).

4.2 Gene therapy

The genetic therapy is focused on treating genetic disorders either providing a functional
gene copy by gene augmentation strategies, correcting the DNA using different editing tools

or even modulating gene expression. As we will detail later, some of these strategies are
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already yielding very good results, and others under development are highly promising.
However, gene therapy is usually focused on patients with a genetic diagnosis of the disease
and sufficient cell viability. In addition, the eye gathers great immunological conditions and
it is an idoneal environment for the application of genetic tools due to the isolation from
the rest of organs. In this section, gene augmentation, gene editing and the use of ASOs for

splicing modulation will be detailed.

4.1.1 Gene augmentation

Gene augmentation or replacement is based on the introduction of a functional copy of the
gene and it is mostly focused on diseases caused by loss-of-function mutations. This can be
carried out by the use of vectors (viral and non-viral), many of which have been already
evaluated (Sundaram et al., 2012; Ziccardi et al., 2019). Among viral vectors, adeno-
associated viruses (AAVs) have gained prominence in gene therapy due to their safety
profile and capacity for long-term gene expression. Compared to other viral vectors, AAVs
have low immune response, long-term expression, low frequency of host genome
integration, easy manipulation and cell-type specificity (Buch et al., 2008; Hauswirth, 2014;
Battu et al., 2022). Additionally, AAVs can effectively transduce non-dividing cells, such as
retinal and neuronal cells, making them suitable for treating a variety of genetic disorders
(Pham et al., 2024). Likewise, the ability of targeting multiple retina layers is also a benefit
(Vingolo et al., 2024). Despite these advantages, AAVs face several challenges. A key
limitation is their restricted packaging capacity, which is limited to 4.5 kb and obstacles the
supplementation of large genes such as MYO7A, ABCA4 or USH2A, for which dual-vector
therapy is now being assessed (Dyka et al., 2019; Nuzbrokh et al., 2021; Battu et al., 2022;
Shchaslyvyi et al., 2023). Although its low immunogenicity, it should be mentioned that
there is a preexisting human immune response to AAV that could reduce therapeutic
effectiveness and generate concerns about safety (Falese et al., 2017; Ghosh et al., 2020;
Mendell et al., 2022). While the low integration capacity of AAVs is generally an advantage,

it occurs randomly and can either disrupt or limit other gene expression (Ghosh et al., 2020).

In spite of the challenges that AAV present, a treatment for patients with biallelic mutation
in RPE65 has been developed and approved by the FDA and EMA under the name of
LUXTURNA. A recombinant AAV2 vector delivers a functional RPE65 cDNA copy to RPE cells
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that compensates the biallelic mutation. Eventually, this enables the production of the
RPE65 protein and its administration is performed by subretinal injection (Russell et al.,

2017; Shahryari et al., 2019; Shchaslyvyi et al., 2023).

An alternative for AAV could be lentivirus (LV). LV possess a high transgene capacity,
enabling the integration of sequences up to 8 kb, thereby facilitating sustained long-term
expression. However, LVs present certain limitations, including the risk of insertional
mutagenesis, the complexity of their production process, and their relatively large diameter
(Cavalieri et al., 2018; Battu et al., 2022). Furthermore, in spite of the fact that gene delivery
through LV in RPE showed good effectiveness, differentiated photoreceptors may not be

transduced with good results (Bennett, 2017).

In recent years, non-viral vectors are gaining importance as a very good alternative to viral
vectors (Jain and Daigavane, 2024). The use of nanoparticles, liposomes or even naked-DNA
showed good results in animal models (Sundaram et al., 2012; Ziccardi et al., 2019; Sun et
al., 2020). Non-viral vectors offer the advantage of minimizing immune responses in
comparison with AAV, while broadening the spectrum of diseases that can be addressed
through gene therapy. Nonetheless, there are several limitations that need to be overcome,
such as achieving efficient and prolonged gene delivery, as well as adjusting the targeting

and reception by retinal cells. (Battu et al., 2022; Jain and Daigavane, 2024).

The final success of gene therapy in IRD depends on the efficacy of delivery methods.
Subretinal injection turns out to be the principal option for delivering therapeutic vectors
(Irigoyen et al., 2022; Jain and Daigavane, 2024). It offers direct vector delivery to
photoreceptor as the injection occurs in the space between retina and RPE, being very
efficient (Battu et al., 2022). Despite this, this is an invasive approach and some procedural
difficulties can occur, such as a temporary retinal detachment and several vitrectomy
complications (Battu et al., 2022). Moreover, reaching the subretinal space can be
addressed by a suprachoroidal delivery system, which is a more precise approach but
requires a specialized system and can cause suprachoroidal or subretinal haemorrhage
(Battu et al., 2022). Another delivery method is the intravitreal injection, which is an easier
and less invasive technique but also less efficient in reaching the target cells, since several

physical barriers need to be traversed (Battu et al., 2022; Irigoyen et al., 2022). This is of
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main importance as accessing photoreceptors or RPE cells requires a vector size that is able

to cross different retinal layers (Teo et al., 2018; Tavakoli et al., 2020).

4.1.2 Gene editing

Gene editing strategies directly correct mutations in the host genome. This seeks to
overcome gene augmentation therapies limitations, which are focused on the treatment

without DNA modifications of loss-of-function mutations and haploinsufficiency cases.

Zinc finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs)
were the first generation of nucleases employed in gene editing (Gaj et al., 2013; Hirakawa
et al., 2020). These tools rely on protein—DNA interactions to achieve sequence-specific
binding. Nevertheless, their intricate design poses significant challenges for their
development, thereby limiting their broader application in both research and therapeutic
contexts (Pulman et al.,, 2022). Ultimately, the clustered regularly interspaced short
palindromic repeats (CRISPR) system has become the principal gene editing tool asitis more
straightforward to use (Farrar et al., 2012; Athanasiou et al., 2018). This technology is based
on the use of an RNA guide that leads the machinery to a double-strand break in the target
sequence through an endonuclease. Over time, different nucleases have been used for this
purpose. Some of them are CRISPR-associated (Cas) proteins, with Cas9 as the key enzyme

in this group (Fernandez et al., 2017).

After the DNA break, different cell repair mechanisms such as non-homologous end joining
(NHEJ) or homology directed repair (HDR) are activated (Doudna and Charpentier, 2014).
The NHEJ system causes indels because of the non-precise DNA repair and it is mostly used
for gene-knockouts. On the other hand, HDR is a more precise repair mechanism but
requires the presence of a DNA template by which the break can be repaired (Doudna and
Charpentier, 2014). Despite this use, HDR system is restricted to cells in division, which
limits its use in retina and has led the researchers to evaluate other different repair systems
like homology-independent targeted integration (HITI) or microhomology-mediated end
joining (MMEJ) (Sfeir and Symington, 2015; Suzuki et al., 2016; Nishiguchi et al., 2020).
These alternatives have been tested in murine models for correcting mutations in Mertk

and Gnatl genes (Suzuki et al., 2016; Nishiguchi et al., 2020).
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The CRISPR system has been used for editing some IRD genes such as USH2A, RHO and
PDE6B among others, the last two performed in a murine model (Fuster-Garcia et al., 2017;
Hu et al.,, 2023). These achievements have entailed the development of clinical trials
(Hernandez-Juarez et al., 2021). This is case of the clinical trial called EDIT-101 has been
developed to correct the recurrent mutation ¢c.2991+1655A>G in CEP290 responsible for
Leber congenital amaurosis 10 (LCA10) through CRISPR (Pierce et al., 2024). The system
includes the RNA guide and a SaCas9 endonuclease (from Staphylococcus aureus) and is
directly delivered via AAV5 vector by subretinal injection (Fenner et al., 2022). The trial is
in Phase 1/2, focusing on evaluating the safety, tolerability and preliminary efficacy of the
treatment in patients with this IRD (Pierce et al., 2024). Initial results seem to be promising
with some participants experiencing improvement in visual function, though the study is

ongoing to further assess long-term outcomes (Pierce et al., 2024).

4.1.3 Antisense Oligonucleotides

Antisense oligonucleotides (ASOs) are short, synthetic DNA/RNA strands designed to bind
specifically to complementary sequences. By hybridizing with target pre-mRNA, ASOs can
modulate gene expression through various mechanisms, including splicing modulation
(Crooke et al., 2017; Bennett, 2019), which makes them a powerful tool in therapeutic

applications for genetic disorders such as IRD.

ASOs have the capacity to modulate splicing through various mechanisms. They can block
the inclusion of a PE caused by a deep-intronic mutation, which has been already described
for the variant c.2991+1655A>G in CEP290 (Cideciyan et al., 2023). This is possible due to
the inhibition of certain splice sites or regulatory elements, so they prevent the recruitment
of splicing factors (Collin and Garanto, 2017; Xue and Maclaren, 2020). Furthermore, they
are able to induce the inclusion of exons, the lack of which causes a disease, just like occurs
with spinal muscular atrophy (SMA) (Haque and Yokota, 2024). On the other hand, ASOs
can eliminate exons with pathogenic variants, generating mRNA with open reading frame
that codify relatively functional proteins. For instance, exon 13 of USH2A turned out to be
the most frequently mutated region of this gene. Eventually, it has been proven that the
lack of this exon do not completely alter the protein function and a clinical trial is currently

studying this mechanism (Dulla et al., 2021; Girach et al., 2022).
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Nonetheless, ASOs can also treat AD diseases. This is case of AD RP caused by RHO
mutations. Since the variant c.68C>A is one of the most frequent in USA in this gene (Daiger
et al., 2015), an ASO was designed to repress the formation of the mutant allele in order to

retain the expression of the wild-type allele (Biasutto et al., 2019; Woods and Pfeffer, 2020).

This is a safe and cost-effective strategy, together with the advantage of the intravitreal
delivery and the capacity of penetrating the outer layers of the retina (Chi et al., 2017; Xue
and Maclaren, 2020). With the purpose of increasing the cell penetrance capacity of these
molecules and improving their in vitro stability, some developments in nuclease resistance
were assessed. This led to a nonpolyanion backbone modification known as

phosphorodiamidate morpholino oligomers (PMO) (Smith and Zain, 2019).

4.3 Cell therapy

Cell therapy is an approach that involves the use of living cells to repair or replace damaged
tissues and/or cells. Cell replacement therapy focuses on substituting damaged host cells
with healthy donor cells through transplantation of autologous or allogeneic cells (El-Kadiry
et al., 2021). Cell therapy is a mutation-independent strategy and remains effective even
when almost all photoreceptors have died so there is not target for gene therapy (Battu et
al., 2022). Following this, it was demonstrated that RPE cells transplantation has a great
potential to improve visual acuity (Binder et al., 2002; Battu et al., 2022). The development
of general therapies genotype-independent such as cellular therapy is becoming essential,
since 30-40% of patients remain without genetic diagnosis and a single strategy can be

applied in many different cases.

Retinal transplantation can be achieved through two primary methods: by grafting retinal
sheets onto the residual neural tissue or by injecting dissociated cells directly into the target
region. These transplanted cells may originate from various sources, including stem cells,
induced pluripotent stem cell (iPSC)-derived retinal progenitors, photoreceptor precursor
cells, or more advanced structures such as retinal organoids (Gasparini et al., 2019). In
addition to this, patient-derived human iPSC can be modified with CRISPR tools followed by

an autologous transplant that provides higher histocompatibility (El-Kadiry et al., 2021;
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Battu et al., 2022). It has been also described the activation of endogenous stem cells like

Miller Glia (MG) cells as an alternative option (Liu et al., 2024a).

Different delivery methods encompassing subretinal, intravitreal, or suprachoroidal vias are
being contemplated (Battu et al., 2022). There are several approaches under evaluation for
IRD treatment, although some aspects are still understudy. These include the ability of the
transplanted cells to establish new synaptic connections with RPE neurons, for instance, in
retinas deserted of photoreceptors. Additionally, it is still unclear which are the best
differentiation cells stages for transplanting, but clinical trials in phase 1/2 for Age-related
MD and STGD are using either human embryonic stem cells (ESC)/iPSC-derived RPE cells or
human ESC-derived RPE cells, respectively (Schwartz et al., 2012, 2015; Surendran et al.,
2021; Battu et al., 2022).

4.4 Optogenetics approaches

A different area of study focused on vision restoration is optogenetics. This approach
merges genetics with optical technology to control neural cells using light stimulation. As a
result of the photoreceptors death, the cells suffer several morphology changes. Thus, the
remaining cones that have already loss their outer segment tend to stablish ectopic synaptic
connections with rods and bipolar cells forming new clusters and changing their activity
(Peng et al., 2000; Haq et al., 2014). Despite this, the bipolar and ganglion cells in the retina
still survive until late stages of the disease. This is used as an advantage for vision
restoration approach by delivering transgenes encoding a light-sensitive protein
(McClements et al., 2020; Lindner et al., 2022; Parnami and Bhattacharyya, 2023). This
optogenetic strategy has been applied in animal models for RP showing an improvement in

electrophysiology response (Gilhooley et al., 2022; Prosseda et al., 2022).

In the context of patients with RP, several studies have been assessed to convert still-
functioning cells in damaged retinas, such as surviving cone bodies or bipolar cells, into
artificial photoreceptors. This is achieved by introducing opsins, like channelrhodopsin 2
(ChR2), Natromonas pharaonic halorhodopsin (NpHR), melanopsin, or human rhodopsin,
into these cells. There is a current clinical trial in Phase I/Il with RP patients in late stages of

the disease (NCT02556736), which faces some challenges regarding high intensity of light
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that results toxic for the retina. Concerning this, different perspectives have been takin into
consideration. First, the use of opsins can intrinsically increase the sensitivity to light
(Parnami and Bhattacharyya, 2023), although the light response does not suit movement
objects. Another recent focus aimed to target bipolar cells rather than ganglion cells and

some differences has been observed in visual restoration (Gilhooley et al., 2021).

Another option for patients with almost no light perception, consists in stimulating the
inner layers of the retina through artificial photosensors. Two implants have already been
accepted by the FDA (Argus Il by Second Sight Medical Products, Sylmar, California; Alpha
AMS by Retina Implant AG, Alemania) (da Cruz et al., 2016; Stingl et al., 2017).
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Figure 7. Scheme of the different therapy approaches currently being studied for treating IRDs. A) Different
stages of the retinal degeneration are represented. Stage 1: thickness of the retina as the first symptom with
normal layer organization and function; stages 2 and 3: loss of photoreceptors nucleus, shortened IS and OS
and depigmented RPE; stage 4: slimming of retina with severe cell death and loss of laminar architecture of
retina layers. This table has been adapted from (Jacobson and Cideciyan, 2010). B) Different therapies are
depicted within the retina layers. While cell therapy provides new cells, the gene therapy corrects or supplies
the photoreceptors with functional gene copies and optogenetics converts other cells into photosensitive

cells.
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OBIJECTIVES

l. To improve the genetic diagnosis of IRD patients by identifying new molecular
defects and candidate genes that may be causative for these diseases using different

HTS-based genes panels.

Il.  To explore the non-coding regions of USH genes in non-syndromic RP and USH
patients who already carry a pathogenic variant in heterozygous state and to

perform in vitro functional assays to validate the aberrant effect.

Ill.  To correct the aberrant splicing caused by deep-intronic variants identified and
validated in the previous objective, using specific ASOs as a potential genetic

therapeutic approach.
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Abstract

Inherited retinal dystrophies (IRD) are a group of diseases characterized by the loss or
dysfunction of photoreceptors and a high genetic and clinical heterogeneity. Currently, over
270 genes have been associated with IRD which makes genetic diagnosis very difficult. The
recent advent of next generation sequencing has greatly facilitated the diagnosis process,

enabling to provide the patients with accurate genetic counselling in some cases.

We studied 92 patients clinically diagnosed with IRD with two different custom panels. In
total, we resolved 53 patients (57.6%), in 12 patients (13%) we found only one mutation in
a gene with known autosomal recessive pattern of inheritance and 27 patients (29.3%)
remained unsolved. We identified 120 pathogenic or likely pathogenic variants; 30 of them
were novel. Among the cone-rod dystrophy patients, ABCA4 was the most mutated gene,

meanwhile, USH2A was the most prevalent among retinitis pigmentosa patients.

Interestingly, 10 families carried pathogenic variants in more than one IRD gene, and we
identified two deep-intronic variants previously described as pathogenic in ABCA4 and

CEP290.

In conclusion, the IRD study through custom panel sequencing demonstrates its efficacy for
genetic diagnosis, as well as the importance of including deep-intronic regions in their
design. This genetic diagnosis will allow patients to make accurate reproductive decisions,

enrol in gene-based clinical trials and benefit from future gene-based treatments.
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Introduction

Inherited retinal dystrophies (IRD) are a group of diseases characterized by the progressive
death or dysfunction of photoreceptors that leads to vision loss and, in some cases, legal
blindness. IRDs have a prevalence of one case in 3000 individuals (Sahel et al., 2015).
Depending on the photoreceptor initially affected, IRD can be classified into cone, rod-cone
or cone-rod dystrophies in those cases in which both are affected at one time. Moreover,
they can manifest as either isolated (70-80% of the total) or part of one of the 80 syndromes
that have been estimated to be associated with IRD (Ayuso and Millan, 2010; Tatour and
Ben-Yosef, 2020).

This group of diseases has a wide clinical spectrum and number of involved genes, currently
reaching 271 for syndromic and non-syndromic forms (Retnet,

https://sph.uth.edu/retnet/sum-dis.htm#A-genes, December 2020); explaining why IRDs

have such high clinical and genetic heterogeneity. Furthermore, there is high inter and
intrafamily variability, variable expression and incomplete penetrance (Farrar et al., 2017).
IRDs can follow different patterns of inheritance, including autosomal recessive, autosomal
dominant, X-linked, mitochondrial mode and some other less common, such as, uniparental
isodisomy or digenic inheritance (Kajiwara et al., 1994; Dryja et al., 1997; Rivolta et al.,
2002; Ayuso and Millan, 2010; Parmeggiani et al., 2011; Neveling et al., 2012). These issues
together with the fact that 50% are sporadic cases, make it even more complicated to
determine the mode of inheritance, genetic diagnosis and genetic counselling (Perea-

Romero et al., 2021).

With the advent of next generation sequencing (NGS), the ratio of diagnosis has risen to 50-
70%, which was difficult to achieve a few years ago (Carss et al., 2017; Sanchis-Juan et al.,
2018; Rodriguez-Muioz et al., 2020). Some different approaches, such as, custom panel
designs, whole exome sequencing (WES) and whole genome sequencing (WGS), have been
implemented to study the molecular mechanisms of IRD. Currently, these new sequencing
techniqgues are essential to obtain an early and accurate genetic diagnosis, which is
necessary to offer a correct genetic counselling to patients and their families (Salmaninejad

et al., 2019).
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In this study, we analyzed 92 patients, previously diagnosed clinically with IRD, with two

custom panels for the main aim of achieving genetic diagnoses.

Materials and Methods

Cohort Selection

We selected 92 patients, belonging to 90 different Spanish families, with a clinical diagnosis
of non-syndromic IRD, except for one who had clinical suspicion of a syndromic IRD. Patient
DNA was isolated from peripheral blood with the automatic extractor QlAsymphony

(QIAGEN).

Patients underwent complete ophthalmologic examinations, including OCT (Heidelberg
Spectralis OCT Bluepeak, Heidelberg, Germany; Topcon 3D OCT 2000, Tokyo, Japan; CIRRUS
OCT Zeiss, Oberkochen, Germany), ERG (Roland RETI-port/scan21, Brandenburg, Germany),
eye fundus (Visucam NM/FA Zeiss, Oberkochen, Germany), visual acuity measure (BCVA)
and evoked potentials and visual fields (Carl Zeiss Humphrey Field Analyzer, Oberkochen,
Germany). A clinical questionnaire, which collected the main IRD characteristics, and an
informed consent, were completed by each patient. This study was approved by the

Hospital La Fe Ethics Committee, in agreement with the Declaration of Helsinki.

Panel Design and Sequencing

Sixty-three patients were sequenced with a gene panel version (PV1) that included 117
genes involved in non-syndromic IRD, and their flanking intronic regions (+/- 25 base pairs)
(Rodriguez-Mufiioz et al.,, 2020). Moreover, the panel of genes contained five intronic
regions of ABCA4, OFD1, USH2A, CEP290, PRPF31, in which pathogenic variants had been
previously identified (Den Hollander et al., 2006; Littink et al., 2010; Vaché et al., 2012;
Webb et al., 2012; Braun et al., 2013) (Table S1).

The remaining 29 cases were analyzed with an updated version of the custom panel (PV2)
that had 114 genes and all the deep-intronic variants described in the last few years in

ABCA4 and USH2A (Vaché et al., 2012; Braun et al., 2013; Zernant et al., 2014; Bauwens et
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al., 2015, 2019; Liquori et al., 2016; Baux et al., 2017; Fadaie et al., 2019; Khan et al., 2019;
Sangermano et al., 2019) (Table S2).

The patients’ libraries were prepared in accordance with the SureSelect QXT protocol
(Agilent Technologies) and sequenced on a MiSeq platform (Illumina, San Diego, CA) in 300

cycles with 2x150 base pairs reads.

Data Analysis

The reads alignment against the reference hgl19 genome, variant calling and annotation of
all the identified variants were carried out with the Alissa resource (Agilent Technologies).
The obtained variants were filtered based on a MAF (minor allele frequency) < 0.01

according to the ExAC (http://exac.broadinstitute.org/) and gnomAD

(https://gnomad.broadinstitute.org/) databases. In order to evaluate the pathogenicity of

the detected variants, we also evaluated specific databases such as ClinVar

(https://www.ncbi.nlm.nih.gov/clinvar/), Locus Specific Data Base

(https://grenada.lumc.nl/LSDB list/Isdbs) and HGMD professional (https://portal.biobase-

international.com/cgi-bin/portal/login.cgi). To evaluate the potential effect of novel

missense variants we used the in silico predictors included in Varsome

(https://varsome.com/). The putative effect on the splicing process was performed with HSF

(Human SplicingFinder; http://www.umd.be/HSF), NNSplice
(https://www.fruitfly.org/seq tools/splice.html), and SpliceAl
(https://mobidetails.iurc.montp.inserm.fr/MD/). Finally, IGV view finder

(http://software.broadinstitute.org/software/igv/) allowed the examination of all detected

variants in every read.

Novel variants identified in this study were classified according to standards of the American

College of Medical Genetics and Genomics (ACMG) (Richards et al., 2015).
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Copy Number Variation Analysis

A copy number variations (CNV) analysis was performed using the DECoN bioinformatic tool

version 1.0.2 (Fowler et al., 2016).

We also study large rearrangements by Multiplex Ligation-dependent Probe Amplification
(MLPA; MRC Holland) in patients harboring one pathogenic variant in USH2A (probemixes
P361 and P362), EYS (probemix P328-A3) and ABCA4 (probemixes P151 and P152). The
multiplex ligation-dependent probe amplification results were analyzed by Coffalyser.Net

software version 140721.1958 (MRC-Holland).

Sanger Sequencing and Segregation Analysis

The candidate variants identified in each patient were validated by Sanger sequencing (Big
Dye Terminator v1.1 or v3.1, Applied Biosystems by Life Technologies). Moreover, the deep-
intronic variants already described as pathogenic in USH2A and ABCA4 (Table S3) (Vaché et
al., 2012; Braun et al., 2013; Zernant et al., 2014; Bauwens et al., 2015, 2019; Liquori et al.,
2016; Baux et al., 2017; Fadaie et al., 2019; Khan et al., 2019; Sangermano et al., 2019),
were studied by Sanger sequencing in patients analyzed with PV1 who carried only one

pathogenic variant in either or both genes.

Segregation analysis was performed when relatives’ DNA was available (Figure S1).

Results

We obtained a mean depth of 190x per patient. In 98.6% of patients, at least 88% of the
bases were covered with a sequencing depth of coverage > 50x, and 95% of bases were

covered with at least 20x. Moreover, we obtained a 70% of on-target reads.

We solved 53 patients belonging to 52 families (53/92, ratio of 57,6%): 17 (of 17 families),
which had disease-causing variants in autosomal dominant genes, 33 (of 32 families) with
autosomal recessive genes, two patients (of two families) who carried a pathogenic variant
in an X-linked gene and one patient who carried two different pathogenic variants in two

different autosomal dominant genes and two additional variants in an autosomal recessive
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gene (RPN-670). We reported five cases with more than two pathogenic variants in the
same autosomal recessive gene, and we also described six patients who carry pathogenic
variants in more than one IRD gene (Table 1). Among the unresolved patients, 13% carried
one pathogenic variant in an autosomal recessive IRD gene, with a higher prevalence of
cases with a heterozygous variant in ABCA4, followed by USH2A and RPGRIP1 (Table 2). In

the 29,3% remaining cases, no pathogenic variant was identified.

We identified a total of 120 pathogenic or likely pathogenic variants (of which 85 were
unique), including: 65 missense, 15 nonsense, 17 frameshift, 16 splice-site variants, two
pathogenic deep-intronic variants, one in-frame deletion, one synonymous and three CNV
(Figure 1). Twenty-nine variants were first described in this study (Tables 1-3). In this line,
we identified a high number of mutated-genes, 9 autosomal dominant genes (highest
prevalence of PRPH2), 19 autosomal recessive genes among which ABCA4 and USH2A stand
out, and finally, one X-linked gene, RPGR (Figure 2). All identified novel variants were
classified as pathogenic or likely pathogenic according to ACMG criteria except for variant
€.2470_2478del (p.Lys824 Glu826del) in PDE6B, which remained as variant of uncertain
significance. This patient harbored another heterozygous pathogenic variant in the same
gene, however, we could not carry out the segregation analysis to confirm it as likely

pathogenic.
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Figure 1. Representation of the total alleles identified in this study classified according to the alteration
type. The X-axis refers to the different types of variants identified in this study, and the Y-axis concerns the
total allele count for each type of variant. Pathogenic variants identified in this study are represented in

green, while those previously described are in orange.

Copy number variants analysis with the bioinformatic tool allowed us to detect two putative
deletions: a deletion in PRPF31, which was properly validated with MLPA (patient RPN-717)
and a homozygous deletion of exon 11 of PROM1 in patient RPN-709. In this last patient,
the exon 11 did not have reads in the alignment and did not amplify by PCR, however, there
was PCR amplification for the flanking exons, thus reinforcing the hypothesis of a

homozygous deletion of the exon.

The individual RPN-728 presented nephropathy and alterations in the brain MRI (mild
hypoplasia of the cerebellar vermis and slightly elongated superior cerebellar peduncles) in
addition to retinal degeneration, suggesting a Joubert syndrome. The panel sequencing
allowed us to identify two pathogenic variants in CEP290, c.4966_4967delGA
(p.Glu1656Asnfs*3) and c.2817G>T(p.Lys939Asn). On the other hand, the panel analysis in
the RPN-708, revealed a pathogenic variant in the OTX2 gene (Table 1). Although this gene
has been implicated in other diseases such as microphthalmia and retinal degeneration with
pituitary dysfunction (OMIM: 610125; 610125), our patient only referred a macular
dystrophy (MD) phenotype.
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Figure 2. Number of solved cases with mutations in the different disease-causing gene. The X-axis refers to
the responsible genes for each solved case, and the Y-axis to the number of solved cases for each disease-
causing gene. Only genes responsible for the disease are represented. For patient RPN-670 (FRPN-265), the

three different possible responsible genes for the IRD are represented.

Because of the inclusion of deep-intronic regions, we solved two cases who carried deep-

intronic pathogenic variants in ABCA4 and CEP290 (RPN-750, RPN-734) (Table 1).

Discussion

A total of 92 patients, previously diagnosed clinically with IRD, were analyzed by two IRD-
custom panels. These gene panels allowed us to find a genetic diagnosis in 53 patients of
52 different families (Table 1), with a diagnosis ratio of 57.6%, which is within the average
of other studies (50-70%) (Ellingford et al., 2016; Di Resta et al., 2018; Wang et al., 2018;

Zenteno et al., 2020; Jespersgaard et al., 2019).

In recent years, several deep-intronic mutations have been described as pathogenic due to
their effect in the splicing process by leading to the introduction of a pseudoexon (PE) in
the coding sequence (Vaché et al., 2012; Braun et al., 2013; Zernant et al., 2014; Bauwens
et al., 2015, 2019; Liquori et al., 2016; Baux et al., 2017; Fadaie et al., 2019; Khan et al.,

2019; Sangermano et al., 2019). The inclusion of these regions in present study allowed us
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to detect two deep intronic variants and therefore solve the molecular diagnosis in two
more families. The variant CEP290: ¢c.2991+1655A>G, detected in patient RPN-750, is one
of the most prevalent in Leber congenital amaurosis (LCA) associated with CEP290 (Den
Hollander et al., 2006; Coppieters et al., 2010). Coppieters et al reported this variant with a
frequency of 49% in CEP290-associated LCA cases. Also, we identified the deep-intronic
variant ¢c.4539+2064C>T in ABCA4. Deep-intronic variants in ABCA4 were reported to be
involved in 2.1-17.9% of STGD cohorts (Braun et al., 2013; Zernant et al., 2014; Bauwens et
al., 2015; Bax et al., 2015; Zaneveld et al., 2015; Schulz et al., 2017); our finding of 7.1% of
cases within STGD patients fits into the observed frequencies. Furthermore, the
development of new therapeutical approaches, such as antisense oligonucleotides (AONs),
entailed a new advantage for deep-intronic variants correction, which highlights the
importance of detecting these changes for future treatments. In this sense, several studies
have proven the therapeutic potential of AONs strategy and a phase I/Il clinical trial for
patients harboring the CEP290 ¢.2991+1655A>G mutation using this type of therapy was
conducted (Burke et al., 2012; Slijkerman et al., 2016; Duijkers et al., 2018; Cideciyan et al.,
2019; Garanto et al., 2019; Sangermano et al., 2019; Xue and Maclaren, 2020).

In our study, ABCA4 and USH2A are the most frequent mutated-genes, similar to other
studies (Bernardis et al., 2016; Ezquerra-Inchausti et al., 2018; Jespersgaard et al., 2019). In
ABCA4, 10% of alleles are reported to be complex (Shroyer et al., 2001; Zhang et al., 2015b),
a value that increased to 25% in our results. Moreover, we reported the variant
€.3386G>T(p.Arg1129Leu) in ABCA4 in the 37.5% of resolved patients with mutations in this
gene (Table 1), which was not surprising because this variant appears to be very frequent
in the Spanish population as we can observe in a study performed by Del Pozo Valero et
al.(Del Pozo-Valero et al., 2020). On the other hand, variants with an allelic frequency higher
than 1% (MAF<0.01) are usually ruled out as the cause of disease in prioritization analyses,
however, in some cases, the frequency of some variants, although >1%, is higher in patients
than in healthy individuals, suggesting they are causal for the disease. Examples of this have
been reported for ABCA4. For instance, the variant ¢.5603A>T (p.Asn1868lle) was presented
in STGD patients four times more frequently than expected (Zernant et al., 2017), and it is

a disease-causing variant in the 5% of patients when it is in trans with a severe allele in
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ABCA4. This variant was initially considered benign, however, recent studies consider it
pathogenic with reduced penetrance (Zernant et al., 2017; Cremers et al., 2018; Runhart et
al., 2018). For autosomal dominant cases, PRPH2 was found to be responsible for 14.8% of
the resolved cases (Table 1), whilst a prevalence of 10.3% in PRPH2 was the highest obtained
thus far (Manes et al., 2015).

Concerning to patients who carry mutations in more than one IRD gene (Table 1), It is
estimated that 2.7 billion individuals worldwide (36%) are carriers of an IRD disease-causing
mutation, whereas 5.5 million are expected to be affected (Hanany et al., 2020). In this
study, we diagnosed patient RPN-670, who was carrier of disease-causing variants in RP1,
PRPH2 and USH2A (Table 1). Despite the fact that any relative displays any symptoms, we
cannot confirm that PRPH2 and RP1 variants are de novo, as DNA from family members was
not available for segregation analysis. Incomplete penetrance can also be suggested, since
it has been described for patients carrying pathogenic variants in PRPH2 and RP1 (Dietrich,
2002; Boon et al., 2008; Thiadens et al., 2012; Coco-Martin et al., 2020). It is important to
remark that the fact of being carrier of pathogenic variants in more than one gene can have
a major impact on the reproductive choices for IRD patients, as well as impact their
eligibility for gene-specific genetic therapies. This finding outstands the significance of

achieving an exhaustive diagnosis.

The OTX2 gene is associated with syndromic diseases, such as microphthalmia and retinal
degeneration with or without pituitary dysfunction (OMIM: 610125; 610125). In this study
we also identified a nonsense variant in the OTX2 gene in a family (FRPN-300) (Table 1) with
an autosomal dominant mode of inheritance but only retinal symptoms. Similarly, two
autosomal dominant families with heterozygous pathogenic variants in OTX2 with only
retinal degeneration patterns were previously reported (Vincent et al., 2014). Eleven
truncating and two missense pathogenic variants have been described in this gene (LOVD
accessed 07 April 2021) and both type of variants have been associated with both syndromic
and non-syndromic cases (Vincent et al., 2014; Slavotinek et al., 2015; Ellingford et al., 2016;
Wang et al., 2016; Bryant et al., 2017; Patel et al., 2018; Sanchez-Navarro et al., 2018). Thus,

a correlation between the type of mutation and the clinical diagnosis cannot be assessed.
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A clear difference of the use of PV1 or PV2 concerning the solved cases (57.1% with the PV1
and 58.6% with PV2) did not exist. Strikingly, the rate of partially solved cases is almost the
half for the PV1 (11.1%) when compared to the PV2 (19.35%). It would be expected that the
number of partially solved cases would be lower with a panel that includes all the deep-
intronic mutations reported to date for ABCA4 and USH2A. In our opinion, this could be due

to the lower sample size analyzed with the PV2.

In general, custom panel designs remain an excellent option for the genetic diagnosis of
IRD. However, due to the rapid increase of the amount of genes involved, some groups
prefer to use alternative approaches, such as WES (Lee et al., 2015; Riera et al., 2017; Zhang
et al., 2018). Both sequencing strategies have pros and cons. A specific panel of genes will
allow the study of known IRD at a high time/effectiveness ratio, regardless of the clinical
diagnosis, which is an advantage in those cases in which the clinical diagnosis is not well
defined or overlaps between different clinical entities. Furthermore, it allows not only the
possibility of including a greater number of probes in repetitive regions such as ORF15 of
RPGR gene, which is highly involved in X-linked IRD cases (Vervoort et al., 2000; Megaw et
al., 2015; Chiang et al., 2018; Charng et al., 2019), but also reported deep-intronic
pathogenic variants (Gonzalez-del Pozo et al., 2018; Di Scipio et al., 2020). On the other
hand, WES make possible to find mutations in novel IRD-related genes without updating the
panel, in low prevalent genes not included for the sake of increasing the depth of coverage
or to identify novel IRD genes. The price reduction for high throughput sequencing has
made the costs between panels and WES quite even, so, it does not make the difference
between panels and WES. Taking this into account, the choice between both depends on
the preferences of the clinician/researcher in terms of comprehensiveness, accuracy, and

time consumption.

Currently, there is not a significant difference between panels and WES concerning the
diagnostic rates, as WES rate did not reach >70% (Lee et al., 2015; Riera et al., 2017; Wang
et al., 2018b; Zhang et al., 2018; Liu et al., 2020). Therefore, further studies including
introns, other non-coding regions and epigenetics are needed to achieve a comprehensive

molecular diagnosis of IRD.
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Abstract

Exploring non-coding regions is increasingly gaining importance in the diagnosis of inherited
retinal dystrophies. Deep-intronic variants causing aberrant splicing have been identified,
prompting the development of antisense oligonucleotides (ASOs) to modulate splicing. We
performed a screening of five previously described USH2A deep-intronic variants among
USH2A monoallelic patients with Usher syndrome (USH) or isolated retinitis pigmentosa.
Sequencing of entire USH2A or USH genes was then conducted in unresolved or newly
monoallelic cases. The splicing impact of identified variants was assessed using minigene
assays, and ASOs were designed to correct splicing. The screening allowed to diagnose the
30.95% of the studied patients. The sequencing of USH genes revealed 16 new variants
predicted to affect splicing, with four confirmed to affect splicing through minigene assays.
Two of them were unreported deep-intronic variants and predicted to include a pseudoexon
in the pre-mRNA, and the other two could alter a regulatory cis-element. ASOs designed for
three USH2A deep-intronic variants successfully redirected splicing in vitro. Our study
demonstrates the improvement in genetic characterization of IRDs when analysing non-
coding regions, highlighting that deep-intronic variants significantly contribute to USH2A
pathogenicity. Furthermore, successful splicing modulation through ASOs highlights their

therapeutic potential for patients carrying deep-intronic variants.
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Introduction

Inherited retinal dystrophies (IRDs) are a group of rare disorders characterized by the
progressive degeneration of the retina due to generally progressive photoreceptor or retinal
pigment epithelium (RPE) cells death. Although IRDs are considered rare diseases, they can
account for 20-25% of the blind working-age population with 2 million people affected
worldwide (Heath Jeffery et al., 2021). IRDs are characterized by a high clinical and genetic
heterogeneity, since pathogenic variants in 289 genes have been described to be causative

(https://web.sph.uth.edu/RetNet/home.htm, Accessed 2" of June 2024), and each clinical

entity can display different levels of progression and severity of the associated clinical
symptoms. Within IRDs, retinitis pigmentosa (RP) is the most frequent IRD with a prevalence
of 1/4000 worldwide (Verbakel et al., 2018), and is caused by the initial degeneration of

rods, followed by cone dysfunction and degeneration in advanced stages of the disease.

Besides being manifested as non-syndromic disorders, IRDs can also present as syndromic
conditions, in which besides visual impairment also other clinical symptoms become
apparent. Pathogenic variants in more than 200 different genes have been identified to be
associated with syndromic forms of IRD (Tatour and Ben-Yosef, 2020). Particularly, RP can
be associated with sensorineural hearing loss and balance impairments, known as Usher
Syndrome (USH). This syndrome explains more than 50% of hereditary deaf-blindness cases
with a prevalence ranging from 4 to 17 individuals per 100,000 (Espinds et al., 1998;
Kimberling et al., 2010; Castiglione and Moéller, 2022). Typically, Usher syndrome is classified
into three types depending on the progression and severity of the symptoms and the age
of onset. So far, pathogenic variants in 10 genes are known to underly USH (USH1C, MYO7A,
PCDH15, CDH23, USH1G, CIB2, USH2A, ADGRV1, WHRN and CLRN1), although CIB2 has
been questioned as an USH associated gene (Booth et al.,, 2018). Recently, a new USH
clinical type, named USH4, has been defined and it is related to mutations in the ARSG gene
(Khateb et al., 2018; Abad-Morales et al., 2020; Fowler et al., 2021; Peter et al., 2021, 2022;
Velde et al., 2022). Additionally, other genes have been reported in association deafness-
blindness syndromes similar to USH (CEP78, CEP250), as USH2A-phenotype modifier
(PDZD7) or result in a typical form of digenic inheritance with ADGRV1 variants. (Ebermann
et al., 2010; Khateb et al., 2014a; Tiwari et al., 2016; Fu et al., 2017). Among all the USH

genes, pathogenic variants in USH2A are the most prevalent explaining 80-90% of USH2
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cases (Whatley et al., 2020; Gao et al., 2021; Perea-Romero et al., 2021; Karali et al., 2022)
and also the major cause of non-syndromic RP cases (nsRP; RP39) (Toualbi et al., 2020;

Perea-Romero et al., 2021).

Traditionally, the study of coding regions through a panel of genes or whole exome
sequencing (WES) has provided a diagnosis percentage of around 60% for IRD cases (Shen
et al., 2022; Britten-Jones et al.,, 2023a). Therefore, to achieve the complete
characterization for those cases apparently monoallelic for pathogenic variants in recessive
genes or not solved is a current goal in genetic diagnosis. In recent years, the analysis of
non-coding regions of the genome has allowed to widen the range of variant types with a
pathogenic effect that can be identified, thus emphasizing the importance of considering

these regions for patients’ diagnosis (de Bruijn et al., 2020, 2021; Reurink et al., 2023).

In this line, it is well-known that deep-intronic variants are disease-causing in IRDs (Den
Hollander et al., 2006; Frio et al., 2009; Littink et al., 2010; Webb et al., 2012; Braun et al.,
2013). These variants promote the inclusion of a pseudoexon (PE) in the mRNA that lead to
a truncated protein (Vaché et al., 2012; Liquori et al., 2016; Baux et al., 2017; Khan et al.,
2017; Fadaie et al., 2021b; Mansard et al., 2021; Reurink et al., 2023). Remarkably, the deep-
intronic variant ¢.7595-2144A>G in USH2A has been reported to be recurrent as it may
derive from a common ancestor, similar to the two most common variants in this gene,

€.2276G>T and c.2299delG (Vaché et al., 2012; Baux et al., 2014; Slijkerman et al., 2018a).

Since many deep-intronic variants have been described as being pathogenic, antisense
oligonucleotides (ASOs) have been introduced as promising future therapeutic molecules
to correct aberrant pre-mRNA splicing (Slijkerman et al., 2018a; Reurink et al., 2023). In
addition, ASOs have been designed to induce the targeted in frame skipping of
(combinations of) frequently mutated exons (Dulla et al., 2021; Schellens et al., 2022). The
first ASO, QR-421a/ultevursen, designed to induce the skipping of USH2A exon 13, has

already reached the clinical phase with promising outcomes.

In the present study, we performed a targeted screening of previously published deep-
intronic USH2A variants in 42 clinically defined USH/nsRP patients, who were carriers of a

single pathogenic variant in the USH2A gene. Afterwards, we studied the whole genomic
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sequence of USH2A and/or all USH genes through a custom panel in monoallelic USH
patients. Eventually, ASOs were designed to correct aberrant splicing caused by three
identified deep-intronic variants that were shown to result in the inclusion of a pseudoexon.
Assessment of the splicing redirection potential of the individual ASOs supported their

therapeutic potential.

Results

Screening of five reported deep-intronic variants by Sanger sequencing in 41 patients
harbouring a monoallelic USH2A variant completed the genetic diagnosis of 13 patients
(30.95%) (table 1). Variant ¢.7595-2144A>G was identified in eight individuals (RP-1741
carried the c.9959-4159A>G and ¢.7595-2144A>G variants in heterozygosity). Variant
€.14134-3169A>G was identified to be present in three patients and the variant c.9959-

4159A>G was identified in two additional individuals.

Table 1. Reported USH2A deep-intronic variants detected by Sanger sequencing in the cohort.

Patient Family Dx Gene Allele 1 Sanger screening  Reference
. (Dreyer et al., 2000)
RP-331 - ARRP USH2A €.2276G>T, €.7595-2144A>G
p.(Cys759Phe) (Vaché et al., 2012)
c.11146C>T; .
RP-654 FRP-30 USH USH2A p.(GIn3716%) €.7595-2144A>G (Vaché et al., 2012)
. (Dreyer et al., 2000)
RP-1647 FRP-417 ARRP USH2A €.2276G>T, €.7595-2144A>G
p-(Cys759Phe) (Vaché et al., 2012)
. (Eudy et al., 1998)
RP-1569 FRP-380 USH USH2A ¢.2295del; % €.7595-2144A>G
p.(Glu767Serfs*21) (Vaché et al., 2012)
RP-1595 ¢.10636G>A; €.7595-2144A>G  (Vaché et al., 2012)
p.(Gly3546Arg)
FRP-389 USH USH2A 10636G>A
c. ; . .
RP-1596 0.(Gly3546Arg) €.7595-2144A>G (Garcia-Garcia et al., 2011)
. (Vaché et al., 2012)
RP-1776 FRP-484 ARRP+ USH2A €.2276G>T, €.7595-2144A>G
SNHL p.(Cys759Phe) (Garcia-Garcia et al., 2011)
. (Aller et al., 2006)
RP-2055 FRP-619  USH UsHza ~ ©B335.8438del; - Sooq 5144n5G
p.(Thr2812Metfs*17) (Vaché et al., 2012)
R . (Vaché et al., 2012)
RP-1741# FRP-460 USH USH2A ¢.7595 2144A>('1' €.9959-4159A>G
p.(Lys2532Thrfs*56) (Liquori et al., 2016)
. (Bernal et al., 2005)
RP-1485 FRP-344 USH USH2A c.1214del; N €.9959-4159A>G
p.(Asnd05llefs*3) (Liquori et al., 2016)
. (Eudy et al., 1998)
RP-1472  FRP-341  USH Ustza ~ ©2299del c.14134-3169A>G
p.(G|u767Serfs 21) (Baux et a|., 2017)
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c.2299del: (Eudy et al., 1998)
RP-1494 FRP-348 USH USH2A ’ g " c.14134-3169A>G
p.(Glu767Serfs*21) (Baux et al., 2017)
. (Najera et al., 2002)
RP-2224 FRP-722 USH USH2A C'2431_2432de*|' c.14134-3169A>G
p.(Lys811Aspfs*11) (Baux et al., 2017)

RP/RPN: Patient number; FRP/FRPN: Family number; Dx: Diagnosis; ARRP: Autosomal Recessive Retinitis Pigmentosa;
USH: Usher Syndrome; SNHL: Sensorineural hearing loss; The “#” symbol refers to the NGS positive control.

Then, 27 patients with a monoallelic (likely) pathogenic variant in a USH gene were selected
for targeted genome sequencing of all reported USH genes through a first custom panel (P1)
containing the entire sequence of 13 USH genes and 2000 flanking bases of their UTR
sequences (Table S1). Subsequently, a second custom panel (P2) that included all the
genomic sequence of USH2A gene was sequenced in six monoallelic USH2A patients (Table
S1). The 97% of the bases were sequenced with a depth coverage of 220x in both panel
designs. Around 8000 variants per patient were identified by P1 and 2500 by P2. The
sequencing of P1 allowed us to solve 3 cases and the genetic diagnosis was completed in a

fourth case by the analysis of P2.

As a validation of the pipeline and filters applied for the analysis, and described in materials
and methods section, the two previously detected deep-intronic variants ¢.9959-4159A>G

and ¢.7595-2144A>G present in the RP-1741 case were correctly identified.

From the 32 monoallelic analysed cases, we selected a total of 16 variants with pathogenic
scores according to splicing prediction tools and the cut-offs defined in materials and
methods: 12 in USH2A, one in CDH23, one in ADGRV1 and two in USH1C (table 2). Out of
the 16 novel variants predicted to affect splicing, 11 deep-intronic variants, two intronic
variants in close vicinity of an exon and four exonic variants were identified (table 2). The
effect of the selected variants on splicing was studied using minigene splice assays and
aberrant splicing was observed in four out of 16 variants (table 2): two deep-intronic
variants in USH2A (c.8681+3960A>G and c.9958+3438A>G), one intronic variant upstream
of USH2A exon 26 (c.5168-26A>C), and one variant in USH2A exon 19 (c.4106C>T) (Figure
1). Among the 16 variants analysed using minigene splice assays, variant c.1234G>A in the
USH1C gene of patient RP-1222 was classified as variant of unknown significance when it
was identified in previous studies. Nonetheless, as a potential splicing effect was predicted

by Splice Al (score: 0.31) in this study, we decided to select it for functional assay. However,
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the minigene analysis for this variant did not show any aberrant effect in splicing. All

products shown in Figure 1 were confirmed by Sanger sequencing.

Concerning the Copy Number Variation (CNV) analysis, four rearrangements were identified
(table 3) and two of them were validated using a second technique: one 6.2kb duplication
in USH2A in patient RP-2159 by MLPA and one 2.5kb duplication in CDH23 in patient RP-681
by CytoScan HD array. The 2.4kb deletion in ADGRV1 and the 5kb deletion in MYO7A in
patients RP-1496 and RP-2213, respectively, turned out to be false positive as results from

gPCR showed no alteration in the copy number.

In summary, after these combined studies, a total of 19 index cases were completely
characterized, 18 of them having a previous pathogenic variant identified in USH2A and one

in CDH23.
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Figure 1. Analyses of potential splicing modulating variants in USH2A using minigene splice assays. SD6 and
SA2 are the constitutive exons of pSPL3 plasmid and in blue boxes exons (ex) and pseudoex-ons (PEs) are
depicted. The first three variants present a(n) (partial) exon-skipping effect, while the last two have included
a PE in their sequence. Boxes in grey represents regions that have not been included in the sequence as an

alternative splicing has occurred.

Table 3. Copy-number variants identified.

Patient Family Gene Transcript Genomic region Location Type \I\I:;itt:lac)c.::ion
RP-1496 FRP-350 ADGRV1 NM_032119 89909918-89912318 intl-int2 DEL qPCR
RP-2213 FRP-719 MYO7A NM_000260 76862211-76867161 int4-int5 DEL gPCR
RP-681 FRP-49 CDH23 NM_052836 73335893-73360492 int8-int9 DUP  Array HD

RP-2159 FRP-675 USH2A NM_206933 215796232-216596790 int37-int43 DUP  MLPA
“int”: intron DEL: deletion; DUP: duplication

USH2A: c.4106C>T

This study allowed us to re-evaluate the pathogenic effect for the variant c.4106C>T,
identified in patient RP-1950 monoallelic for the c.2299del (p.Glu767Serfs*21) variant. A
score of 0.31 from SpliceAl predicted a splice acceptor loss, supported also by SPiP with a
risk of 54% of altering an exonic splicing regulatory element (rank from 45.68% to 62.16%).
Assessment of this variant in a minigene splice assay showed that this variant resulted in
the (partial) skipping of exon 19 (Figure 1A). In Figure 1A, fragment 1 corresponds to the
wildtype situation whereas fragment 2 represents a partial skipping of exon 19 as the first
27 nucleotides are missing since alternative splice acceptor/donor site was used. This event

is in frame and no premature stop codon was predicted. Fragment 3 shows the complete
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skipping of exon 19, where only constitutive plasmid exons are included in the cDNA. This
event is predicted to create a stop codon 17 nucleotides downstream the variant and could
generate a truncating protein. However, premature termination codons (PTCs) in USH genes
are more likely to cause loss of transcripts due to nonsense mediated decay (NMD).
Fragment 1 correspond to approximately the 32.8% of total transcript count, while
fragments 2 and 3 account for the 67.2%. Segregation analysis demonstrated that variant
c.4106C>T was in trans with mutation ¢.2299del, thus it co-segregates with the disease

(Figure S1).

USH2A: c.5168-26A>C

Variant ¢.5168-26A>C, which flanks exon 26 of USH2A, was identified in patient RP-2034.
This patient presented a clinical USH2 diagnosis and was monoallelic for the USH2A
c.2299del (p.Glu767Serfs*21) variant. The prediction score from SpliceAl suggested a splice
acceptor loss (0.55), while SpiP showed a potential branch point alteration with a score of
43.04 % (35.2% - 51.14%) (table 2). In order to test the effect on splicing, a minigene
construct was designed. The cDNA analysis showed a pathogenic effect for the mutant
construct as a complete exon 26 skipping effect is observed (Figure 1B). In the wild-type
construct, we observe three different bands, with bands 1 and 2 exclusively present in the
wild-type context. Fragment 1 corresponds to the recognition of exon 26 and fragment 2
results from the lack of recognition of the first 43 bp of a pSPL3 constitutive exon (Figure
1B). Eventually, fragment 3 corresponds to the coding sequence from the pSPL3 constitutive
exons, which means that the exon 26 of USH2A is not recognized. The in silico analysis
predicted a premature stop codon to be created 92 nucleotides downstream exon 26
resulting in a truncating protein. This exon skipping event is present in both the wild-type
and mutant constructs, but the exon skipping band accounts for 100% of the total transcript
in the mutant minigene, compared to 34.6% for the wild-type minigene. Segregation
analysis confirmed that this variant is present in trans with the ¢.2299del and co-segregates

with the disease (Figure S1).
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USH2A: c.9958+3438A>G (PE50)

The variant c.9958+3438A>G was identified in patient RP-1815, who was diagnosed of USH2
and monoallelic for the c.908G>A (p.Arg303His) variant in the USH2A gene. The splicing
predictors' scores supported the variant pathogenicity as a result of an acceptor site gain
(“tgcAGtga”). Alternative downstream donor sites were evaluated with NNSplice and
SpliceAl 500, so we could identify a potential candidate donor site “caagGTaatg” (NNSplice:
0.98; SpliceAl 500: 0.85), which would lead to the inclusion of a PE of 144bp. A fragment of
734bp including the potential PE with ~250 nucleotides of flanking up- and downstream
intronic sequences was cloned into the pSPL3 plasmid. cDNA analysis after expression study
showed a clear splicing effect where the predicted 144bp pseudoexon was introduced in all
of the detected transcripts, in the absence of any additional fragments (Figure 1C).
Segregation analysis confirmed that both variants (c.9958+3438A>G and c.908G>A) are
located on different alleles (Figure S1), thus supporting their pathogenicity as it co-

segregates with the disease.

USH2A: c.8681+3960A>G (PE43)

Deep-intronic variant c.8681+3960A>G was identified in patient RP-1036, who was clinically
diagnosed with USH. RP-1036 harboured variant c.2809+1G>A in heterozygosity in USH2A.
All splicing analysis tools revealed pathogenic scores (NNSplice: 0.99; MaxEnt: 802.75%
variation; SpliceAl: 0.98; VarSeak: 5), and all of them concurred with an acceptor site gain
effect. Additionally, NNSplice and SpliceAl 500 tools were used to search for alternative
donor sites that could promote the inclusion of a PE in the cDNA. Both predictors revealed
the alternative donor site “gaggGTaaga” (NNSplice: 1.00; SpliceAl 500: 0.82), which was 111
nucleotides away from the new acceptor site. Considering this region as a possible PE, a
minigene was designed including 738 bp of USH2A intron 43. Results from minigene assay
revealed a full splicing effect in the mutant construct with the insertion of 112 intronic bp
in the coding sequence (Figure 1D). The inclusion of this PE would promote the creation of
a premature stop codon in the mRNA. DNA from relatives was not available for segregation
analysis, so it remains unclear if the c.8681+3960A>G variant resides on the same allele as

the previously identified canonical splice site variant c.2809+1G>A.
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ASOs splicing redirection assay

The PE inclusion caused by the two deep-intronic variants identified in this study
(c.9958+3438A>G and c.8681+3960A>G), and the previously described variant in intron 64
(c.14134-3169A>G), drove us to design ASOs with the aim of redirecting aberrant splicing
thereby preventing the PE inclusion in the coding sequence. Two ASOs were designed
targeting the different PE regions, except for PE43 in which only one matched all
requirements to be design, and their efficacity was evaluated using minigene splice assays
(table S2). The 2 nucleotides mismatch ASO (mmASQ) used as control indicate the specificity

of the ASOs as it is not able to redirect splicing.

Related to PE64, at a dose of 20 nM, ASO1-PE64 redirected the aberrant splicing, and it can
also be observed how from 10 to 20 nM the fragments intensities show that the minimum
efficient dose is 20 nM (Figure 2a). For ASO2-PE64, 5 nM is still effective for splicing
redirecting (Figure 2a). Concerning PE50, caused by c.9958+3438A>G, ASO1-PE50 was
capable of redirecting the splicing at a dose of 100 nM (Figure 2b), while a combination of
ASO1-PE50 and ASO7-PE50 was efficient enough at 20 nM (10 nM of each ASO), showing a
synergic effect (Figure 2b). Results in PE43, due to ¢.8681+3960A>G variant, ASO1-PE43
showed great redirection of the splicing process with a minimum efficient dose of 50 nM
(Figure 2c). The results obtained from the two mismatch ASO used as a control (mmASO),

showed a full specificity of all designed ASOs for each PE (Figure 2).
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Figure 2. ASO-induced redirection of aberrant splicing caused by deep-intronic variants. Each section
represents WT (green) and MUT (red) fragments and the different treatment dose. The lower panels in every
section are the GAPDH loading control in each experiment. For pseudoexon 64 (A), two different ASO were
tested separately. For PE50 (B), ASO7-PE50 was tested together with ASO1-PE50 due to the lower efficiency
it showed individually and the concentrations shown for ASO(1+7)-PE50 refer to the final concentration of
both ASO. For PE43 (C), only ASO1-PE43 was tested as the sequence did not agree with all the requirements.
Differences between wildtype and mutant fragments of PE50 and PE43 constructs in Figure 1 compared to
Figure 2 can be observed due to the use of different cloning splice vector for each experiment WT: Wild type;

MUT: Mutant; UT: Untreated; C-: Negative control.

Discussion

The diagnosis of both IRD and USH patients has commonly been accomplished by targeted
NGS through custom panels and whole exome sequencing (WES). Nevertheless, these
approaches are focused on the coding sequence, which means that the role of regulatory
and deep-intronic regions in the pathogenicity of these diseases is overlooked. Lately, more
studies progressively emphasize the importance of non-coding regions when searching for
pathogenic variants (Chen et al., 2014; Coppieters et al., 2015; de Sousa Dias et al., 2015;
Radziwon et al., 2017; Varela et al., 2022; Reurink et al., 2023; Yang et al., 2023). This has
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already resulted in the identification of several deep-intronic variants in USH2A and CLRN1
that result in the inclusion of a pseudoexon (PE) in the mRNA (Vaché et al., 2012; Liquori

et al.,, 2016; Baux et al., 2017; Khan et al., 2017; Reurink et al., 2023).

After the study of our USH patients by either custom gene panels or WES, 10-20% of
analysed individuals appeared to be monoallelic for a pathogenic variant in one of the USH
genes, in the absence of a second pathogenic variant (Aparisi et al., 2014; Garcia-garcia et
al., 2014; Fuster-Garcia et al., 2018, 2019; Rodriguez-Mufioz et al., 2020; Garcia Bohérquez
et al., 2021). Motivated by this, we designed a custom panel including the whole genomic
sequence of the USH genes in order to identify the second causative variant in non-coding

regions and so unravelling the genetic diagnosis in these cases.

It is remarkable how just the analysis of five deep-intronic previously reported variants in
patients with monoallelic variants in the USH2A gene, allowed us to complete the diagnosis
in over 30% of the patients studied (table 1). As expected, since it is one of the most
frequent pathogenic USH2A variants found in the Mediterranean region, the intronic variant
€.7595-2144A>G was also common in our cohort (Steele-Stallard et al., 2013; Baux et al.,
2014; Krawitz et al., 2014; Slijkerman et al., 2016), found in 61.5% of the solved patients of
the screening. Even more, we identified a patient carrying two different deep-intronic
USH2A variants (¢.7595-2144A>G and c.9959-4159A>G) both in heterozygosity, highlighting
the importance of screening the non-coding regions, as classical approaches would have

completely missed these variants.

The combination of whole USH genes sequencing along with in silico and in vitro studies,
through minigene assays due to the low expression of USH genes in peripheral blood,

allowed us to confirm aberrant splicing induced by four different variants.

On one hand, it has allowed us to identify two new deep-intronic variants in two different
patients and a PE inclusion was shown in minigene assays (c.8681+3960A>G and
€.9958+3438A>G). On the other hand, an effect in cDNA was validated in two variants
located in splicing regulatory elements of USH2A (c.5168-26A>C; c.4106C>T). Variant
c.4106C>T in USH2A was previously described (Cremers et al., 2006), but there was no

evidence of its impact in splicing. In addition to the splicing predictions reported in this
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study, our minigene assay showed an exon skipping together with the creation of a new
acceptor site. Nevertheless, wildtype fragment is still present in the mutant context at
32.8%. Thus, we cannot confirm that this variant is clearly pathogenic as 20% of wildtype
USH2A transcript has been reported to be enough for correct protein function (Dulla et al.,
2021). It should be taken into account that the outcomes observed by minigenes may differ
from the in vivo situation since minigene assay is an in vitro model that present some
limitations. Minigenes constructs incorporate only a part of the genomic sequence, which
does not capture the full complexity of regulatory elements. Moreover, splicing can be
different in different cell types due to the presence of cell-type specific splice factors. In this
line, complementary studies using patient-derived cells, such as photoreceptor precursor
cells differentiated from patient-derived iPSCs, are crucial for obtaining a more accurate
understanding of splicing events and their pathogenic consequences (Buskin et al., 2018;
Zhang et al., 2020; Reurink et al., 2023). Despite their limitations, minigene studies remain
a very useful and practical tool for assessing potential splicing alterations in pathologies

where the genes have low or no expression in accessible tissues.

Predicting the effect of nucleotide changes on splicing is challenging because this is a
complex process regulated by numerous factors. Various studies have analysed the
sensitivity and specificity of different splicing predictors and cut-off values (Jaganathan et
al., 2019; Riepe et al.,, 2021; Rowlands et al., 2021). Recently, Reurink and colleagues
suggested to use a SpliceAl score of 0.1 for deep intronic and canonical splice site variants,
and a more restrictive cut-off of > 0.2 for exonic changes in non-canonical positions (Reurink
et al.,, 2023). In the current study, we selected variants with a score > 0.2 for SpliceAl
(Rowlands et al., 2021; Walker et al., 2023) and/or with a variation score >10% for MaxEnt
(Liquori et al., 2016). However, only four out of the 16 selected candidate variants (25%) in
our study showed a deleterious effect on splicing, which led us to recommend a more
stringent pipeline. Of the four variants whose splicing effect was functionally validated, all
were predicted by SpliceAl. However, two of them would have been missed based solely on
MaxEnt predictions. Among the 12 selected variants where an effect was not confirmed in
the minigene assay, the majority were selected based on MaxEnt criteria. If we had only
considered variants with a SpliceAl score 2 0.2, only 6 variants would have been selected

for validation, and functional aberrant splicing effects would have been confirmed in 4 of
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them (67%). These data suggest that SpliceAl is consolidating itself as one of the best tools
for predicting potential aberrant effects on splicing. In contrast, MaxEnt predictions alone
yielded several false positives, so we would recommend using it in combination with other

more accurate predictors.

Variants in UTR regions have been already described in many genes with different effects
on gene expression. However, predicting the effects of alterations in these regions remains
challenging and cannot be done in a simple and automated way (Fishilevich et al., 2017;
Cherry et al., 2020). Additionally, functional assays are still necessary to assess the impact
of these variants. Recently, Dueias Rey et al. have developed a strategy for the prioritization
and evaluation of 5’UTR variants in combination with funtional studies (Duefias Rey et al.,
2024). They identified several variants in 5’UTR predicted to have different functional
consequences, highlighting the contribution of non-coding regions in IRDs. Considering the
transcriptional complexity of the retina, more studies using Chip-seq or RNA-seq techniques
are needed to a better identification and definition of the regulatory regions (Liu et al.,

2021; Nishi et al., 2024; Santana et al., 2024; Zhang et al., 2024).

Several USH genes contain repetitive regions, which resulted in a lower capture efficiency.
Therefore, we cannot rule out that variants in these poorly covered regions might have been
missed due to technical limitations. Currently, a proper alternative would be whole genome
sequencing (WGS), as it helps overcoming these issues associated with sequence capture
and provides more uniform sequencing (Mazzarotto et al., 2020; Reurink et al., 2023). In a
study carried out by Reurink et al. in 2023, 49% of patients that previously underwent WES
analysis (Reurink et al., 2023), were solved by the identification of either a deep-intronic
variant or SVs (Structural Variants) through WGS. This study also remarks the relevance of
SVs in IRDs’ patients (Carss et al., 2017; Van Schil et al., 2018; de Bruijn et al., 2020). In our
study, four putative CNVs were identified using a specific bioinformatic pipeline, and only
two of them were validated by different approaches. However, the complexity of some
types of SVs makes their alterations difficult to detect using short reads sequencing
technologies. To solve this limitation, long-reads sequencing approaches or optical genome
mapping are yielding promising results in the identification of SV and other complex

alterations such short repeat tandem (Fadaie et al., 2021a; de Bruijn et al., 2023).
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In order to redirect aberrant splicing caused by identified variants and prevent the inclusion
of PEs in the coding sequence, ASOs were designed for the USH2A deep-intronic variants
€.9958+3438A>G and ¢.8681+3960A>G identified in this study, as well as for the previously
identified pathogenic USH2A variant ¢.14134-3169A>G (Baux et al., 2017). We obtained
minimum efficient doses of 20nM (ASO1-PE64) and 5nM (ASO2-PE64) for c.14134-
3169A>G; 100nM (ASO1-PE50) and 20nM (ASO(1+7)-PE50) for c.9958+3438A>G; 50nM
(ASO1-PE43) for c.8681+3960A>G. This results match previous data from deep-intronic
variants in USH2A (Slijkerman et al., 2016; Reurink et al., 2023), and highlight the
effectiveness of ASOs to modulate splicing through PE inclusion blocking. In total, every
minimum efficient dose was below 200nM, which was the maximum dose established for

each experiment and which reassures their therapeutic potential.

Antisense oligonucleotides have a high potential to modulate gene expression (Stephenson
and Zamecnik, 1978; McClements et al., 2019; Merkle et al., 2019). Genetic approaches
based on ASOs present certain advantages compared to other genetic intervention
strategies such as gene augmentation: they can only temporarily interfere in the mRNA (so
there is not the risk of permanent off-target effect at genomic level), endogenous gene
expression levels are not modified and do not alter the transcript and protein isoform
landscape of the target genes. Moreover, the small size of ASOs allow the intravitreal
delivery with an effective reach of all retinal cells with low inflammatory effects instead of
the use of AAVs that requires surgical subretinal techniques for delivery and only a fraction
of the retina will be reached resulting in a lower efficacy. Particularly for splicing correction,
ASOs do not rely on preclinical animal testing, which is a requisite for exon-skipping
approaches in which the resulted proteins function should be proofed, for instance
“ultervursen” for USH2A exon 13 skipping (Dulla et al., 2021; Girach et al., 2022). This does
not excuse the need of a dose finding study for ASOs modulating splicing at least with an in
vitro model such as 3D organoids, and also toxicity assays are required mostly in vertebrates
(sometimes in non-human primates) (Kurzawa-Akanbi et al., 2024). Furthermore, strategies
improving the ASOs targeting of specific tissues and cell types has also been described

(Havens and Hastings, 2016; Khvorova and Watts, 2017; Bennett, 2019; Seth et al., 2019).
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To overcome the instability in vivo due to nuclease activity, in the second generation ASOs
some improvements have been done, such as including a phosphorothioate backbone and
a sugar modification (2’-O-methoxyethyl; MOE) (Bennett and Swayze, 2010; Yu et al., 2013).
It has been reported that second generation ASOs allow an increased in vivo half-life times,
being around 200 days (Dulla et al., 2018; Girach et al., 2022). Despite this, some
disadvantages involve the need of recurrent intravitreal injections. The use of AAV could be
a good solution as its potential has been previously shown in cellular and animal models of
Leber Congenital Amaurosis associated with a deep-intronic CEP290 mutation (Garanto et
al., 2016). However, since viral vectors do not produce and deliver second generation ASOs,
the specificity and efficacy of the treatments would be affected. An alternative for this
limitation is an strategy based on the enclosure of ASOs in a U7snRNA complex followed by
an AAV-based delivery, which turned out to improve the long-term efficacy of the treatment

(Aupy et al., 2020).

Regarding this, clinical trials based on the use of ASOs for treating IRD caused by a deep-
intronic variant in CEP290 as well as by variants harboured in exon 13 of USH2A were
initiated (ClinicalTrials.gov: NCT03780257, NCT03140969, NCT03913143) (Cideciyan et al.,
2019). However, after initially being discontinued by ProQR Therapeutics, Théa

(https://www.laboratoires-thea.com) is currently preparing phase 3 clinical trials for both

programs. In addition, an ASO-based allele specific mRNA knockdown/degradation
approach for dominantly inherited RP caused by pathogenic variants in RHO is underway in
a clinical trial (NCT04123626). Also two different approved treatments for SMA (Spinal
Muscular Atrophy) and DMD (Duchenne muscular dystrophy) based on ASOs that modulate
the splicing process (Finkel et al., 2017; Li et al., 2018). Although ASO-based splicing
modulation is mostly a mutation-specific approach, mutational hotspots could also be a

great target to focus on.

In summary, this study demonstrates the importance of the analysis of non-coding regions
in order to solve some of the cases that are not diagnosed after gene-panels, clinical exome
or WES. The molecular diagnosis is essential for the eligibility of receiving a gene- or
mutation-based treatments. To date between 30-40% of patients still do not receive a

conclusive genetic diagnosis, which in part could be explained by the presence of
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pathogenic variants in regions that are (technically) difficult to sequence (for instance
ORF15 in RPGR). However, the presence of variants in non-coding regions (introns or cis-
regulatory elements), the insertion of mobile elements and even epigenetic modifications
could underlie the lack of diagnosis in the major part of these unexplained cases.
Identification of (deep-)intronic variants that affect pre-mRNA splicing opens up future

treatment options using antisense technology.

Materials and methods

Patient selection

Fifty-nine patients from 58 different families (table S1) harbouring a pathogenic variant in
a USH gene and in whom the coding regions of the genes of interest had been previously
studied, were selected (Aparisi et al., 2014; Fuster-Garcia et al., 2018, 2019; Rodriguez-
Mufioz et al., 2020; Garcia Bohdérquez et al., 2021) (Data not published). Their diagnosis
varied from any of the USH subtypes (42/59) to autosomal recessive nsRP (16/59) (table
S1). DNA from peripheral blood was isolated from all of them by automatic extraction with

QlAsymphony (QIAGEN).

Different ophthalmologic tests were carried out in each patient, such as OCT, eye fundus,
ERG, evoked potentials. The Hospital La Fe Ethics and Fundacion Jimenez Diaz-University
Hospital Ethics Committees approved this study in agreement with the Declaration of
Helsinki. Informed consent was signed by all patients and relatives who participated in the

study.

Sanger screening of USH2A deep-intronic variants

We performed a Sanger screening of the five deep-intronic variants (c.7595-2144A>G;
c.5573-834A>G; ¢.8845+628C>T; ¢.9959-4159A>G; c.14134-3169A>G) that were already
described as pathogenic in USH2A gene in 41 carriers of one heterozygous mutation in this
gene (Vaché et al., 2012; Liquori et al., 2016; Baux et al., 2017). We did not accomplish the

screening in patients RP-2264 and RPN-803, who were previously sequenced with a custom
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panel containing these 5 variants. The five regions were analysed as previously described

(Vaché et al., 2012; Liquori et al., 2016; Baux et al., 2017).

Panels design and high-throughput sequencing

A first custom panel (P1) was designed including the whole genomic sequence of the 13
USH genes and 2000 flanking bases of UTR regions of all of them (MYO7A, CDH23, PCDH15,
USH1G, USH1C, CIB2, USH2A, ADGRV1, WHRN, CLRN1, HARS, CEP250, PDZD7). The panel
size encompasses 3,295.139 kb The library preparation was performed following the Kapa
HyperPlus Workflow (Roche) and it was sequenced in a NextSeq platform (Illumina, San
Diego, CA) in 300 cycles of 2x150 base pairs reads. The P1 was sequenced in 27 patients, of
which 17 had a mutation in USH2A, three in ADGRV1, two in CDH23, two in MYO7A, two in
USH1C and one in PCDH15 (table S1). Patient RP-1741 was included as an internal control
for panel sequencing. This case carried two heterozygous deep-intronic variants in USH2A

gene (c.9959-4159A>G and ¢.14134-3169A>G).

A second panel (P2) was designed including the whole genome sequence of USH2A, since
all remaining USH patients harboured one mutation in USH2A. Thus, a total of 779.928 kb
was sequenced in six patients. The library was prepared following the SureSelectXT Target
Enrichment System (Agilent Technologies) and sequenced in a MiSeq platform (lllumina,
San Diego, CA) in 600 cycles of 2x300bp. The P2 was sequenced in six patients, all of them

carrying a mutation in USH2A gene (table S1).

Sequencing data analysis

Quality control of reads was performed using FastQC (v0.11.4, https://github.com/s-
andrews/FastQC) and samtools (v1.3.1) (Danecek et al., 2021). The reads were aligned
against the GRCh38 human genome of reference using BWA aligner (v0.7.15-r1140) (Li and
Durbin, 2009), and Single Nucleotide Variants (SNVs) and small insertions and deletions
(indels) were called using strelka (v2.9.10) (Kim et al., 2018). Variants were annotated with
Variant Effect Predictor (ensembl-vep v99.2) (Mclaren et al., 2016), using MaxEnt and
SpliceAl (v1.3, https://github.com/Illumina/SpliceAl).
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For variant filtering, we selected variants with a MAF<0.01 (Minor Allele Frequency) and
those located in the target gene. Subsequently, variants with either a SpliceAl score 0.2 or
a MaxEnt variation score >10% and/or a value score 23 for acceptor/donor gain predictions.
Additional in silico analysis was performed using the splicing predictors NNSplice

(https://www.fruitfly.org/seq tools/splice.html), VarSeak (https://varseak.bio/), regSNP-

intron (https://regsnps-intron.ccbb.iupui.edu/), and SPiP (available in

https://mobidetails.iurc.montp.inserm.fr/MD/) to predict alterations of natural splice sites.

Variants predicted to create a new splicing site were further investigated using SpliceAl 500

(available in https://mobidetails.iurc.montp.inserm.fr/MD/), in order to trace the presence

of alternative splicing sites which can promote a PE inclusion. Variants supposed to alter
either a branch point or an enhancer motif were studied with different predictors such as

ESEfinder (http://krainer01.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi?process=home),

SVM-BPfinder (http://regulatorygenomics.upf.edu/Software/SVM BP/) and LaBranchoR

(available in https://genome.ucsc.edu/). Alternative open reading frames (ORFs) caused by

premature stop codons were analysed for every variant in which an alteration in splicing

was predicted (https://www.bioinformatics.org/sms/orf find.html).

Additionally, all coding regions were re-analysed following the filters already described in

previous studies (Rodriguez-Mufioz et al., 2020; Garcia Bohdrquez et al., 2021).

Copy number variation analysis

Analysis of CNV  has been  assessed by a bioinformatic pipeline
(https://github.com/TBLabFID/NextVariantFJD) including three different CNV detection
programs: CoNVaDING (Johansson et al., 2016); ExomeDepth (Plagnol et al., 2012); and
panelcn.MOPS (Povysil et al., 2017). Programs were run using a bed file defining windows
of 150 base pairs within the captured regions (Johansson et al., 2016) in order to facilitate
the performance of the algorithms, all based on sequenced depth comparison. Analysis
batches were defined by gene panels and sequencing runs to avoid different coverages due
to technical reasons. Variants were annotated using AnnotSV (Geoffroy et al., 2023). We
prioritized variants for further validation based on their presence in genes of interest,
pathogenicity predictions and number of programs that detected them. In addition, for

cases with no variants identified the analysis was extended to the rest of genes.
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Once variants were prioritized, they were validated by different techniques relying on the
region to be analysed: Multiplex Ligation dependent Probe Amplification (MLPA; MRC
Holland; probemixes P361 and P362 for USH2A), CytoScan HD Array (Thermofischer sc.,
USA) or qPCR.

Validation and segregation of candidate variants

Validation of candidate SNV (Single Nucleotide Variant) was assessed by Sanger sequencing
as previously described (Garcia Bohdrquez et al., 2021). Similarly, segregation analysis was
performed in 4 families out of the 21 solved patients (Figure S1), since DNA from all relatives

was not available.

Functional validation of the identified deep-intronic variants

Splicing effects were validated by minigene assays. DNA was amplified by the Fidelity
Phusion polymerase (Thermo Fisher Scientific Waltham, MA, USA). The products were
purified and digested with either Xhol or Ndel and Nhel. Afterwards, digested products
were cloned between restriction sites in pSPL3 plasmid (Dr. I. Botillo and Dr. S. Tuffery-
Giraud), by using T4 ligase. The different primers of the regions amplified and cloned as well
as the different minigene construct design are detailed in supplemental material (table S3
and Figure S2). Transformation of Escherichia coli occurred by electroporation. Later, 1 ug
of each clone was transfected in duplicate into HEK293 cells (LipofectamineTM 3000
reagents (Thermo Fisher Scientific) grown in a six-well plate. After 24 hours, RNA was
isolated with RNeasy mini kit and reverse transcription was assessed with the PrimeScript
RT Reagent Kit (TaKaRa, Kusatsu, Japan). Constitutive exons primers from pSPL3 were used
to amplify the final product in a 2% agarose gel (Bottillo et al., 2007), from which the
different bands were purified by QlAquick Gel Extraction Kit (Qiagen, Hilden, Germany).
Eventually, the products were sequenced by Sanger and analysed by the chromatogram

viewer FinchTV (https://digitalworldbiology.com/FinchTV) with the purpose of identifying

any modification due to an alteration in the splicing process. Calculating the transcript
counts resulting from minigene assays was performed with the Imagel

(https://imagej.net/ij/), an image processing program. First, we determined the intensity of

89


https://digitalworldbiology.com/FinchTV
https://imagej.net/ij/

Chapter Il

the fragment of interest in relation to the background and then we calculated the relative

intensity of this fragment respecting the rest of bands observed.

In order to test the splicing redirection potential of several ASOs, minigenes constructions
were built again as previously described (Sangermano et al., 2016). The pCl-neo plasmid,
which contains exons of RHO allowing the study of splicing, was cloned by gateway cloning
approach. In this line, ASOs assay could also matched described guidelines and efficiency

observed in recent work (Aartsma-Rus, 2012; Slijkerman et al., 2018b; Reurink et al., 2023).

Antisense oligonucleotides design and testing

As mentioned in the section above, the designing of the ASOs was carried out following
published guidelines (Aartsma-Rus, 2012; Slijkerman et al., 2018b), and purchased through
Eurogentec (Seraing, Belgium). The ASOs were ordered with 2’-O-MOE modifications and a
fully phosphorothiorate backbone. Two different ASOs overlapping the 5' and 3' boundaries
between PE and intron were designed for PE50 (ASO1-PE50; ASO7-PE50) y PE64 (ASO1-
PE64; ASO2-PE64), except for PE43 (ASO1-PE43), whose secondary structure made it
complicated to target more than one region. For PE50 and PE64, ASOs were tested both
separately and together by adjusting the final concentration in order to see a possible
synergic effect. The relative position of each ASO on the different PE sequence is depicted

in Figure 3.

In order to ensure a specific binding of the ASO, unspecific targets were searched in NCBI
blast. The ASO reconstitution was done in PBS 1x to a concentration of 1mM and later
aliquoted and diluted with PBS 1x to a concentration of 0.1mM. Different volumes were co-
transfected in duplicate with the pCl-neo-based minigenes constructs with FUGENE® HD
transfection reagent (Promega) to test different doses of ASOs. Twenty-four hours later,
cells were harvested and the RNA was analysed. The ASOs were firstly tested at 20nM and
200nM both separately and together (for PE50 and PE64), which lead to further studies in
which the minimum effective doses were established. A two nucleotides mismatch ASO
(mmASO) was used as control for every experiment and it was transfected at 200nM and in
duplicate. Since it is not able to redirect splicing, this control ASO is an indicator of the

specificity of the ASOs for each PE.
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USH2A: ¢.14134-3169A>G (PE64)

Intron 64 CUCUUCCAUUUUUCUAGGAGAAGCCCACACACUAAAGAAAGAGAAAAUACACAACUGUUUGUUCACAAG.UAUU UUAUUUAUUGA

AS01-PE64: GGGCUUCUCCUAGAAAAAUGG ASO2-PE64: AICUUGUGAACAAACAGUUG

USH2A: c.9958+3438A>G (PE50)

Intron 50 UUCUUGGUGCUUUGCA.GUGUAAAAAUGGCCAAGAUUCCGUU ... GACGGAGAGAUCACUCCAGUCAAGGUAAUGAAGGGGGUUG

ASO1-PE50: CUUGGCCAUUUUUACACIUGCA ASO7-PE50: UACCUUGACUGGAGUGAUCUC

USHZ2A: c.8681+3960A>G (PE43)

Intron 43 UUUUUUUUUUUUGCAIUGACAAUUUGGAUGGAGACCUCUAUG ... JUUCGUCUUAUUUUUCAAAGAAGGGUAAGACUUAAGAUG

ASO1-PE43: GUCUCCAUCCAAAUUGUCAIUG

Figure 3. Position of the designed ASOs respecting the different PEs. Sequences in grey represent the
intronic region whereas the blue nucleotides correspond to the PEs. Variants are depicted in red. The lines
below the different intron indicate the specific sequence for each ASO, which are also empathized right under

them. PE50 and PE43 are disrupted by dots to make all sequences equal in length.

Data and code availability

Genomic data will be available upon request. In addition, all sequencing data are deposited
to a public repository under the dataset code EGAD50000000687 (European Genome-

Phenome Archive).
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Abstract

Ciliopathies are characterized by the dysfunction of cilia and, therefore, they encompass a
broad group of diseases in which several tissues can be affected. Inherited retinal
dystrophies (IRD), which are included in the group of sensory ciliopathies, are characterized
by the death of retinal pigment epithelial cells (RPE) and photoreceptors, leading to vision
loss. The most common IRD is retinitis pigmentosa (RP), some of whose responsible genes
are involved in specific ciliary functions, such as the formation or regulation of cilia length.
On the other hand, oro-facial-digital syndrome (OFD) is characterized by the association of
facial cleft, microphthalmia/anophthalmia, coloboma, and polydactyly due to mutations in
genes responsible for cilia formation. Recently, RP has been associated with mutations in
the TBC1D32 gene, which is responsible for OFD in several families also affected by RP. For
this reason, the TBC1D32 gene has been redefined as responsible for OFD type IX (OFD IX),
which also associates RP. In this study, a clinical exome analysis was conducted on a patient
presenting a syndromic clinical picture compatible with OFD IX, who also had moderate
bilateral sensorineural hearing loss (SNHL). After a thorough review of the clinical data
collected since the patient's birth and the identification of two variants in the TBC1D32
gene, this study could contribute to expand the clinical spectrum associated with this gene
by including sensorineural hearing loss among the associated symptoms, thus contributing

to clinical and genetic diagnosis in patients with a similar clinical depiction.
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Introduction

Ciliopathies are a wide group of diseases characterized by the dysfunction of the cilia. Ciliary
disorders are categorized as first- and second-order ciliopathy depending on whether they
are caused by the disturbance of ciliary proteins (first-order) or they result from the
disturbance of non-ciliary proteins which are essential for ciliary function (second-order)

(Reiter and Leroux, 2017).

Inherited retinal dystrophies (IRDs) are one of the so-called sensory ciliopathies (Wheway
et al., 2014). IRDs are a group of retinal rare diseases characterized by the degeneration of
the retinal pigmentary epithelium (RPE) or photoreceptors cells (Sundaram et al., 2012; Hu
et al., 2021; Malvasi et al., 2023; Brar et al., 2024). This eventually cause vision loss, usually
being progressive. IRDs can also be manifested as a part of a syndrome that associates other
clinical symptoms, for which more than 200 genes have described to be causative (Tatour
and Ben-Yosef, 2020). Many functions have been associated to IRD genes since the proteins
encoded by them can be localized in the outer and inner segment, the nucleus and the
synaptic region, the connecting cilium and the apical cilium of the photoreceptors (Hamel,
2014; May-Simera et al., 2018; Verbakel et al., 2018; Bachmann-Gagescu and Neuhauss,
2019). Specifically, some IRD-causing genes are also in charge of cilium formation and its
regulation in length (Reiter and Leroux, 2017; Malvasi et al., 2023). Interestingly, not only
some IRD genes have a function related to the primary cilium, but also some of them
regulate the RPE maturation (May-Simera et al., 2018), which shows the interrelated
functions proteins of many different nature involved in retina development and

maintenance.

Within this protein network, TBC1D32 was reported as a ciliary gene (Ishikawa et al., 2012)
and as a gene causing Oro-Facial-Digital syndrome type IX (OFD IX) (Adly et al., 2014). This
syndrome is caused by defects in proteins responsible for cilia formation (Lopes et al., 2011;
Adly et al, 2014), and it is clinically associated with facial cleft,
microphthalmia/anophthalmia, coloboma, polydactyly and retinopathies (Franco et al.,
1993; Gurrieri et al., 2007). Several studies have contributed to the molecular spectrum of
OFD type IX by the identification of patients harbouring TBC1D32 variants (May-Simera et
al., 2018; Monies et al., 2019; Alsahan and Alkuraya, 2020). It was not until 2020 that
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Hietamaki et al. identified TBC1D32 variants in two siblings with OFD type IX, one also
showing RP (ophthalmologic data was only available for one sibling) (Hietamaki et al., 2020).
This was followed by a study in 2023 reporting retinal dystrophy in an OFD type IX case with
mutations in this gene (Harris et al., 2023). Recently, TBC1D32 has also been associated with
isolated RP in four patients from three families (Bocquet et al., 2023). Nevertheless, given
the numerous tissues in where ciliary genes play a role (Reiter and Leroux, 2017), the clinical
data around ciliopathies turns out to be very complex. Such is the case that clinical features
observed in OFD type IX patients regarding ocular alterations and the variability observed
for the congenital hypopituarism, suggest a remarkable variable expressivity around

TBC1D32 (Adly et al., 2014; Hietamaki et al., 2020).

In the present work, we performed a clinical exome analysis in a patient who displayed a
possible ciliopathy with features related to a non-filiated dysmorphic syndrome, including
IRD and hearing loss symptoms. After the analysis, we identified two compound
heterozygous likely pathogenic variants in TBC1D32 gene that were not previously reported
(c.2073del and c.769+5G>A). For c.769+5G>A, functional studies have been carried out in
order to confirm its pathogenic effect in splicing. Moreover, this is the first study in which
variants in TBC1D32 have been identified in a patient displaying hearing loss. This way, our
results help to expand the clinical spectrum of this human ciliopathy associated to the
TBC1D32 gene, since tissues such as inner ear in which the TBC1D32 protein is expressed

and where cilia are present, could also be affected.

Materials and methods

Clinical evaluation

The patient underwent physical exploration, bone series, hormonal studies, renal function
tests, abdominal ultrasound, brain MRI (Magnetic Resonance Image), maxillofacial
exploration, audiograms and ophthalmological tests such as OCT (Optic Coherence
Tomography), ERG (electroretinography), eye fundus, BCVA (visual acuity measure), evoked
potentials and visual fields. All the clinical studies were performed in the Hospital La Fe of
Valencia, Spain. Moreover, the familiar and physiological background of the pregnancy was

evaluated.
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Genetic analysis

Genomic DNA was extracted from peripheral blood samples following standard procedures.

The genes RNU4ATAC and MYCN, which cause Roiffman syndrome and Opitz-GBBB,
respectively, were studied by amplifying their sequence by conventional PCR and posterior
sequencing by Sanger. In addition, a genomic array was performed (Affymetrix CytoScan
750 array). Several genetics tests were also performed to study other syndromes such as
Aarskog and Robinow, as well as for Hypochondroplasia (FGFR3) and short stature (SHOX
deletions) by MLPA.

A study has been carried out using massive sequencing techniques consisting of the analysis
equivalent to a clinical exome sequencing (CES). This includes the coding region and flanking
intronic regions of 3204 genes that were analysed by next generation sequencing (NGS).
Among the genes studied, the gene responsible for frontometaphyseal dysplasia 1 (FLNA)
was included, along with more than 700 genes related to other neurodevelopmental
disorders. For the sequencing of this DNA sample, the ClearSeq Inherited Disease Panel
(Agilent Technologies) was used with an average coverage greater than 200x. The capture
and reading processes of sequences have been carried out in the Genomics Platform of the
IIS La Fe. Furthermore, given that a second gene responsible for frontometaphyseal
dysplasia has recently been described (MAP3K7) (Wade et al., 2016), not included in this
panel, the region where the recurrent mutation p.P485L is located was analysed by

conventional Sanger sequencing using specific primers.

Particularly, a virtual gene panel containing 207 genes associated to retinal dystrophies

were analysed by NGS using the aforementioned ClearSeq Inherited Disease panel data.

Afterwards, an updated version of CES including 5227 genes (Custom Constitutional Panel
17 MB; Agilent Technologies) was sequenced in the patient. The library preparation was
carried out according to the Bravo NGS SureSelect QXT Automated Target Enrichment
protocol (Agilent Technologies) for lllumina Multiplexed Sequencing. The captured libraries
were sequenced on NextSeq500 (lllumina) in a paired-end mode to generate a median raw
target coverage of 100x. The obtained sequences were aligned against the genome

reference sequence (GRCh37/hg19) to perform the variant calling with the Alissa Clinical
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Informatics Platform (Agilent Technologies). The annotated variants were initially filtered
according to a minor allele frequency (MAF) value <0.01. The frequency of the variants was
explored in the Exome Aggregation Consortium database/gnomAD
(gnomad.broadinstitute.org/) and 1,000 genomes (internationalgenome.org/). As a first

approach, variants reported in RetNet (https://web.sph.uth.edu/RetNet/home.htm) to be

IRD-causing were analysed first. Subsequently, variants harboured in genes reported in the
bibliography in association with IRD that were not present in RetNet were examined in
detail. Similarly, all genes described and reported in the Deafness Variation Database to

cause hearing loss (https://deafnessvariationdatabase.org/), were analysed. Several

databases such as  Clinvar  (https://www.ncbi.nlm.nih.gov/clinvar/), HGMD

(https://www.hgmd.cf.ac.uk/ac/index.php) and LOVD (https://www.lovd.nl/) were

reviewed. Moreover, a deeper in silico analysis was carried out by using bioinformatic tools
such as Varsome (https://varsome.com/), Franklin (https://franklin.genoox.com/clinical-

db/home) and MobiDetails (https://mobidetails.iurc.montp.inserm.fr/MD/). A possible

effect in splicing was also evaluated with  NNSplice and  MaxEnt

(https://www.fruitfly.org/seq tools/splice.html). Eventually, the predictor ORF Finder was

used for prediction of Open Reading Frames (ORF Finder (bioinformatics.org). Afterward,

filtered DNA variants were classified according to the American College of Medical Genetics

guidelines (Richards et al., 2015).

Validation of candidate variants identified and segregation analysis in the DNA from

available relatives were performed using Sanger Sequencing.

Functional assays

For the minigene analysis, a protocol developed in previous works was applied (Fuster-
Garcia et al., 2018; Rodriguez-Mufioz et al., 2022). Fidelity Phusion polymerase (Thermo
Fisher Scientific Waltham, MA, USA) was used to amplify the target region, which was,
subsequently, digested with Xhol and Nhel restriction enzymes. The purified digested
product was cloned into pSPL3 plasmid (Dr. I. Botillo and Dr. S. Tuffery-Giraud) with T4 ligase.
Afterwards, Escherichia coli was transformed by electroporation, from which a mutant and
a wild-type clone were obtained. Later, HEK293 cells were transfected in duplicate with 1pug

of each clone (LipofectamineTM 3000 reagents (Thermo Fisher Scientific). Twenty-four
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hours later, the RNA was isolated and purified in order to perform the reverse transcription
with PrimeScript RT Reagent Kit (TaKaRa, Kusatsu, Japan) and the cDNA was amplified from

the constitutive pSPL3 exons to be, ultimately, sequenced by Sanger.

Results

Clinical findings

A 10-month-old boy was referred for evaluation for suspected skeletal dysplasia. This was the
first child of healthy non-consanguineous parents, who was born after a controlled pregnancy

without incident.

On physical examination, the patient presented hypertelorism; asymmetry between both
eyes; long, narrow palpebral fissures; prominent forehead; sunken nose bridge; sublingual
frenulum; hamartomatous lesions on the inner surface of the lip; wide root and nasal tip; low
set ears; thick hair; short neck; narrow chest; muscle hypertrophy; anteversion of the
shoulders; clavicle narrowing; small nipple; brachydactyly in four limbs; impression of distal
phalanx shortening; absence of the first interphalangeal fold in the second and third fingers
of both hands; clinodactyly of fifth fingers of the hand; and bilateral single palmar crease (table
1).

In his growth, the patient maintains a height percentile at p3, with a head circumference at
p90 and a breaststroke height reduced compared to his height. Learning difficulties and signs
of ADHD (Attention-Deficit/Hyperactivity Disorder) at eight years of age was observed. This
syndromic condition seemed to be highly suspected of genetic origin (figure 1). Furthermore,
at the age of 12, he was diagnosed with retinopathy, which was classified as a suspected
diagnosis of rod dystrophy or retinitis pigmentosa (RP) (figure 1a).Complementary exploration
by MRI also showed absent of septum pellucidum with mid-line fusion of both fornices and an
abnormal sulcation of both hippocampi (figure 1b), while bone series, hormonal studies, renal
function and abdominal ultrasound did not exhibit any anomaly (table 1). The patient also
suffers from bilateral mixed hearing loss, with a transmissive component due to secretory
otitis media, probably related to Eustachian tube dysfunction secondary to polymalformation
syndrome. Likewise, he displays a moderate bilateral sensorineural hearing loss at medium
and high frequencies (figure 1c), along with a malformation of the internal auditory canal

through which the statoacoustic and facial nerves circulate.
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Figure 1. Clinical findings in index patient. (A) OCT of both eyes. (B) Brain MRI. The upper section shows

coronal T2 weighted MRI with complete absence of the septum pellucidum (*) and mid-line fusion of both

fornices (arrow). Abnormal sulcation of both hippocampi is also noted. The lower section shows sagittal T1

weighted of the mid-line brain: abnormal thickenned fornix (arrow) and ectopic neurohypophisis

(arrowhead). Hypoplastic sella turcica. (C) Audiograms of both ears confirm a moderate bilateral SNHL in

medium and high frequencies. The speech audiometry shows a 50% of understanding achieved at 50 decibels

and 100% at 80 decibels bilaterally.
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Molecular findings

Any pathological result was obtained from the analysis of Opitz-GBBB, Roiffman, Aarskog
and Robinow syndromes, hypochondroplasia, short stature, neurodevelopment and retinal

dystrophy genes (between years 2016 and 2020) (see Materials and Methods section).

Finally, in 2023 a CES updated version was performed. After sequencing the clinical exome
in the patient, the results showed a 79% of reads aligned against the target region. Coverage
data also showed an average depth in targeted region of 107x with a 90% of targeted bases
at 20x coverage. At the moment of the study, we found no variants that could explain the
patient's phenotype in the study of genes present in RetNet. Next, we analyzed variants in
genes reported in the literature to impact the retina, but not considered as candidates in
RetNet. We identified two variants in heterozygous state, c.2073del in exon 18 and
€.769+5G>A in intron six, both in TBC1D32 (figure 2). Both variants were classified as likely
pathogenic. We identified no likely pathogenic variants in hearing loss-causing genes. We
confirmed the presence of the TBC1D32 variants in the patient through Sanger sequencing
and performed segregation analysis in the DNA of available relatives (figure 3a). This
revealed that the variants were in trans, c.769+5G>A inherited from the mother while
€.2073del was inherited from the father, which contributed to confirming the genetic

diagnosis.

We performed functional validation for the intronic variant c.769+5G>A in TBC1D32. In silico
predictors suggested this variant affects splicing by potentially causing the loss of a donor
splice site, indicated by a MaxEnt variation of -36.98% (a variation greater than 15%) and a
SpliceAl score of 0.67 (on a scale of 0-1, with thresholds of 20.2|0.5]|0.8 indicating impact).
Based on these predictions, exon six of TBC1D32 would be skipped. These predictions were
validated by minigene assays (figure 3b), and the resulted products were sequenced by
Sanger to confirm the exon skipping effect (figure 3c). Additionally, the creation of a new

stop codon in exon seven was predicted by ORF Finder in the mutated sequence.
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Figure 3. Segregation analysis of identified variants and minigene assay performed for variant TBC1D32
(NM_152730): c.769+5G>A. (A) Segregation analysis performed in the parents confirming their co-
segregation with the disease. (B) Amplification of the target region in the cDNA both wild-type and mutant
as a result of the functional assay by minigene of variant c.769+5G>A. SD6 and SA2 represent the constitutive
exons of the plasmid pSPL3. Wild-type and mutant contexts are depicted by bands 1 and 2, respectively,
where band 2 depicts the exon 6 skipping; (C) cDNA sequence by Sanger of bands 1 and 2 observed in the gel

of section B.

Discussion

OFD-proteins are classified into three different groups relying on wither they are involved
in centriole elongation, functions carried out in the transition zone, and intraflagellar
transport (Bruel et al., 2017; Wang et al., 2018a). TBC1D32 was reported as a ciliary gene
in 2012 (Ishikawa et al., 2012) and the encoded protein is included in the group responsible
for centriole elongation. TBC1D32 protein regulates the structure of the primary cilium in
neural tube in Zebrafish tbc1d32 morphants and in a murine TBC1D32 knockout model (Ko

et al., 2010). Moreover, a recent study in a Xenopus model showed that tbc1d32 knockdown
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altered the differentiation of RPE and photoreceptors, as well as caused defects in the
ciliogenesis (Bocquet et al., 2023). Additionally, analyses in fibroblasts cells from a patient
harbouring mutations in TBC1D32 confirmed that the protein is located in the centrosome
of primary cilium and the mutations provoke cilium elongation defects (Bocquet et al.,

2023).

Initially, TBC1D32 was reported as a gene causing OFD type IX, a heterogenous syndromic
disorder involving oro-facial, ocular and extremities anomalies (Adly et al., 2014) (table 1).
Despite that, this gene is not yet associated to any pathology in OMIM. Later, other clinical
signs have been appearing in patients harbouring mutations in TBC1D32, including cases
with isolated inherited retinal dystrophy (Adly et al., 2014; Monies et al., 2019; Alsahan and
Alkuraya, 2020; Hietamaki et al., 2020; Bocquet et al., 2023; Harris et al., 2023) (table 1).
This allowed to establish a clear association of IRD to the OFD IX phenotype and leads us to
suggest the inclusion of TBCID32 as an |IRD-causing gene in RetNet

(https://web.sph.uth.edu/RetNet/home.htm). However, TBC1D32 has been recently

included in RetNet owing its association to IRD to the finding from Bocquet et al (Bocquet
et al., 2023). Our patient presents a OFD IX phenotype, with an altered brain MRI and
several oral-facial features that confirm the clinical diagnosis. In addition, at the age of 10,
audiograms showed moderate bilateral sensorineural hearing loss and, at 12 years old, he

was diagnosed with IRD.

To date, no patient with mutations in TBC1D32, who manifested sensorineural hearing loss,
had been described. We cannot completely rule out the possibility that this clinical sign is
caused by alterations in a gene not previously linked to hearing impairment, or even
associated to non-genetic causes. However, as no variant in a known gene responsible for
hearing loss was identified in our patient, and considering the multitude of ciliopathies
associated with defects in inner ear cilia and reporting hearing loss (Fuster-Garcia et al., 2021;
Leventea et al., 2021; Shi et al., 2022; Goutaki et al., 2023), it is tempting to expeculate that
alterations in the TBC1D32 may also involve hearing impairment. Particularly, mutations in
TBC1D24, a TBC1l domain family gene, were identified in three family displaying non-
syndromic recessive hearing loss (Rehman et al., 2014). Additionally, in 2020, it was observed

that a mouse model with ciliopathy, knockout for Bromi gene (homologue of TBC1D32),
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presented cochlear shortening with a decrease in hair cells that also were developed
prematurely, and an impaired sonic hedgehog pathway signalling as a consequence of defects
in the primary cilium ciliogenesis (Moon et al., 2020), among others. Similarly, Bocquet et al.,
detected expression of tbc1d32 in the otic vesicle of their Xenopus model (Bocquet et al.,
2023). Moreover, the polarity of hair bundle was also altered. Thus, it is tempting to correlate
OFD IX with hearing loss and this study could potentially broaden the phenotype associated
with TBC1D32.

Mutations in TBC1D32 have been described all along the gene. Our findings raise the total
number of pathogenic variants described in TBC1D32 to 19 so far (five of them in non-
coding regions) (figure 3). Functional assays that confirm the pathogenic effect due to
intronic variants have only been carried out for variant ¢.1372+1G>A, showing a deleterious
effect (p.Argd11_Gly458del) (Hietamaki et al., 2020). Effect in splicing was also confirmed
for ¢.317+5G>A through patient fibroblasts (Bocquet et al., 2023). Nevertheless, no assay
has been performed for variant c.2481+4A>T in TBC1D32 located in non-canonical intronic
regions. This way, our study is the first in which minigene assay has been done to confirm
the effect of a variant located in a non-canonical splice position. Our results show the
importance of these assays, and highlights the necessity of carrying out functional assays

that confirm the effect in splicing of variants that do not alter any canonical splice site.

We tried to establish a preliminary genotype-phenotype correlation, but no clear evidence
was identified. We observed that most of patients harbouring mutations located to the TBC
domain present ocular malformation, though eye manifestations are very variable among
patients. The lack of information about the domains and TBC1D32 protein's structure makes
it difficult to predict how different variants could affect its function. To date, the TBC
domain, located at C-terminal region, is the only defined in its sequence so far. This domain
is involved in the interaction of TBC1D32 protein with CCRK and CFAP20, proteins involved
in the intraflagellar transport (IFT) machinery of primary cilia, (Shaheen et al.,, 2019;
Noguchi et al., 2021; Satoda et al., 2022). However, its involvement in IFT was questioned
in arecently published study (Bocquet et al., 2023). Differences in the severity of the protein

disruption and the residual protein function have been proposed as a possible explanation
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for the wide clinical variability observed in patients harbouring alterations in this gene

(Bocquet et al., 2023).

In conclusion, the study of the TBC1D32 gene, combined with functional studies and a
thorough clinical evaluation, has allowed us to open the possibility of a new phenotype
associated with this gene that includes hearing loss as a clinical sign. The wide clinical
spectrum of variants in TBC1ID32 highlights the complexity of ciliopathies and the

importance of comprehensive genetic and clinical evaluations in this group of disorders.
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GENERAL DISCUSSION

Inherited retinal dystrophies are a group of diseases that individually are considered as rare
due to its low prevalence. This represents a problem when it comes to financing and
resources, which in turn hinders the development of new therapies and slows down their
study. In addition, the complexity of IRDs poses a challenge when it comes to their diagnosis
and the development of new therapies. This includes the high clinical and genetic

heterogeneity that hinders the identification of the genetic cause.

With the aim of overcoming these challenges, this thesis is focused on the evaluation of the
efficacy of a gene panel to improve the diagnosis of IRD patients. In order to increase the
percentage of solved patients we explored non-coding regions of IRD and, more specifically,
USH genes. The outcome of these studies enabled the application of ASOs for the
development of therapeutic approaches, which demonstrated their potential in splicing
modulation and its applicability in gene therapy. Eventually, this thesis highlighted the
importance of a thorough assessment of clinical data together with a proper genetic

evaluation for complex syndromic cases.

GENETIC DIAGNOSIS IN IRD

Two different panels containing IRD-associated genes were designed and sequenced in a
total of 92 patients clinically diagnosed with IRD. This allowed us to identify the genetic
cause in 57.6% of patients. These results align with those reported in other targeted
sequencing studies in which the percentage of diagnosis in cohorts of patients with all types
of IRD did not exceed 62% (Jespersgaard et al., 2019; Zenteno et al., 2020; Britten-Jones et
al., 2023a). This value is reduced when the study is aimed at diagnosing patients with the
same clinical entity (Britten-Jones et al., 2023a). Targeted sequencing approaches face some
limitations in discovering new genes, which can be overcome with WES or WGS.
Surprisingly, the diagnosis ratio after analysing the whole exome remains at 64% (Britten-
Jones et al., 2023a), although we would expect to identify the genetic cause in a greater
number of patients. The reasons behind this may not only lie in the challenges of

discovering new genes related to the disease (which sometimes requires well-curated
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databases providing information on RNA and protein expression and robust functional
studies) but also in the identification of a high number of variants classified as variants of
unknown significance (VUS). Many of these VUS may eventually be reclassified as (probably)

benign or (probably) pathogenic after further studies in the coming years.

In our cohort, we observed the high prevalence of pathogenic variants in the ABCA4 and
USH2A genes, accounting for 22% and 15% out of the solved patients, respectively.
Mutations in USH2A cause nsRP and Usher syndrome type 2, for which it is the most
frequently mutated gene. It has been described that between 12-25% of patients with nsRP
carry mutations in USH2A (Verbakel et al., 2018; Ordofiez-Labastida et al., 2023), being
19.1% in the Spanish population (Perea-Romero et al., 2021). Of them all, the most frequent
nsRP-causing variant is c.2276G>T (p.Cys759Phe), accounting for around 8.4% of nsRP cases
solved in the Spanish population (Perea-Romero et al., 2021), and followed by the variant
€.2299delG (Ordofiez-Labastida et al., 2023). This can also be reflected in our results, where
the frequency of this variant respecting all USH2A alleles is 12.5%. Truncating variants in
USHZ2A, either in compound heterozygosity or in homozygosity, are responsible for Usher
syndrome. However, the ¢.2299delG variant turns out to be the second most frequent cause
of nsRP, when found in trans with a non-truncating allele (Ordofiez-Labastida et al., 2023).
Interestingly, this variant is distributed in the European population following a gradient from
highest to lowest frequency from north to south of the continent (Dreyer et al., 2001; Aller

et al., 2010).

On the other hand, mutations in ABCA4 are responsible for 30% of autosomal recessive IRD
cases, which is predicted to correspond to around 1.4 million people affected worldwide
(Hanany et al., 2020). In autosomal recessive non-RP Spanish families, mutations in ABCA4
explain 82.7% of cases (Perea-Romero et al., 2021). Specifically, for cases of CRD and MD,
the frequencies vary around 38% and 14%, respectively (Del Pozo-Valero et al., 2022). It was
described in the Spanish population that the most frequent variant described in this gene
is ¢.3386G>T, constituting the 5% of the total alleles described in this study and explaining
the diagnosis in 21.5% of solved autosomal recessive non-RP families (Del Pozo-Valero et
al., 2020; Perea-Romero et al., 2021). Similarly, the c.5882G>A variant was reported with a

fairly high frequency in several populations (Perea-Romero et al., 2021).
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The previously reported worldwide carrier frequency showed that ABCA4 has the highest
genetic prevalence, followed by USH2A and EYS in autosomal recessive cases (Hanany et al.,
2020). This matched our results, except for EYS that was the fourth most prevalent mutated
gene in our cohort. In patients with an autosomal dominant inheritance pattern, we
observed that PRPH2 is the most prevalent mutated gene, as reported in the literature in
the Spanish population (Perea-Romero et al., 2021). Particularly, this gene was the third
most prevalent mutated gene among all patients from out cohort. However, it is worthy to
remark that genes prevalences can differ among cohorts when they are not large enough
and their predominant clinical entities may be the result of biases on the part of

ophthalmologists and the study population itself.

Hypomorphic variants and complex alleles in ABCA4

In STGD patients with a late-onset phenotype or with milder clinical signs, hypomorphic
variants in ABCA4 are described (Cornelis et al., 2017; Kaway et al., 2017; Zernant et al.,
2017, 2018; Collison et al., 2019). These variants are characterized by presenting incomplete
penetrance, since they only contribute to the phenotype when they are found in trans with
a deleterious variant. This is why many of them have a high population frequency as they
are present in many healthy individuals who are either monoallelic, homozygous for one of
these variants or carriers of two hypomorphic variants in compound heterozygosity. In our
cohort, patients RPN-544 and RPN-666 carry the c.5882G>A (p.Gly1961Glu) variant, which
was described as a hypomorphic related to late-onset of symptoms (Salles et al., 2018). This
aligns with our findings, as both patients exhibited their first clinical symptoms during the
third decade of life. Another example of a hypomorphic variant described in the literature
could be the case of c.5603A>T (Zernant et al., 2017; Cremers et al., 2018; Runhart et al.,
2018). This variant has a high frequency in STGD patients and it is a disease-causing variant

in 5% of cases when found in trans with a deleterious variant.

Regarding complex alleles, in patient RPN-679 diagnosed with STGD disease we identified
the ¢.5714+5G>A variant in ABCA4, previously described as hypomorphic (Cornelis et al.,
2017), along with c.4880del (p. Leu1627Argfs*35) and c.2953G>A (p.Gly985Arg) in this
same gene. Neither of these last two variants were previously described. However, since

we were not able to perform the segregation analysis, we cannot conclude whether the

117



General Discussion

€.5714+5G>A variant is causing the phenotype (in case the other two variants were on the
same allele), or the clinical signs observed are due to the variants c.4880del
(p.Leul627Argfs*35) and c.2953G>A (p.Gly985Arg). Similarly, patient RPN-734 carries the
variants ¢.3113C>T (p.Alal038Val), c.4539+2064C>T and c.1364T>A (p.Leu455GIn) in
ABCA4. Despite the unknown allelic distribution of these variants, the ¢.3113C>T allele has
already been described in cis with c.1364T>A in the literature (Salles et al., 2018). In cases
in which the ¢.1364T>A variant is found in trans with another deleterious variant, a late
onset was observed (Del Pozo-Valero et al., 2020). This suggests that this variant could also
be considered hypomorphic. In addition to this case, we found RPN-749, in which three
variants were also identified and whose results reaffirm the high prevalence of complex

alleles associated with ABCA4.

Given the wide range of phenotypic variability and age of onset observed in patients with
mutations in the same gene, it is not be surprising that, as occurs with ABCA4, there are
other genes in which hypomorphic variants alter the patient phenotype, or even complex
alleles that contribute to the variability in the clinical signs (Farag et al., 2024; Thuma et al.,

2024; Tsui et al., 2024; Waldock et al., 2024).

Carriers of mutations in more than one IRD gene

Around 2.7 billion individuals are described to be carriers of a pathogenic variant in a AR
gene (Hanany et al., 2020). Thus, it is not unusual to identify patients that carry pathogenic
variants in more than one AR gene, and even cases in which variants in more than one gene
can be influencing the phenotype. In fact, in our study, we identified five families in which
one of these situations occur (RPN-670; RPN-717; RPN-726; RPN-735; RPN-745) (Chapter |,
Table 1).

Particularly, RPN-670 (FRPN-265) was diagnosed with CD before the age of 20. We identified
variants c.3157del (p.Tyrl053Thrfs*4) in RP1, c.623G>A (p.Gly208Asp) in PRPH2 and
€.6957+ 1G>C (p.?) and ¢.4955C>T (p.Pro1652Leu) in USH2A, all of them in heterozygosity
(Chapter I, Table 1). Although the patient was diagnosed with CD, any of these genes may
be influencing the phenotype. At the time of the study the family segregation analysis could

not be carried out, but after the publication of the data we disposed of DNA from the
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parents, both asymptomatic. Thus, we confirmed that the RP1 variant c.3157del and variant
€.6957+1G>C in USH2A were inherited from the mother, while variants c.623G>A in PRPH2
and c.4955C>T in USH2A from the father. Both PRPH2 and RP1 follow an AD mode of
inheritance, and it has been described incomplete penetrance associated to both genes
(Dietrich, 2002; Soucy et al., 2023; Hitti-Malin et al., 2024). After these studies, we
considered the variant identified in PRPH2 as IRD-causing in this case. Eventually, although
USH2A and RP1 cause RP, it cannot be ruled out that they can have an implication in the
phenotype throughout the course of the disease. This reflects the relevance of carrying out
a segregation analysis in complex cases such as RPN-670, as well as the significance of

incomplete penetrance in the diagnosis of IRD (Rodriguez-Mufioz et al., 2021)

These results underscore the importance of performing an exhaustive genetic analysis to
identify all variants and genes that are responsible for the disease and can influence the
patient’s phenotype. This is crucial for ensuring proper monitoring of the patient, providing
correct genetic counselling and enabling participation in gene-specific clinical trials or

treatments.

IMPACT OF NON-CODING REGIONS ON THE GENETIC DIAGNOSIS OF IRD AND USH

Variants in non-coding regions, such as deep-intronic and those localized to untranslated
regions (UTRs), can significantly impact gene regulation and splicing. In the context of IRDs,
these variants may alter RNA processing, leading to aberrant splicing or misregulation of

gene expression, which eventually contributes to retinal degeneration.

Deep-intronic variants

Deep intronic mutations have been identified in numerous genes associated to IRD and the
number of this type of pathogenic variants has grown rapidly in the past three years (Fadaie
et al., 2021b; Corradi et al., 2023; Reurink et al., 2023; Yang et al., 2023; Sangermano et al.,
2024; Zeuli et al., 2024). This has been possible, in many cases, thanks to WGS approaches,
which allow the analysis of non-coding regions. This type of variants can alter transcription
regulatory motifs in the sequence giving rise to different splicing effects, such as the

inclusion of a PE in the coding region.
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As mentioned, the identification of deep-intronic variants is booming with the analysis of
the whole genome. It is worth highlighting the numerous deep-intronic variants identified
in the ABCA4 gene (more than 30) accounting for 15% of the disease-causing ABCA4 variants
reported in the Human Gene Mutation Database (HGMD, accessed on 20™" of November)
(De Angeli et al., 2024). Several hot spots of deep-intronic variants are reported in ABCA4,
with many variants identified within specific clusters (Zernant et al., 2014; Albert et al.,
2018; Runhart et al., 2018; De Angeli et al., 2024). These regions are described to be more
susceptible to accumulate deep-intronic variants. Since the inclusion of a PE can be caused
by the alteration of either an acceptor/donor splice site or an enhancer/silencer motif, it is
not surprising that variants in the vicinity can induce a similar effect in the pre-mRNA. This
is the case of variants ¢.5196+1137G>A and ¢.5196+1216C>A, both of which caused the
same PE inclusion (Braun et al., 2013). In terms of therapy, this could mean an advantage
as a single ASO could correct the splicing aberrant effect caused by several closely deep-
intronic variants (Albert et al., 2018). Similarly to ABCA4, more than 10 deep-intronic
variants have already been identified in USH2A (LOVD and HGMD, November 2024), making
it one of the genes associated with RP that harbours the highest number of reported deep-
intronic variants (Vaché et al., 2012; Liquori et al., 2016; Gonzalez-del Pozo et al., 2018;

Fadaie et al., 2021b; Mansard et al., 2021; Reurink et al., 2023).

Given this exponential increase in deep-intronic findings, it is tempting to speculate that
the contribution of this type of variants in these genes is even higher than what is described

so far, encouraging to keep focusing in the non-coding region analysis.

Deep-intronic variants previously described can be studied by including those regions in
customized gene panels or by Sanger sequencing. In this thesis, following these two
strategies we completed the genetic diagnosis in a total of 15 patients. The two IRD gene
panels including non-coding regions allowed us to identify the second disease-causing
variant in two patients. In patient RPN-750 the change ¢c.2991+1655A>G was identified in
homozygosity in CEP290, reported to be responsible for around half of the LCA cases (Den
Hollander et al., 2006; Coppieters et al., 2010; Valkenburg et al., 2018; Girach et al., 2022;
Cideciyan et al., 2023). In patient RPN-734, c.4539+2064C>T was identified in ABCA4

(Zernant et al., 2014). The study of five deep-intronic USH2A variants previously described
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in the nsRP/USH monoallelic cases allowed to complete the genetic diagnosis in 13 patients.
Particularly, variant c.7595-2144A>G was identified in 61.5% of the solved patients, which
is consistent with the frequency reported in the literature (Krawitz et al., 2014; Slijkerman
et al., 2016). This analysis was specially determinant in patient RP-1741 as variant ¢.7595-
2144A>G was identified in compound heterozygosity with c.9959-4159A>G, also previously
described (Liquori et al., 2016).

Despite this, gene panels are usually limited in identification of new non-coding variants.
Following this premise, we carried out the study of the whole non-coding regions of USH
genes in both monoallelic USH patients and nsRP carrying one variant in USH2A. This
analysis let the identification of two new deep-intronic variants in USH2A, c.8681+3960A>G
and c.9958+3438A>G.

Nonetheless, studying non-coding genomic regions presents significant complexity due to
their structure and composition. Many of these regions contain highly repetitive sequences,
making them difficult to map and avoiding a correct variant calling (Lord and Baralle, 2021).
These are often GC-rich regions, which can create secondary structures that hinder
sequencing and computational analysis (Lord and Baralle, 2021). These features pose
difficulties for analysing and understanding the functional impact of the variants harboured
in those regions. Furthermore, splicing prediction is also challenging. This is why many
studies have evaluated the cut-off values in order to assess the sensitivity of different tools
that would help to analyse these variants (Jaganathan et al., 2019; Riepe et al., 2021;
Rowlands et al., 2021). In spite of this, SpliceAl is considered as one of the best tools for
splicing prediction. It is a matching learning-based tool for splicing prediction that has
shown an accuracy of above 90% for deep-intronic variants when compared with other
splicing tools individually (Jaganathan et al., 2019; Rowlands et al., 2019; Wai et al., 2020).
Related to this, it is interesting to remark the identification of variants ¢.4106C>T and
c.5168-26A>C in USH2A patients RP-1950 and RP-2034, respectively (Chapter Il, Table 3)
(Garcia-Bohérquez et al., 2024). These two variants were probably detected in previous
analysis, but they were not considered because a comprehensive splicing prediction
analysis was not performed, or the prediction algorithms available at the time were not

sufficiently optimized (Jaganathan et al., 2019; Wai et al., 2020). Based on a score > 0.2 for
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SpliceAl and a score >10% for MaxEnt, we detected 16 variants candidate variants, from
which four showed an effect in splicing after the functional analysis by minigenes. The
accuracy showed by SpliceAl is evident in our results, as if we would had relied solely on
SpliceAl, only two of six selected variants (12.5%) would have been false positives. Both
variants ¢.4106C>T and ¢c.5168-26A>C were non-canonical exonic variants, and it is already
reported that for this type of variants the cut-offs should be more stringent than those for
deep-intronic (Reurink et al., 2023). However, the SpliceAl predicting potential turns out to
be more accurate when used in combination with other prediction tools as it does not give
information of enhancers and silencers disruption (Rowlands et al., 2021). Eventually, the
prediction capacity of this tool can also depend on the gene of interest (Lord and Baralle,

2021).

Since many regulatory elements are not fully characterized, functional studies are needed
to validate the predicted effect in silico, for instance by minigene assays. It is important to
have in mind the limitations associated to this approach. Minigenes are in vitro models that
do not always quantitatively reproduce the in vivo situation as, for instance, it only includes
part of the genomic sequence. Moreover, the splicing events are different among tissues
and, particularly in retina, the specific splicing factors determine the functional significance
of the distinct splicing products (Wen et al., 2010; Albert et al., 2018; Matalkah et al., 2022).
Despite this, when affected tissues are inaccessible and the target genes are not expressed
in other tissues, minigenes and midigenes assays are very useful as they are considered a
standardized approach for preliminary variant pathogenicity classification (Bauwens et al.,
2019; Rodriguez-Mufioz et al., 2022). Midigenes provide the possibility of including a larger
sequence without disturbing any regulatory element in the vicinity of the variant in order
to slightly better resemble the in vivo situation. This has been shown in a study carried out
by Sangermano et al. in 2018, in which they confirmed the capacity of midigenes to show a
natural skipping of several exons in ABCA4 (Sangermano et al., 2018). Moreover, as almost
all introns size do not exceed 11kb (Sakharkar et al., 2004), midigenes are very suitable for
assessing the splicing effect of many deep-intronic variants. Despite this, in our study, we
were able to provide new information about variants affecting splicing by functional studies
by minigenes, which can bring some light for future genomic analysis and therapeutic

approaches.
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An alternative that provides more evidence about what happens in vivo is the use of patient-
derived cells that can be differentiated to photoreceptors precursor cells (Koolen et al.,
2022; Reurink et al., 2023). Nevertheless, different effects between in vivo and in vitro can
occasionally be observed, such as in the inclusion of alternative PEs or in the proportion of
mutant and wild-type transcripts. (Khan et al., 2020a; Reurink et al., 2023; De Angeli et al.,
2024). Other studies carried out in ABCA4 variants showed equivalent results in retinal cells

differentiated from patient-derived cells (Parfitt et al., 2016; Albert et al., 2018).

Untranslated regions (UTR)

Studying UTRsis crucial in the genetic diagnosis of hereditary diseases such as IRDs, as these
regions can regulate gene expression. Variants in UTRs may alter mRNA stability or
translation, contributing to pathogenicity in many diseases, making them key in
understanding genetic disorders (Whiffin et al., 2020; Ruberto et al., 2021; Trizuljak et al.,
2024).

In the design of the panel containing the genomic sequence of USH genes whose study has
been carried out in this thesis, UTRs have been taken into account as areas likely involved
in the pathology of the patients. However, the scope of its analysis has not allowed us to

obtain conclusive results.

In clinical practice, many variants are missed within UTRs due to limitations both in
sequencing and in the annotation and interpretation of these variants. It is estimated that
only 3 to 20% of the 5'UTR region of the IRD-causing genes are completely covered with
WES, and the percentage can vary between 7-39% depending on the kit used (Duefias Rey
et al., 2024). Although the use of WGS does allow the identification of these variants, their
interpretation and the lack of in silico predictors remain a drawback. In addition, just as we
have placed special emphasis on the importance of reanalysis of deep-intronic regions due
to the continuous improvement of prediction tools, UTRs should also be reanalysed to avoid

overlooking relevant changes.

The information from databases that collets variants identified so far is greatly important,

especially due to the difficulty in defining the regulatory elements located in UTR regions
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that require ChIP-seq or RNA-seq type analysis (Nishi et al., 2024; Santana et al., 2024;
Zhang et al., 2024). Indeed, in a recent retrospective analysis, 58% of 5’UTR variants
identified in IRD genes that were submitted in ClinVar were classified as VUS and many
others have been overlooked by bioinformatic pipelines and were not reflected in
databases. (Duefias Rey et al., 2024). Currently, in silico prediction tools are not capable to
predict the pathogenicity of all variants located in the 5'UTR region (Steri et al., 2018), being
the most frequently used those which predict uORF cis-elements alterations (Zhang et al.,
2021; Filatova et al., 2023). However, the development of an adequate pipeline for correct
annotation and prioritization allowed the identification of three variants in 5’UTR in the
MERTK, PRPF31 and RDH12 genes in a single study (Duefias Rey et al., 2024). Likewise, the
annotation of variants in the 5'UTR based on each transcript isoform is very important. In
fact, the reanalysis of transcript expression data at a retinal level showed higher levels of
expression of non-canonical isoforms of IRD genes (Dueiias Rey et al., 2024). Additionally, a
recent study has assessed the prediction capacity of seven different algorithms for non-
coding variant interpretation in comparison with UTR variants, which showed less accuracy
in UTR variant prediction (Li et al., 2024). This led them to develop two new models in order
to predict 5'UTR and 3'UTR variants with higher efficiency. Variants in 3’UTR are also
reported in the bibliography (Brewster et al., 2012; Devanna et al., 2018). Despite this,
further investigation is needed to develop robust prediction tools as the ability of

determining the clinical impact of these variants is still inaccurate (Romo et al., 2024).

Concerning the necessity of validating these variants, some drawbacks to take into account
also refers to the need for functional studies, such as luciferase assays (preferably in retinal
cell lines) or RNA analysis of patient tissue (Coppieters et al., 2015; Ruberto et al., 2021;
Daich Varela et al., 2023; Duenas Rey et al., 2024). Besides, neither all tissues are equally
accessible nor all genes are expressed in peripheral blood, which further limits this study.
Though the variants in UTR regions were sequenced and analysed in this thesis, due to the
complexity and limitations that we have just mentioned, we cannot rule out that some
patients carry variants that were overlooked. In this way, these regions must to be

reanalysed in the future.

UNSOLVED CASES
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Despite the advancements in the genetic diagnosis of IRD, the percentages of unsolved
patients that we observed are 42.4% and 67.2% for the custom IRD genes panels and the
USH genes panel, respectively. These remarkable numbers of unresolved cases suggest that
there are other factors involved in the pathogenicity of these diseases. These may have

been overlooked or not taken into account in the design of these strategies.

At a clinical level, the existence of phenocopies could be intervening in some
uncharacterized patients. This occurs when a clinical profile caused by mutationsin a certain
gene is indistinguishable from other clinical entities. Phenocopies have been described in
certain IRD genes, as well as cases of mosaicism due to mutations in genes that mimic other
diseases (Strubbe et al., 2021; Abdolrahimzadeh et al., 2022; Tan et al., 2023). Particularly,
several genes such as CEP250, CEP78, ESPN, ARSG, among others (Nolen et al., 2020),
present a clinical picture similar to USH. Nonetheless, none of them fit into the three USH
subtypes, since there are some differences in the age of onset or the severity of the
symptoms. Due to these discrepancies, they were classified under the atypical or even USH-
like group. Moreover, in some cases RP and SNHL could be inherited independently
simulating an USH case (Neuhaus et al., 2017). This second scenario is not unlikely given the
high prevalence of carriers for a variant in an autosomal recessive IRD gene as well as for
nonsyndromic hearing loss (Nishiguchi and Rivolta, 2012; Shearer and Smith, 2012). In the
same way, other syndromes, such as PHARC, combine RP and hearing loss with other
possible clinical signs and can be mistaken for USH. (Wawrocka et al., 2024). Thus, it would
not be surprising that some uncharacterized IRD patients present other clinical features that

have not been reflected in the patient anamnesis of unsolved cases.

An example of this could be the TBC1D32 gene, which is described in the bibliography as
causing Oro-Facial-Digital Syndrome (OFD) type IX and it has recently been associated with
RP in three patients diagnosed with OFD IX from two different families. (Hietamaki et al.,
2020; Harris et al., 2023). Lastly, mutations in TBC1D32 have been identified in three
families that showed isolated RP (Bocquet et al., 2023), which is a great finding that could
contribute to classifying this gene as a candidate for RP. In this thesis, we have presented a
TBC1D32-related complex ciliopathy case, who associated RP and SNHL. We identified two

variants in trans in TBC1D32 after the thorough analysis of genes included in the clinical
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exome. After these results, it is tempting to suggest that TBC1D32 clinical spectrum has
been extended to hearing impairment, particularly, to bilateral SNHL. This is not surprising
as many ciliopathies associate inner ear cilia problems (Shi et al., 2022; Goutaki et al., 2023).
This reinforces the need of performing a detailed clinical anamnesis and an exhaustive

search of genes recently described in the literature.

Besides, the identification of new IRD genes is increasing (Jurkute et al., 2022; Millo et al.,
2022; Stallworth et al., 2023), whose number comes to 316 in RetNet

(https://retnet.org/home.htm, accessed December, 2024) so far. Given this situation, it is

not unreasonable to suggest that the genetic cause of some uncharacterized patients is
harboured in a new unidentified gene that is not yet included in the designed panels. In line
with this, not all genes reported to cause IRD are reflected in databases such as HPO

(https://hpo.jax.org/) and OMIM (https://www.omim.org/), among others. This is essential

for genetic diagnosis since many genes could be overlooked if databases are not updated.

It is plausible that the genetic cause of some of our unsolved patients may be behind other
reasons. For instance, it is reasonable that some of the VUS that have been identified are
actually causing the phenotype in some unsolved patients in our cohort. However, using the
bioinformatics tools available now, we cannot classify them as pathogenic. To overcome
these issues, additional functional studies as RNA and protein expression assays and
different animal and cellular models as well as organoids could be very useful (Zeitz et al.,
2024). This is especially convenient when the expression of the gene in question is restricted
to the retina or other inaccessible tissues, or even when no functional data are available
(Zhou et al., 2020; Moran et al., 2023; Esteve-Garcia et al., 2024). As an example, CRISPR
editing tools together with transcriptomics have been used to validate the function of VUS
highlighting the importance of these studies in patients who suffer from rare diseases (Fear
et al., 2022). In this line, Huynh et al., remark the need of assessing the consequences in
protein function of VUS, as it can also be essential for ruling out incorrect clinical diagnosis
and administrating a correct treatment to patients when applicable (Huynh et al., 2024). On
account of all this, robust prediction tools and different integrative approaches should be
developed in the near future. Nevertheless, except for the patients analysed with the panel

containing the entire sequence of USH genes, non-coding regions are not included in the

126


https://retnet.org/home.htm
https://hpo.jax.org/
https://www.omim.org/

General Discussion

IRD gene panels, so it is possible that some unsolved patients harbour the disease-causing

mutations in those regions.

Eventually, regions such as UTR, would need a deeper analysis and well curated tools in
order to unravel pathogenic variants localised to those regions. Otherwise, analysing SVs,
STRs, TEs and other complex genomic rearrangements by these approaches remain
challenging. To overcome these limitations, in the following section we discuss some

strategies to broaden our study that can help with some of these issues.

New Strategies to Improve the Diagnosis of IRDs

As it was discussed above, non-coding variants play an important role in IRD genetic
diagnosis. Regarding this, WGS has meant a promising approach to dig into non-coding
regions. The diagnostic capacity of this type of strategies in combination with an accurate
pipeline and an exhaustive interpretation of the variants turns out to be greater than with
WES or customized gene panels (Reurink et al., 2023). In a recent study, a 93% of solved IRD
patients was achieved after the analysis of a smMIPs-based panel in combination with WGS
(Basharat et al., 2024). The cohort encompasses consanguineous families, which certainly
eases the analysis. However, this diagnostic percentage could also insinuate the importance
of a further study such as WGS to increase the diagnostic ratio as well as the reanalysis of
samples that had been previously studied. Even though this is an exceptional high diagnostic
rate, it is still outstanding the greater number of solved patients for WGS rather than WES
(Fadaie et al., 2021b; Hussain et al., 2023; Wen et al., 2023). Thus, WGS provides a new
diagnostic approach that allows the detection of some SV, non-coding variants and even
those located in GC-rich regions (Dockery et al., 2021; Gonzalez-del Pozo et al., 2022).
However, some progress needs to be done with data storage and accurate protocols for

non-coding variants interpretation.

Despite the advantages of short-read WGS, this technology has some drawbacks due to the
size of the sequences, since it does not detect complex SVs, STRs, transposable elements
(TEs), among others. All these events can contribute to the genetic characterization of the
unsolved IRD patients, as it has been described that SVs contribute to the IRD mutational

landscape from 5 to 15% (Van Schil et al., 2018; Nikopoulos et al., 2019; Zampaglione et al.,
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2020; Biswas et al., 2021; de Bruijn et al., 2023). This has been possible due to the
development of strategies based on long-read sequencing that are able to precisely identify
SVs (Beyter et al., 2021). Different technologies are now being applied for long-read
sequencing, such as Oxford Nanopore and Pacific Biosciences (PacBio). Long-read
sequencing also entails several limitations related to the high costs, low throughput,
computational overload and the lack of information reflected in the databases (Mastrorosa
et al., 2023). In general, long-reads sequencing is quite efficient in reducing the percentage
of off-target and provides good results in sequence coverage, as they allow real-time DNA
analysis without the need of specific sample preparation and amplification (Loose et al.,

2016; Nakamichi et al., 2023; Wojcik et al., 2023).

Optical Genome Mapping has emerged as another cytogenetics-based strategy that allows
identification of large SVs by analysing ultra-long DNA fragments. This approach has shown
that, in combination with reanalysis of short-read data, the diagnosis rate can be increased,

which highlights the importance of not overlooking SVs (de Bruijn et al., 2023).

As a future perspective, patients who remain undiagnosed after our initial analysis will be
subjected to further studies incorporating these advanced diagnostic approaches. The
combination of WGS, long-read sequencing technologies and Optical Genome Mapping,
aims to maximize diagnostic yield and uncover the genetic cause of IRD patients that may
have been missed in prior approaches. Integrating these technologies will enhance the

likelihood of achieving a comprehensive genetic diagnosis for these patients.

ANTISENSE OLIGONUCLEOTIDES AS A PROSPECTIVE THERAPY FOR IRDs

Recent advances in therapy for IRDs, including viral vector-based approaches, gene editing
technologies and cell therapy strategies have shown promising results (Liu et al., 2024c;
Yalla and Kuriyan, 2024). However, deep-intronic variants, which can disrupt gene function,
present unique challenges. One emerging therapeutic option for these variants is the use
of ASOs, which can modulate splicing and restore normal gene expression with many

advantages (Girach et al., 2022).
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Thus, the thorough study of intronic regions has made the splicing modulation one of the
strategies of most interest so far. Particularly, PEs blocking is one of the approaches that is
being assessed given its high efficacy and the continuous increase in the number of deep-
intronic disease-causing variants that are being identified (Garanto et al., 2016; Garanto and
Collin, 2018; Reurink et al., 2023; Yamada et al., 2024). For this reason, a splicing modulation
strategy was designed in this thesis in three USH2A deep-intronic variants by using ASOs in
order to block the inclusion of PEs. We obtained good results of minimum efficient doses,
which are comparable with other studies and would be sufficient to continue with further
studies, so that a promising therapy would be developed (Lentz et al., 2013; Dulla et al.,
2021; Schellens et al., 2023). Assays carried out in PE50 in USH2A gene also showed that
problematic regions, such as GC-rich regions, can interfere negatively in the efficiency of
ASOs. In fact, we obtained the higher minimum efficient dose in PE50 assays, requiring the
synergistic use of two different ASOs to increase the effectiveness in PE50 blocking. Even
so, our results are encouraging for continuing with in vitro/in vivo studies and toxicity

assays.

ASOs offer a series of advantages comparing to strategies such as gene augmentation.
Firstly, they do not modify the amount of RNA or protein as they directly and temporarily
interfere with the pre-mRNA, also reducing off-targets. Due to its small size, its release can
be carried out intravitreally and is capable of reaching all cell types of the retina.
Furthermore, the use of ASOs to modulate splicing does not necessarily involve preclinical
animal testing (which does not exempt the need to establish minimum doses and toxicity

tests) (Girach et al., 2022).

On the other hand, to overcome the limitations that the therapeutic use of ASOs entails,
such as stability and half-life in vivo, different studies have been carried out. Second-
generation ASOs, which include 2’-O-MOE modifications, have helped improve these
aspects by increasing the binding affinity and conferring more nuclease resistance (Bennett
and Swayze, 2010; Yu et al., 2013). This advantage also carries a drawback, since systems
such as AAVs neither produce nor release second-generation ASOs. To this end, the use of
U7snRNA complexes followed by AAV-mediated release may provide a solution that also

contributes to improve the half-life and reduce the number of intravitreal injections (Aupy
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et al., 2020). This complex protects the ASO from degradation promoting its accumulation
in the nucleus for splicing correction. Furthermore, to improve their ability of reaching
different cell types and tissues, various chemical modifications have been studied. These
strategies include those focused on enhancing nuclease stability and affinity to RNA and
protein, or those that help cross several barriers in target tissues. (Seth et al., 2019). The
evaluation in efficacy of three different ASOs modifications has also been assessed in retina
(Vazquez-Dominguez et al., 2024). Particularly, they have observed a higher splicing
modulation efficacy with 2'0-methoxyethyl-phosphoriate (MOE/PS) ASOs with no external

alterations in in vivo analysis performed in mouse retina (Vazquez-Dominguez et al., 2024).

Several trials based on ASOs have been developed for hereditary conditions, including IRDs.
Particularly, there are three trials ongoing for CEP290 and RHO-associated IRDs and USH2A-
associated USH cases under the name of Sepofarsen/QR-110, QR-1123 and Ultevursen/QR-
421a, respectively (Girach et al., 2022) using different strategies related to ASOs, which
involve exon-skipping, knockdown of mutant mRNA and base RNA editing by changing

specific sites (Collin and Garanto, 2017; Xue and Maclaren, 2020; Kuijper et al., 2021).

Regarding PEs blocking, Sepofarsen (QR-110) is a clinical trial for splicing modulation of the
frequent deep-intronic variant ¢.2991+1655A>G in CEP290, which is currently in charge of

Théa Laboratoires (https://www.laboratoires-thea.com). As visual advances and long

durability of the treatment was shown after a single injection, the study was extended to
both eyes in patients included in the trial. Findings showed an enhanced sensitivity of foveal
cones after injection and they suggest that posterior intravitreal injections should be spaced
at least two years apart to minimize toxicity (Cideciyan et al., 2023). As it was remarked
before, this deep-intronic variant was identified in patient RPN-750, standing out the
implication of our studies by providing this patient a new future therapeutic option. More
studies are focused on this strategy, such as the case of the ¢.1245-521A>G variant in CHM
(Zhai et al., 2023).

ASOs also have the ability of skipping constitutive exons of a gene, so that these regions are
not included in the protein sequence. This has been very useful in the case of Ultevursen
(QR-421a). The target of this trial is the skipping of exon 13 of USH2A gene. This strategy is

very interesting as this is the most frequently mutated gene in USH and one of the most
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prevalent genes in nsRP. Moreover, exon 13 in this gene harbours the two variants with the
highest frequency among USH2A-associated USH and nsRP patients (Lin et al., 2024b,
2024a). At this moment, this therapeutic strategy is being studied by Théa Laboratoires
(Dulla et al., 2021). Intravitreal injection of Ultevursen in adults showed significantly
improved retinal sensitivity in the treated eyes compared to controls as well as restoration
of usherin expression and good responses from ERG (Girach et al., 2022). Eventually, further
studies for efficacy and safety evaluation had been initiated (Girach et al., 2022). These
findings have driven the researchers to continue studying exon-skipping based strategies in

this gene (Schellens et al., 2023).

Eventually, the QR-1123 trial based on mRNA allele-specific degradation through ASOs in

RP autosomal dominant cases due to a mutation in RHO is being evaluated (NCT04123626).

The outcomes from the effort in studying the therapeutic potential of ASOs are perfectly
represented by the approved treatment for SMA (Spinal Muscular Atrophy). Additionally,
for DMD (Duchenne Muscular Dystrophy), four ASOs strategies based on the pre-mRNA
splicing modulation have been conditionally approved by FDA (Finkel et al., 2017; Li et al.,
2018; Wilton-Clark and Yokota, 2023). In addition, many other trials are been developed for
this condition (Wilton-Clark and Yokota, 2023).

Although the use of ASOs for specific mutations do not represent an attractive approach in
terms of number of patients to be treated, there are some exceptions that should not be
underestimated. This is the case of variants such as ¢.7595-2144A>G in USH2A and
€.2991+1655A>G in CEP290 that have turned out to be very frequent, or those ASO-based
strategies that are being evaluated for treating deep-intronic variants in close vicinity in
ABCAA4. In this line, we should not rush into estimating the frequency of new deep-intronic
variants in order to be being a future target for ASO-based approaches, as well as the final

scope of many of these strategies.
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CONCLUSIONS

1. The use of gene panels targeting inherited retinal dystrophies-associated genes
allowed us to identify the genetic cause in 57.6% of cases, aligning with global

diagnostic rates achieved through targeted sequencing and WES.

2. The most frequently mutated genes in our inherited retinal dystrophies cohort are

ABCA4, PRPH2 and USH2A, which account for the 53% of the solved cases.

3. In 9% (five cases) of the solved patients, we identified pathogenic variants in more
than one gene, and in two of them, more than one gene could be influencing the
patient’s phenotype. This highlights the importance of a thorough analysis in order

to provide a proper genetic counselling and clinical follow-up.

4. The analysis of deep-intronic variants previously described in Usher syndrome
and/or inherited retinal dystrophies-associated genes allowed us to complete the
genetic diagnosis in a total of 15 patients. Thirteen of them carried the second
disease-causing variant in USH2A, one in ABCA4 and one in CEP290. These results
underscore the importance of analysing non-coding regions in clinical practice to

increase the diagnostic yield.

5. The analysis of the panel containing the whole genome sequence of Usher syndrome
genes revealed two new deep-intronic variants in USH2A and allowed us to
complete the genetic diagnosis in two patients. In this regard, the progressive
application of whole genome sequencing in unsolved patients will facilitate the
identification of additional pathogenic variants in non-coding regions in IRD-related

genes.

6. The re-analysis of exon-flanking or missense variants detected two variants that

alter a splicing regulatory element and were missed in previous studies. This exposes

the necessity of assessing in silico splicing analysis for all types of variants, as well

135



Conclusions

10.

as the importance of re-evaluating previously identified variants using updated

splicing prediction tools.

Functional assays using minigenes enabled us to validate a deleterious effect on the
splicing process in four out of the 16 candidate variants. This is a robust validation

technique that provides valuable insights into potential splicing alterations.

In this study, we demonstrated the efficacy of antisense oligonucleotides in
redirecting aberrant splicing caused by three deep-intronic USH2A variants:
€.9958+3438A>G, ¢.8681+3960A>G and ¢.14134-3169A>G. The results
demonstrated successful PE blocking and restoration of normal splicing patterns in

vitro for these three variants.

Despite analysing the untranslated regions of Usher syndrome genes, we did not
find any candidate variants. Nevertheless, predicting their functional effects in
those regions remains challenging and variants located in these regions should be

re-evaluated in the future.

The findings in the patient harbouring TBC1D32 mutations, illustrate the importance
of performing a proper anamnesis and comprehensive genetic approaches. This
would represent the first reported TBC1D32-related case involving retinitis
pigmentosa and sensorineural hearing loss, expanding its clinical spectrum to

include hearing impairment.
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Supplemental material from Chapter I

Table S1. Genes included in PV1.

ABCA4 CA4 CNGB3 GDF6 Kiz oTX2 PRPF6 RHO SLC7A14
ADAM9 CABP4 CNNM4 GNAT2 KLHL7 PDE6A PRPF8 RIMS1 | SNRNP200
ADAMTS18 | CACNAIF CRB1 GUCAIA LCAS PDE6B PRPH2 RLBP1 SPATA7
AlPL1 CACNA2D4 CRX GUCA1B LRAT PDE6C RAB28 ROM1 TIMP3
ARL2BP CDH3 DHDDS GUCY2D MAK PDE6G RAX2 RP1 TOPORS
ARL6 CDHR1 DRAM2 HK1 MERTK PDE6H RBP3 RPIL1 TTC8
BBS1 CEP290 DTHD1 IDH3B MVK PITPNM3 RBP4 RP2 TTLL5
BBS2 CERKL EFEMP1 IMPDH1 NEK2 POC1B RD3 RP9 TULP1
BEST1 CHM ELOVL4 IMPG1 NEUROD1 PRCD RDH12 RPE65 UNC119
CI1IQTNF5 CLRN1 EYS IMPG2 NMNAT1 PROM1 RDH5 RPGR USH1C
C21orf2 CNGA1 FAM161A lQCB1 NR2E3 PRPF3 RGR RPGRIP1 USH2A
PCARE CNGA3 FLVCR1 KCNJ13 NRL PRPF31 RGS9 SAG ZNF408
C8orf37 CNGB1 FSCN2 KCNV2 OFD1 PRPF4 RGS9BP | SEMA4A ZNF513
chr1:216064520-216064560 (USH2A) | chr1:94492980-94493020 (ABCA4) chr12:88?§?§j§(—;8494980
chr19:54633379-54633419 (PRPF31) chrX:13770172-13770212 (ODF1)

Genomic hgl9 coordinates correspond to deep-intronic regions in which variants have been previously described

as pathogenic.

Table S2. Genes included in PV2.

ABCA4 | CDHR1 | GNAT2 | MAK | PRPF31| RPIL1 chr1:216064520-216064560
(USH2A)
ADAM9 | CEP290 | GUCA1A | MERTK | PRPF4 RP2 chr1:215967733-215967833
(USH2A)
ADAMTS1 chr1:215827262-215827362
. CERKL | GUCAIB | NEK2 | PRPF6 | RPE65 (UsHaA)
AIPL1 CHM | Gucy2p | mFsps | PRPFS | RPGR | chr1:94492980-94493020 (ABCA4)
ARL2BP | CNGA1 HK1 | NMNAT1 | PRPH2 | RPGRIP1 | chr1:94549552-94549652 (ABCA4)
ARL3 CNGA3 | IDH3B | NR2E3 | RAB28 | SAMDI1 | chr1:94549731-94549831 (ABCA4)
ARL6 CNGB1 | IFT140 NRL RAX2 SAG chr1:94526884-94526984 (ABCA4)
BBS1 CNGB3 | IFT172 | OFD1 | RBP3 | SEMA4A | chr1:94546730-94546864 (ABCA4)
BBS2 CNNM4 | IMPDH1I | oTx2 | RBP4 | SLC7A14 | chr1:94527648-94527748 (ABCA4)
BEST1 CRB1 IMPG1 | PDE6A | RD3 SNRg’P 20 | ¢hr1:94511076-94511176 (ABCA4)
CIQTNF5 | CRX IMPG2 | PDE6B | RDH12 | SPATA7 | chr1:94509749-94509849 (ABCA4)
c210rf2 | cTNNAL | 1QcB1 | PDE6C | RDH5 | TOPORS | chr1:94496459-94496559 (ABCA4)
PCARE | DHDDS | KCNJ13 | PDE6G | REEP6 | TTC8 | chr1:94494092-94494192 (ABCA4)
c8orf37 | DRAM2 | kcnv2 | PDESH | RGR TTLL5 | chr1:94493851-94493951 (ABCA4)
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CA4 ELOVL4 KIA/;154 P/TZNM RHO TULP1 chr1:94492886-94493050 (ABCA4)
CABP4 EYS Kiz POC1B | RIMS1 UNC119 chr1:94484032-94484132 (ABCA4)
CACNAIF | FAM161A | KLHL7 PRCD RLBP1 USH2A chr1:94483872-94484052 (ABCA4)
CACNA2D4 | PRDM3 LCA5 PROM1 | ROM1 ZNF408 chr1:94481917-94482017 (ABCA4)
CDH3 GDF6 LRAT PRPF3 RP1 ZNF513 | chr12:88494940-88494980 (CEP290)
chr1:216039671-216039771 (USH2A) chr19:54633379-54633419 (PRPF31)
chr1:216247426-216247526 (USH2A) chrX:13770172-13770212 (ODF1)

Genomic hgl9 coordinates correspond to deep-intronic regions already present in PV1 and those in which new variants
have been described as pathogenic post-PV1.

Table S3. Deep-intronic variants described in USH2A and ABCA4 as pathogenic.

Gene Nucleotide change Reference
€.7595-2144A>G (Vaché et al., 2012)
¢.5573-843A>G

USH2A

(NM_206933.2)

c.8845+628C>T
¢.9959-4159A>G

(Liquori et al., 2016)

€.14134-3169A>G

(Baux et al., 2017)

c.5196+1056A>G
c.5196+1216C>A

(Braun et al., 2013)

€.1938-619A>G
€.4539+2064C>T

(Zernant et al., 2014)

c.4539+2001G>A

(Bauwens et al., 2015)

c.769-605C>T
c.4539+859C>T
c.4539+2065C>G

(Khan et al., 2019)

ABCA4
(NM_000350.2)

€.2919-826T>A
¢.3050+370C>T

(Fadaie et al., 2019)

€.769-784T>C
c.4253+43G>A
¢.859-506G>C
€.1937+435C>G
c.4539+1100A>G

(Sangermano et al.,
2019)

¢.859-540C>G
c.5197-557G>T

(Bauwens et al., 2019)
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ABCA4: ¢.5882G>A (1)
FRPN-51  4BCA4: ¢.982G>T (2)
ABCA4: ¢.1804C>T (3)

RPN-128 RPN-127
1/3 2/-
RPN-129 RPN-544
2/3 1/2
i ce12
FRPN-255 USH24: ¢.1214delA (1)

USH24: ¢.4732C>T (2)

O

|
@ B

RPN-660 RPN-755 RPN-756
1/2 1/2 1/2

FRPN-340 CEP290: ¢.2991+1655A>G (1)

O

RPN-664 RPN-665
1/- 1/-

/ RPN-750

1/1

FRPN-244 RHO: ¢.328T>C (1)

/‘ RPN-646

1/-

RPN-758
1/-

FRPN-256  CRBI:c.2416G>T (1)

/ RPN-661

1711

RPN-758
/-

ABCA4: ¢.5714+1G=A (1)

FRPN-252 ) peas: c.3386G=T 2)
RPN-657 RPN-757
12 1/2

FRPN- 286 PRPH2: c.440dupC (1)

1O

O

RPN-764 RPN-765 RPN-766
- 1/ -+

" RPN-§94
1/-

FRPN-308 PRPF3I deletion (1)

‘

RPN-767
V-

7 ReN-TIT
1/

FRPN-289  1BCA4: c3386G>T (2)
RPN-759
1/-
RPN-697 RPN-761 RPN-760
1/2 1/- -2

O

RPN-763

RPN-762

1/-

Figure S1. Family pedigrees in which segregation analysis was carried out. Arrows indicates proband

members in each family. FRPN: Family number; RPN: Patient number; ?: Unknown clinic.
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Supplemental material from Chapter II

Table S1. Studies performed in the selected patients.

Patient Family Gene Dx Allele 1 SS NGS SEG Reference
c.2276G>T; (Dreyer et al.,
RP-331 USH2A ARRP p.(Cys759Phe) SP NP NA 2000)
RPN-645 FRPN-243 ARRP ALY SP P1 NA L .
CEP290 c.7394_7395del; (Nishiguchi and
p.(Glu2465Valfs*2) Rivolta, 2012)
c.11146C>T; .
RP-654 FRP-30 USH2A USH p.(GIn3716%) SP NP NA (Vaché et al., 2012)
c.7279del; (Fuster-Garcia et
RP-681  FRP-49 CDH23 USH o.(Thr2427Leufs*47) NP P1 NA al., 2018)
RPN-803  FRPN-372 ARRP 3'15é4dup' NP PL  NA
ZNF408 0.(Arg512Profs*27) This study
¢.5039A>G;
RP-903 FRP-57 USH2A USH 0.(Lys1680Arg) NP P2 NA (Costa et al., 2017)
€.9799T7>C; (Najera et al.,
RP-904 FRP-58 USH2A USH 0.(Cys3267Arg) SP NP NA 2002)
c.2276G>T; (Dreyer et al.,
RP-92 - H2A H P NP NA
925 us US p.(Cys759Phe) S 2000)
€.2276G>T; (Dreyer et al.,
RP-963 FRP-140 USH2A USH 0.(Cys759Phe) SP NP NA 2000)
RP-1036  FRP-163 USH2A USH  c.2809+1G>A; p.(?) NP P1 cc (Baux et al., 2014)
c.1234G>A; (Fuster-Garcia et
RP-1222 FRP-22 H1 H NP P1 NA
8 UsH1c US p.(Asp412Asn) al., 2018)
c.2276G>T; (Dreyer et al.,
RP-1360 FRP-283 USH2A USH p.(Cys759Phe) SP P1 NA 2000)
c.3817C>A; .
RP-1387 FRP-320 PCDH15 USH o.(Arg1273Ser) NP P1 NA This study
c.5666A>G; (Perea-Romero et
RP-1455 FRP-337 USH2A USH b.(Asp1889Gly) SP P1 NA al,, 2021)
c.2299del;
RP-1472 FRP-341 USH2A USH p.(Glu767Serfs*21) SP NP NA (Eudy et al., 1998)
c.1214del;
RP-1485 FRP-344 USH2A USH p.(Asnd05llefs*3) SP NP NA (Bernal et al., 2005)
c.2299del;
RP-1494 FRP-348 USH2A USH p.(Glu767Serfs*21) SP NP CC (Eudy et al., 1998)
c.3443G>A;
RP-1496 FRP-350 ADGRV1 USH 0.(Gly1148Asp) NP P1 NA (Wang et al., 2014)
RP-1541  FRP-367 USH2A USH  c.12067-2A>G; p.? SP NP NA (zggg;ta etal,
c.2299del;
RP-1569 FRP-380 USH2A USH p.(Glu767Serfs*21) SP NP NA (Eudy et al., 1998)
RP-1595 c-10636G>A; SP NP NA . .
p.(Gly3546Arg) (Garcia-Garcia et
FRP-389 USH2A USH
RP-1596 c.10636G>A; sp NP NA al., 2011)
p.(Gly3546Arg)
c.1144G>A; (Garcia-Garcia et
RP-1600 FRP-391 USH2A USH p.(GIn5796%) SP P1 NA al, 2011)
c.17386C>T; (Garcia-Garcia et
-1 -41 D 1 1
RP-1634  FRP-410 ADGRV. USH 0.(GIn5796™) NP P NA al., 2013)
€.2276G>T; (Dreyer et al.,
RP-1635 FRP-411 USH2A USH p.(Cys759Phe) SP NP NA 2000)
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c.2276G>T; (Dreyer et al.,

RP-1647 FRP-417 USH2A ARRP SP NP NA
p.(Cys759Phe) 2000)
¢.5858C>G; (McGee et al.,

RP-1716 FRP-437 USH2A USH 0.(Ala1953Gly) SP P1 NA 2010)
c.13514A>G; (Zampaglione et al.,

RP-1726 FRP-448 USH2A USH o.(Tyr4505Cys) SP NP NA 2020)

RP-1727  FRP-449 USH2A usy  12tadel; sp NP NA (Bernal et al., 2005)
p.(Asn405llefs*3) v
c.13514A>G; (Zampaglione et al.,

RP-1728 FRP-446 USH2A USH o.(Tyr4505Cys) SP NP NA 2020)
c.2299del;

RP-1736 FRP-455 USH2A USH 0.(Glu767Serfs*21) SP NP NA (Eudy et al., 1998)
€.7595-2144A>G; .

RP-1741# FRP-460 USH2A USH p.(Lys2532Thrfs*56) SP P1 NA (Vaché et al., 2012)

ARRP
c.2276G>T; (Dreyer et al.,
- - +
RP-1776 FRP-484 USH2A p.(Cys759Phe) SP NP NA 2000)
SNHL
c.908G>A;
RP-181 FRP- H2A H ! NP P2 Y I, 2
815 505 us us o.(Arg303His) cC (Yan et al., 2009)
€.2276G>T; (Dreyer et al.,

RP-1943 FRP-566 USH2A ARRP 0.(Cys759Phe) SP P1 NA 2000)
c.2299del;

RP-1950 FRP-568 USH2A USH 0.(Glu767Serfs*21) SP P1 NA (Eudy et al., 1998)
c.1859G>T; (Bonnet et al.,

RP-1 FRP-57 H1 H NP P1 NA

953 >70 UsH1c US p.(Arg620Leu) 2016)
c.2299del;

RP-1994 FRP-585 USH2A ARRP 0.(Glu767Serfs*21) SP P1 NA (Eudy et al., 1998)
c.2299del;

RP-2034 FRP-614 H2A H g P P1 E I, 1

03 6 us us 0.(Glu7675erfs*21) S cC (Eudy et al., 1998)
c.8435_8438del;

RP-2055 FRP-619 USH2A USH p.(Thr2812Metfs*17) SP NP NA (Aller et al., 2006)
¢.5933C>T,; .

RP-2106 FRP-645 USH2A USH o.(Pro1978Leu) SP NP NA This study

RP-2131 FRP-667  MYO7A USH  ¢.3G>A; p.(?) NP p1 Na  (Fuster-Garciaet

al., 2018)
c.6393del; (Oshima et al.,

RP-2140 FRP-676 CDH23 USH p.(lle2132Serfs*11) NP P1 NA 2008)
¢.3637_3642dup;

RP-2159 FRP-675 USH2A USH p.(Phel213_Alal214du SP P1 NA This study
p)
c.640G>A;

RP-2213 FRP-719 MYO7A ARRP p.(Gly214Arg) NP P1 NA (Adato et al., 1997)
€.2431_2432del; (Najera et al.,

RP-2214 FRP-720 USH2A ARRP p.(Lys811Aspfs*11) NP P1 NA 2002)
c.2431_2432del; (Najera et al.,

RP-2224 FRP-722 H2A H iy P NP NA

us us p.(Lys811Aspfs*11) S 2002)

RP-2232  FRP-722 USH2A USH  c.1898C>A; p.(Ser633*) SP P1 NA (Baux et al., 2014)
€.12575G>A; (Avila-Fernandez et

RP-2237 FRP-724 USH2A ARRP b.(Arga192His) SP NP NA al., 2010)

USH2A c.1724G>A; (Bonnet et al.,

RP-2238  FRP-725 ARRP  P-(Cys575Tyr) Sp NP NA 2011)

PDE6H €.134+2T7>C; p.(?) This study
c.7061G>A;
-22 -72 2, ! 1 i

RP-2239 FRP-726 USH2A ARRP b.(Arg2354His) SP P NA This study
c.2276G>T; (Dreyer et al.,

RP-2241 FRP-728 USH2A ARRP p.(Cys759Phe) SP NP NA 2000)
c.1875G>A; .

RP-2262 FRP-730 ADGRV1 USH b.(Asp6252Asn) NP P1 NA This study
c.1055C>T,;

-22 -732 2, ! 2 B ., 2

RP-2264 FRP-73 USH2A USH o.(Thr352lle) SP P NA (Baux et al., 2007)
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€.9799T>C;

(Najera et al.,

RP-2266 FRP-734  USH2A USH = Crs3267Arg) NP
c.10073G>A; (McGee et al.,

RP-2268 FRP-736  USH2A ARRP " 3as8Tor) NP P2 NA oo

RP-2269  FRP-737 USH2A ARRp  C1214del; NP P2 NA  (Bernal etal, 2005)
p.(Asn405llefs*3) v
c.12574C>T; (Corton et al.,

RP-2270  FRP-738 USH2A ARRP - 41920ys) NPoP2 NA O

RP-2275  FRP-740 USH2A USH  c.5776+1G>A; p.(?) SP PL NA (zst)aongiberg etal,

Homozygous and heterozygous patients for deep-intronic variants in USH2A are highlighted in bold. RP/RPN: Patient
number; "-": Unkown; RP/FRPN: Family number; Dx: Diagnosis; ARRP: Autosomal Recessive Retinitis Pigmentosa; USH:
Usher Syndrome; SS: Sanger Screening; SP: Screening Performed; NP: Not Performed; P1: Panel design one; P2: Panel
design two; SEG: Segregation analysis. The “#” symbol refers to the NGS positive control; CC: Cosegregation confirmed.

Table S2. Sequence of antisense oligonucleotides tested for the aberrant splicing modulation caused by
three deep-intronic variants.

Variant Oligonucleotide Sequence (3'-5') G-C%
AON1-PE64 CCAUUUUUCUAGGAGAAGCCC 47.6
USH2A: c.14134-3169A>G
AON2-PE64 CAACUGUUUGUUCACAAGGU 40
AON1-PE50 UGCAGGUGUAAAAAUGGCCAAG 45.5
USH2A: c.9958+3438A>G
AON7-PE50 UACCUUGACUGGAGUGAUCUC 47.6
USH2A: c.8681+3960A>G AON1-PE43 CAGUGACAAUUUGGAUGGAGAC 45.5

G-C: Guanine-Cytosine content.

Table S3. Primer sequences used for the minigene assays

Variant Restriction enzyme Rectriction site and tails Primer sequence (5'-3')
Xhol AAGAATCTCGAG gggaaatccagtacatcacc
USH2A: c.4106C>T
Nhel AAGAATGCTAGC caatatcaactgagtgtggac
Xhol AAGAATCTCGAG cactgcctcctatatttacag
USH2A: ¢c.5168-26A>C
Nhel AAGAATGCTAGC catctgaaaggagatggaaac
Xhol AAGAATCTCGAG cctgtactatgactaaccag
USHZ2A: c.9958+3438A>G
Nhel AAGAATGCTAGC ggtgttctgacttctctttc
Ndel AAGAATCATATG gaagctgccgaagtgagtc
USH2A: c.8681+3960A>G
Nhel AAGAATGCTAGC gaaacacgtgtcatggaactg
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RP-1036 (FRP-163) RP 1494 (FRP-348)
USH24: ¢.2809+1G>A / ¢.8681+3960A>G USH24: ¢.14134 3169A>G / ¢.2299delG
RP-2284

+/¢.2299delG

B O B0 OBR

RP-1036 RP-2294 RP-2205 RP-1494 RP-2285 RP-2286 RP-2287
2809+1G>A / o Ao s .14134-3169A>G / Ty C14134-3169A5G / +  c.14134-316945G /
C6B1+3960A7G [CBEBIEIN0ATG 2809162 S .2299de1G £.22094elG
RP-2034 (FRP-614) RP-1815 (FRP-505)
USH24: ¢.2299delG / €.5168-26A>C USH2A4: c.908G>A / ¢.9958+3438A>G

RP-2034 RP-2292 i ?

©.2299delG / +/€.5168-26A>C

€:5168-264-C RP-1815 RP-2276 RP-2277
c908G=A / +/c.9958+3438A>G c908G>A /
C9958+3438A-G C.9958+3438A>G

RP-2293
+/¢.5168-26A>C

Figure S1. Family pedigrees in which segregation analysis were assessed. Variants identified in this study

are highlighted in bold.
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Inserted
region '

B
c.4106C>T €.9958+3438A>G Donor site
N \’ ,,,,,,,,,,,,, J
—— G | B
~200 bp ~200 bp ~200 bp ~200 bp
¢.5168-26A>C ¢.8681+3960A>G Donor site
e T
~200 bp ~200 bp ~200 bp ~200 bp

Figure S2. Minigene constructs for the analysis of USH2A variants. Regions inserted are depicted in blue in

both sections A and B. In section A, constitutive exons are represented in yellow (SD6 and SA2). Each square

in section B represents designs performed for each variant. PE: Pseudoexon; bp: base pair.
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