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1. Resumen 

El Splicing alternativo (SA) es un mecanismo regulador de la expresión génica que 

contribuye a la diversidad proteómica al aumentar el número de especies de ARNm 

que se transcriben a partir de un solo gen. Como resultado, las variedades o isoformas 

de la misma proteína pueden presentar una estructura, ubicación y función diferentes. 

La variabilidad en la expresión de las isoformas transcritas podría jugar un papel 

importante en los procesos de diferenciación y en la determinación del destino celular, 

en la aparición de enfermedades y se puede usar para la caracterización de diferentes 

poblaciones dentro de un solo tipo celular. TappAS Tool es una aplicación Java 

desarrollada para el análisis de datos, obtenidos mediante RNAseq, a nivel de gen e 

isoforma. Proporciona un conjunto de herramientas para estudiar el EA, pero también 

su implicación funcional, es decir, si este EA causa algún efecto en la funcionalidad 

de la proteína. El objetivo de este proyecto es la validación experimental de TappAS 

para revelar su efectividad, especificidad y sensibilidad para detectar y evaluar las 

tasas de expresión en el nivel de isoformas. De acuerdo con la literatura, los niveles 

de AA son particularmente altos en el sistema nervioso, por lo tanto, el pipeline se 

desarrolló utilizando los datos obtenidos mediante PacBio RNAseq de tres linajes de 

células neuronales de ratón: Células Progenitoras Neurales (NPC), Células 

Progenitoras de Oligodendrocitos (OPC) y Células Progenitoras de Motoneurona 

(MTNs). El proyecto se dividió en la elección de los genes candidatos, para lo que se 

aprovechaba el análisis in silico de TappAS, y en la validación experimental, que 

consistió en el análisis de los niveles de expresión y la presencia de las isoformas en 

los cultivos mediante la reacción en cadena de la polimerasa en tiempo real (qPCR) 

y Western Blot (WB). 

 

Palabras clave: Alternative splicing, TappAS, RNAseq, isoformas, NPCs, OPCs, 

MTNs,  
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2. Abstract 

Alternative splicing (AS) is a regulatory mechanism of gene expression that 

contributes to proteomic diversity by increasing the number of messenger RNA 

(mRNA) species that are transcribed from a single gene. As a result, varieties or 

isoforms of the same protein may present different structure, location and function. 

Variability in the expression of the transcript isoforms might play an important role in 

differentiation processes and in the determination of cell fate, in the appearance of 

diseases and may be used for the characterization of different cellular populations 

within a single cell type. TappAS Tool is a Java application developed for the analysis 

of RNAseqdata at the gene and isoform level. It provides a set of tools to study the AS 

but also its functional implication, i.e. if this AS cause any effect in the functionality of 

the protein. The aim of this project is the experimental validation of TappAS to reveal 

its effectiveness, specificity and sensitivity to detect and evaluate expression rates at 

the isoform level. According to the literature, AS levels are particularly high in the 

nervous system, therefore the pipeline was developed using PacBio RNAseqdata from 

three mouse neural cell lineages, Neural Progenitors Cells (NPCs), Oligodendrocyte 

Progenitor Cells (OPCs) and Motoneuron Progenitors Cells (MTNs). The project was 

divided in the election of gene candidates leveraging TappAS in silico analysis and in 

the experimental validation, which consisted in the analysis of the expression rates 

and presence of the isoforms in the cultures by means of Real time polymerase chain 

reaction (qPCR) and Western Blot (WB).  

 

Keywords: Alternative splicing (AS), TappAS, RNAseq, isoforms, NPCs, OPCs, 

MTNs,  
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3. Objectives 

The present project aims two objectives. One of objectives of the project is the analysis 

of TappAs in order to disclosure the effectiveness, specificity and sensibility of the 

application to detect and assess expression rates at the isoform level by single gene 

expression analysis. The second goal is taking advantage of the information obtained 

by TappAS to find genes involved in the differentiation of two neural lineages that could 

be determinant for the cell-fate determination. For that purpose, the strategy is divided 

in:  

1. Determination of the transcript isoforms presence and expression levels by 

means of real-time polymerase chain reaction (qPCR) to analyse whether 

information provided by TappAS is reliable.  

2. Identification of the predicted isoforms at the protein level by Western Blotting 

in order to provide a functional role of the Alternative splicing (AS). 
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4. Introduction 

4.1. The mechanism of Alternative Splicing  

The central dogma of molecular biology explains the flow of the gene expression in a 

two-step process. It is normally referred to as “DNA makes RNA makes protein”. A 

molecule of DNA, which contains the original information, is transcribed to a temporary 

copy of RNA that finally is translated into a protein which compounds the machinery 

of the cell. The transcriptome is subjected to regulatory processes referred to as 

Alternative Transcript Processing (AltTP), which includes Alternative splicing (AS), 

Alternative Polyadenylation (APA) and Alternative Transcription Start Sites SATSS), 

provides a mechanism to increase diversity and fine-tune transcriptomes and 

proteomes (Schaefke et al. 2018). These three processes determine which transcripts 

(i.e. transcripts isoforms) a gene may use and contribute to the adaptability of 

eukaryote transcriptome. AS is able to produce transcripts composed by different 

exons, APA has been proposed as a mechanism to scape microRNA regulation by 

shortening 3’ UTR regions (Fu et al. 2018) and ATSS are believed to regulate the 

inclusion of Upstream Open Reading Frames (uORFs) that control translational rates 

(Wang et al. 2016).   

 

Constitutive splicing is considered the process of intron removal and exon ligation 

when they appear in the transcript in the same order as they appear in the gene. 

However, AS is a deviation from this canonical sequence where some exons are 

skipped resulting in various forms of mature messenger RNA (mRNA) (Zheng et al. 

2005). Gilbert first proposed the concept of AS in 1978, as the mechanism underlying 

the discrepancy between the number of protein-coding genes in humans (25.000) and 

the >90.000 different proteins that are generated (Gilbert 1978). The comparison of 

mRNA with genomic sequences in the late 1970s showed that prior to the export into 

the cytosol, viral sequences are removed from the pre-mRNA and the remaining 

sequences are joined together (Berget et al. 1977; Chow et al. 1977) During the last 

decades, genome-wide studies have shown that ~95% of multi-exon human genes 

undergo splicing in a developmental, tissue-specific or signal-transduction dependent 

manner (Pan et al. 2008; Wang et al. 2008). Although AS is a significantly important 

process in vertebrates, several transcriptome studies reveal that AS is also found in 

https://paperpile.com/c/TWjA0W/iHU7
https://paperpile.com/c/TWjA0W/Hfto
https://paperpile.com/c/TWjA0W/THYa
https://paperpile.com/c/TWjA0W/AVJb
https://paperpile.com/c/TWjA0W/AVJb
https://paperpile.com/c/TWjA0W/tJGT
https://paperpile.com/c/TWjA0W/G9qb
https://paperpile.com/c/TWjA0W/X8PU
https://paperpile.com/c/TWjA0W/nvRx+Qds9
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invertebrates (Drosophila ~40%) (Gibilisco et al. 2016), plants (Arabidopsis thaliana 

60%) (Zhang et al. 2017) and fungi (Verticillium dahliae 50%) (Jin et al. 2017). The 

species of higher eukaryotes exhibit a higher proportion of alternatively spliced genes, 

which is an indication of a prominent role for the mechanism in evolution.  

 

AS is a ubiquitous regulatory mechanism of gene expression, considered one of the 

major mechanisms of generating transcriptome complexity, which regulates the 

processing of RNA from pre- to post-transcriptional events providing a powerful 

cellular mechanism to increase the diversity of transcripts and proteins from a limited 

source of genes, thereby expanding the regulatory and functional repertoire of 

eukaryotic organisms. AS mediates diverse biological processes over the entire life 

span of organisms, and its patterns constantly change under physiological conditions, 

allowing an organism to respond to changes in the environment by switching which 

exons it expresses and, therefore changing the translated proteins encoded in the 

mRNAs causing profound functional implications. Thus, AS has a role in almost every 

aspect of protein function, including binding between proteins and ligands, nucleic 

acids or membranes, localization and enzymatic properties (Kelemen et al. 2013). In 

a broader vision, it plays a significant functional role in species differentiation and 

genome evolution (Blencowe 2006)  as well as in the development of functionally from 

simple to complex tissues and is involved in cell differentiation and development, 

tissue identity and stress (Wang et al. 2016; Furlanis and Scheiffele 2018; Baralle and 

Giudice 2017; Pleiss et al. 2007).  

4.2. Regulation of the Alternative Splicing  

RNA cleavage and ligation reactions necessary for intron removal are regulated in a 

cell-type and developmental-stage specific manner through an extensive protein-RNA 

interaction network involving cis-elements and trans-acting factors which play an 

essential role in defining exon and intron identity. Cis-elements which are contained 

or closely linked to the gene they affect, comprise conserved sequences at the 5′ and 

3′ splice sites  (GU-AG dinucleotides) that define the boundary of an intron with its 

upstream and downstream exon, the polypyrimidine tract (YAG) and the branch site 

(BS) both upstream to the 3’ ss (Will and Lührmann 2011) (Figure 1A). In addition, cis-

acting pre-mRNA elements include exonic and intronic splicing enhancers (ESEs and 

ISEs) or silencers (ESSs and ISSs), which modulate splicing by binding regulatory 

https://paperpile.com/c/TWjA0W/ogh9
https://paperpile.com/c/TWjA0W/EwqU
https://paperpile.com/c/TWjA0W/QI2B
https://paperpile.com/c/TWjA0W/3oM6
https://paperpile.com/c/TWjA0W/ETKs
https://paperpile.com/c/TWjA0W/THYa+bd3O+MNWz+8JF6
https://paperpile.com/c/TWjA0W/THYa+bd3O+MNWz+8JF6
https://paperpile.com/c/TWjA0W/LmNs
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proteins that stimulate or repress the assembly of spliceosomal complexes (Goren et 

al. 2006) (Wang et al. 2008). Trans-acting factors, which are diffusible and can 

influence unlinked genes by binding to the cis-elements (Schaefke et al. 2018), 

particularly, RNA-binding proteins (RBPs), whose combinatorial repertoire determines 

the splicing-site choice and whose coordinated and close regulation is essential to 

generate context-specific splicing program (Park et al. 2018). All these elements are 

recognized by a dynamic, flexible and large ribonucleoprotein (RNP) macromolecular 

machinery called the spliceosome, which is composed of different proteins. The 

spliceosome is composed by five small nucleoproteins (snRNP) complexes (U1, U2, 

U3, U4/U6 AND U5) (Figure 1B) associated to ~100 core proteins in yeast (Fabrizio 

et al. 2009) and >300 different proteins in the major human spliceosome (Jurica and 

Moore 2003).Humans even possess a second spliceosome called the minor 

spliceosome which contains the U11, U12, U4atac, U5 and U6atac snRNAs  (Steitz et 

al. 2008).Thus, the spliceosome is a macromolecular complex which works in a 

constant assembly and disassembly cycle on each intron to form a catalytically active 

complex (Figure 1C).  

 

 

 

https://paperpile.com/c/TWjA0W/9Kpw
https://paperpile.com/c/TWjA0W/9Kpw
https://paperpile.com/c/TWjA0W/Qds9
https://paperpile.com/c/TWjA0W/iHU7
https://paperpile.com/c/TWjA0W/rwSg
https://paperpile.com/c/TWjA0W/6Orm
https://paperpile.com/c/TWjA0W/6Orm
https://paperpile.com/c/TWjA0W/lXzU
https://paperpile.com/c/TWjA0W/lXzU
https://paperpile.com/c/TWjA0W/UoN1
https://paperpile.com/c/TWjA0W/UoN1
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Figure 1. Cis-elementes and small ribonucleoproteins (snRNPs) and the spliceosome. 

Adapted from (Will and Lührmann 2011;Park et al. 2018). (A) Conserved sequences found 

at the 5′ and 3′ splice sites and branch site of U2-type pre-mRNA introns in metazoans and 

budding yeast (S. cerevisiae). Here, two exons (blue) are separated by an intron (grey). The 

consensus sequences in metazoans and yeast at the 5’ splice site (SS), branch point 

sequence (BPS), and 3’ splice site (SS) are as indicated, where N is any nucleotide, R is a 

purine, and Y is a pyrimidine. The polypyrimidine tract is a pyrimidine-rich stretch located 

between the BPS and 3’ SS.(B) Protein composition and snRNA secondary structures of the 

major human spliceosomal snRNPs. (C) Alternative splicing is regulated by an extensive 

protein-RNA interaction network involving cis elements within the pre-mRNA and trans-acting 

factors that bind to these cis elements.  

 

Insights into the global complexity of AS in mammals have revealed seven main types 

of alternative splicing (Blencowe 2006). The basic patterns include, cassette-type 

alternative exons (exon skipping), which is the most prevalent in vertebrates and 

invertebrates (~30%); intron retention (the most prevalent in lower metazoans), 

alternative selection of 5’ or 3’ splice sites (~25%), which is capable of inducing fine 

changes in the coding sequence (as little as a single codon); mutually exclusive 

alternative exons; and alternative splicing coupled with alternative first or last exons 

(Figure 2A). Beyond these basic patterns involving binary choices, many complex AS 

pattern exists in the transcriptome (Vaquero-Garcia et al. 2016) (Figure 2B).  

 

Thus, through these mechanisms AS can generate mRNAs that differ in their 

untranslated regions (UTRs) or coding sequences, which may generate mRNA 

isoforms with distinct functions, stability or subcellular localization, as well as introduce 

termination codons leading to mRNA downregulation via nonsense-mediated decay 

https://paperpile.com/c/TWjA0W/LmNs
https://paperpile.com/c/TWjA0W/rwSg
https://paperpile.com/c/TWjA0W/LmNs
https://paperpile.com/c/TWjA0W/ETKs
https://paperpile.com/c/TWjA0W/1qOB
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(NMD) (Lareau et al. 2007). On the other hand, some AS events may not result in the 

production of functional proteins, since the transcript may be non-coding, RNA stability 

may be affected, and localization could prevent the correct function of the transcript or 

protein. Therefore, AS is implicated in the spatiotemporal regulation of mRNAs by 

modifying the stability and localization of the splice isoforms (Iijima et al. 2016), 

therefore regulating gene function and adapting it to the needs of the organism.  

 

 

Figure 2. Alternative splicing patterns. Adapted from (Park et al. 2018). Basic (A) and 

complex (B) patterns of alternative splicing. Dark-blue boxes represent constitutively spliced 

exons. Red, light blue, and green boxes represent alternatively spliced exons.  

4.3. Impact of the Alternative splicing in the nervous system  

Neurogenesis is characterized by global changes in the transcriptomes and proteomes 

of differentiating cells. Previous expressed sequence tagged (ESTs) mapping studies 

revealed that the brain presents the highest number of AS events compared to other 

organs (Yeo et al. 2004), and different brain regions are associated with complex 

patterns of alternative splicing (Johnson et al. 2009). Although neurons has been the 

centre of attention, glia (astrocytes, oligodendrocytes, and microglia) and vascular 

cells (endothelial cells and pericytes) have been found to be also essential for the 

proper development and function of the nervous system (Allen and Barres 2009; 

https://paperpile.com/c/TWjA0W/16nO
https://paperpile.com/c/TWjA0W/NApu
https://paperpile.com/c/TWjA0W/rwSg
https://paperpile.com/c/TWjA0W/8dg6
https://paperpile.com/c/TWjA0W/sacZ
https://paperpile.com/c/TWjA0W/jLZo+PNpn
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Molofsky et al. 2012). Further, an important RNAseq transcriptome study from the 

cortex revealed cell-type specific AS genes among these cell types and even within a 

single group, which reflects the significant functional heterogeneity found in the 

nervous system. Thus, this work led to the publication of the first brain cell-type specific 

transcriptomic database, which even included AS events  (Zhang et al. 2014). 

 

While most spliceosome components are constitutively expressed, tissue-specific 

RNA-binding proteins (RBPs) direct spliceosome machinery to specific splice sites in 

order to generate tissue-specific splicing patterns. Neuron-specific AS is one example 

controlled by the coordinated action of many brain-specific RBPs, and their 

mechanisms and roles have been reviewed in several articles ((Raj and Blencowe 

2015;Lara-Pezzi et al. 2017;Vuong et al. 2016). For instance, the NOVA family of 

RBPs play a key role in neuronal migration, axon outgrowth, and axon guidance. It 

has been described that Nova deficiency disrupts the AS of DCC and the production 

of DCC splice variants controlled by NOVA has a crucial function during many stages 

of commissural neuronal development (Leggere et al. 2016). Moreover, AS of specific 

genes has also been shown to play important roles in the development and function 

of the nervous system, such as the mechanisms by which differentially spliced 

isoforms of neuroligin and neurexin mediate synaptic adhesion, which offer a well 

characterized example of how cell-specific splicing can have considerable functional 

consequences (Chih et al. 2006).  

 

Besides, dysregulation of the AS programmes has been related to the onset of 

neurological disorders. Genetic association studies of neurodevelopmental disorders 

including autism, schizophrenia, and intellectual disability syndromes, have identified 

numerous mutations in transcriptional regulators (Najmabadi et al. 2011;Ronan et al. 

2013;De Rubeis et al. 2014;Iossifov et al. 2014;McCarthy et al. 2014), which comprise 

a large fraction of nuclear proteins such as DNA-binding transcription factors (TFs), 

histone modification enzymes and their target proteins ((Ronan et al. 2013;De Rubeis 

et al. 2014;Iossifov et al. 2014). Nevertheless, it is not clear the association between 

the mutations found in the splicing regulators and the development of neurological 

disorders.  

 

https://paperpile.com/c/TWjA0W/jLZo+PNpn
https://paperpile.com/c/TWjA0W/9pmY
https://paperpile.com/c/TWjA0W/NRtp
https://paperpile.com/c/TWjA0W/NRtp
https://paperpile.com/c/TWjA0W/GQW6
https://paperpile.com/c/TWjA0W/wJD2
https://paperpile.com/c/TWjA0W/nuS3
https://paperpile.com/c/TWjA0W/8pMn
https://paperpile.com/c/TWjA0W/PVxy
https://paperpile.com/c/TWjA0W/PTSi
https://paperpile.com/c/TWjA0W/PTSi
https://paperpile.com/c/TWjA0W/KAX1
https://paperpile.com/c/TWjA0W/hi9q
https://paperpile.com/c/TWjA0W/LBbw
https://paperpile.com/c/TWjA0W/PTSi
https://paperpile.com/c/TWjA0W/KAX1
https://paperpile.com/c/TWjA0W/KAX1
https://paperpile.com/c/TWjA0W/hi9q
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4.4. TappAS 

Despite many computational approaches have been developed to elucidate the 

dynamics of isoform regulation, the genome-wide study of the functional impact 

caused by AltTP was a hard task due to the lack of tools and methods integrating 

contextual isoform levels data and isoform-resolved functional annotation. 

Traditionally, transcriptome studies have focused either in the characterization of 

specific isoforms from single genes (Kelemen et al. 2013) or in computational 

approaches in silico (Pan et al. 2009). The lack of functional information in 

bioinformatic tools dedicated to the splicing is due to the inability to correctly quantify 

isoform expression from RNAseq data (Steijger et al. 2013) and define the real 

diversity of transcripts. However, third generation sequencing technologies have 

solved the issue enabling the study of diversity and expression levels of transcript 

isoforms combining Illumina sequencing (Weirather et al. 2017) and PacBio Iso-Seq 

sequencing.  

 

TappAS Tool (http://tappAS.org) is a comprehensive computational framework for the 

RNAseq data analysis at the gene and isoform levels implemented in an interactive 

and dynamic Java GUI application which combines statistical and graphical tools for 

the analysis of AltTP and the functional implication of differential isoform usage. 

TappAS takes advantage of extensive isoform-resolved functional annotation 

including structural, coding and non-coding features from different databases which 

are combined to functionally classify transcript isoforms. Besides, TappAS integrates 

these features at isoform resolution with isoform expression data, providing a set of 

statistical methods and graphical tools (normalisation, PCA analysis, venn diagrams, 

a visualisation engine...) that enable the study of the biological role of isoform 

regulation.  

 

Since AS is particularly active in the Central Nervous System (CNS), the development 

of Tappas pipeline has been conducted leveraging the transcriptome analysis of two 

mouse neural cell types, Neural Precursor Cells (NPCs), Oligodendrocyte Precursor 

Cells (OPCs) and Motoneuron Precursor Cells (MTNs), whose transcriptomes have 

been defined using PacBio long read RNA sequencing and isoform expression 

quantified using Illumina sequencing. The intention behind the selection of these in 

vitro models is assessing the differences between two cell lineages that diverge from 

https://paperpile.com/c/TWjA0W/3oM6
https://paperpile.com/c/TWjA0W/e3FI
https://paperpile.com/c/TWjA0W/e3FI+pxam
https://paperpile.com/c/TWjA0W/e3FI+pxam+cpp1
https://paperpile.com/c/TWjA0W/zSKk
https://paperpile.com/c/TWjA0W/zSKk
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the same initial point in order to find genetic differences with biological importance in 

the differentiations process and in the cell-fate determination. TappAS has 

demonstrated its effectivity and sensibility to recapitulate a great deal of existing 

knowledge on isoform function and even reveal new functional insights. The functional 

effect analysis of AS regulation, which is known as the Functional Analysis of 

Alternative Isoform Usage (Figure 3), is divided into three main modules (Figure 3). 

Module 1 defines and measures the functional divergence among gene isoforms within 

the overall transcriptome. Module 2 focuses on the evaluation of expression levels to 

understand transcriptome dynamics. Finally, Module 3 addresses the integration of 

isoform functional, structural and expression information to reveal the potential effect 

of differential isoform usage on gene properties (Figure 3).  

 

Module 1: Isoform functional diversity 

To understand functional and regulatory variability between isoforms derived from the 

same gene The Functional Diversity (FD) analysis identifies the nature and measures 

the magnitude of changes triggered by alternative processing of transcripts. For that 

purpose, FD analysis systematically evaluates the genome-wide level of functional 

(positional functional features), regulatory (positional regulatory features) and 

structural (CDS, UTRs and PolyA sites) diversity across isoforms.   

 

Module 2: Transcriptome dynamics 

Module 2 provides tools for studying transcriptome dynamics, including changes in 

isoform usage and modulation of their absolute levels in order to quantify and estimate 

switching events in a case-control or along a time course analysis. Differential 

Expression (DE) analysis performs low-count isoform filtering and normalisation, 

provides expression values at the transcript, gene and CoDing sequence (CDS) levels. 

In addition, estimates post-transcriptional regulation by testing the Differential Usage 

of Isoforms (DIU), i.e. the changes in the relative abundance of isoforms derived from 

the same gene. 

 

Module 3: Functional impact triggered by isoform regulation 

Module 3 studies the contextual modelling of the functional effect triggered by 

differential isoform usage. To link functional diversity with isoform usage dynamics 

tappAS includes the Differential Feature Inclusion (DFI) analysis that profiles the 

dynamic change in positionally-annotated functional features content of full-length 
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isoforms, that are significantly altered or disrupted across isoforms in time and which 

modulate the functional and regulatory outcome of the gene in different experimental 

conditions. Additionally, alternative polyadenylation and UTR shortening/lengthening 

analysis were coupled to study the impact of isoform regulation on UTR modulation, 

key for transcript fate regulation. Finally, joint visualization of isoform expression levels 

and functional and structural elements allows the mapping of functional differences at 

transcript models. 
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Figure 3. Overview of tappAS modules for Functional Transcriptomics Analysis. Three 

main pieces of input data are required: gene models, isoform expression and functional 

annotation at the isoform-resolution level. Methods included in the three analysis modules 

were adapted to work with both pairwise and time course experimental designs. Module 1 

contains a novel qualitative approach to evaluate functional diversity of alternative isoforms. 

Module 2 implements Differential Expression and Differential Isoform Usage analyses. Module 

3 measures the functional impact as changes in the inclusion of functional features, polyA site 

usage and UTR length. 

5. Methodology 

5.1. In silico analysis for the selection of gene candidates  

In order to select candidate genes to perform the validation experiments, in silico 

analysis was conducted leveraging the analysis tools and information provided by 

Tappas.   

 

When transcript level expression matrix is introduced and the project created, Tappas 

provide a general view of the genes, transcripts and proteins identified and their 

expression level. First of all, the differential expression analysis (DEA) is run in order 

to find differentially expressed genes between the OPCs and the MTNs lineage (Figure 

4 A). Thus, DEA performs statistical testing at the gene, transcript, or DCS level to 

determine if a given difference in read counts between both lineages is significant, 

making easier finding genes importantly involved in the differentiation process.  

 

Then Differential Isoform Usage (DIU) is conducted to check for differential splicing at 

the gene transcript or protein level. In this case, DIU gives information about what 

genes presents transcripts expression variation along the differentiation process, 

enabling the identification of transcripts specially involved in one linage. 

  

Finally, Differential Feature Inclusion Analysis (DFI) performs feature-level 

differentially splicing analysis with te considered features such as, Nuclear Location 

Signal (NLS) between isoforms. Thus, allows to find genes which present differential 

functional features among its isoforms.  
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Thus, with this analytical process, Tappas permits finding genes differentially 

expressed between both differentiations, whose isoforms present differential structural 

features and which expression vary along the differentiation process. Further, Tappas 

provides structural information at the genomic, transcript and protein level (Figure 4 

B-C). Therefore, permits to check AS processes among the isoform transcripts and 

structural differences among the proteins encoded by those transcripts. Furthermore, 

since TappAS obtain resolved annotation from distinct databases, permits to 

differentiate between novel and already described variants.  
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Figure 4. TappAS software Screenshots. A) DEA analysis provides statistical information 

about differentially expressed isoforms as well as expression values of genes isoforms in both 

differentiations. B) Transcripts View of OMA1. TappAS provides a view of the transcripts 

aligned and information about the skipped exons, the UTR lengths and microRNA and RNA-

binding protein sites. C) Proteins are showed aligned with its functional fatures.  

5.2. Establishment of the primary culture from neonatal mice and 

Neural Progenitor Cells (NPCs) differentiation induction to 

Oligodendrocyte Progenitor Cells (OPCs) and Motoneuron 

Progenitor Cells (MTNs) 

Neonatal mice (4-7 days) were sacrificed by decapitation, the spinal cords were 

extracted as completely as possible and placed in washing medium (Gibco™ 

Dulbecco's Modified Eagle Medium (DMEM / F12 (Invitrogen) supplemented with 100 

units/ml penicillin, 100 μg/ml streptomycin, 5 mM Hepes buffer, 0.125% NaHCO3, 

0.09% glucose) on ice, under sterile conditions. The tissue is mechanically dissected 

and cleaned in successive centrifugation and washing steps. Finally, the cells 

homogenate are transferred to P60 plates treated with NeurocultTM Basal Medium 

(STEMCELL Technologies Inc.) supplemented with 100 units/ml penicillin, 100 μg/ml 

streptomycin and fibroblast growth factor 2 (bFGF, 20 ng/ul) and epidermal growth 

factor (EGF, 20 ng/ml) (Sigma), which allows the selection of Neural precursors cells 

(NPCs)  that remain in suspension. After a few days the cells begin to aggregate 

forming neurospheres, indicating that they are proliferating. At this time, the NPCs are 
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transferred to P6 Ultra-Low Attach plates (ULA) and after some washes and 

centrifugations the debris is eliminated, and the NPCs proliferate. The cultures are 

maintained at 37°C in an incubator with 100% humidity and 5% O2. Cell differentiation 

is initiated following the protocols indicated below when an adequate number of 

starting cells is achieved (Figure 5). Cell cultures were examined every day in order to 

check their growth and exclude the presence of contamination. In addition, the culture 

media was changed twice a week with fresh factor. 

5.2.1. Differentiation to oligodendrocyte precursors (OPCs) 

The OPCs differentiation was induced following a previously described protocol 

(Keirstead et al. 2005). The NSCs were cultured with glial restriction medium (GRM) 

consisting of Gibco™ Dulbecco's Modified Eagle Medium (DMEM / F12, B27) 

(Invitrogen) supplemented with 25 μg/ml insulin, 6.3 ng/ml progesterone, 10 μg/ml 

putrescine, 50 ng/ml sodium selenite, 50 μg/ml holotransferrin, 40 ng/ml tri-

iodothyroidine, supplemented with 6 ng/ml bFGF and 30 ng/ml EGF (Sigma, St. Louis, 

MO) for one day. Subsequently, they were incubated with 30 ng/ml of EGF, 4ng/ml 

FGF and 10 μM of trans retinoic acid (ATRA) for one week. Afterwards, the ATRA was 

removed and the cells were grown in GRM medium containing 30 ng/ml of EGF and 4 

ng/ml of bFGF. On day 28 neurospheres were transferred to plates coated with 

Matrigel 1:20 for one week with GRM medium supplemented with 20 ng/ml of EGF 

and 4 ng/ml of bFGF where they were maintained until day 35. Cells were harvested 

at days 0 (T0), 9 (T1), 28 (T2) and 40-44 (T3) and stored at -80ºC in order to extract 

RNA and protein samples.  

5.2.2. Differentiation to Motoneurons (MTNs) 

The NSCs were incubated in flotation in Motoneuron Induction Medium (MIM) 

containing DMEM/F12 (Invitrogen), N2 supplement, heparin 2 μg/ml and P/S 

supplemented with bFGF (20 ng/ml) and ATRA (0.1 μM) for one week. The cells were 

induced to adhere by transferring them to ornithine/laminin-coated plates in 

Motoneuron medium (MM) containing Gibco™ Medium Neurobasal™ Medium 

(Thermo Fisher Scientific), N2 supplement, 1 μM cAMP, 0.1 μM ATRA and P/S 

supplemented with 200 ng/ml of human recombinant Sonic Hedgehog (rhSHH). 

Finally, the cells were incubated in MM medium supplemented with 10 ng/ml rh brain-

derived neurotrophic factor (BDNF), rh glial cell-derived neurotrophic factor (GDNF), 

https://paperpile.com/c/TWjA0W/D1qD
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rh insulin like growth factor (IGF-I) and 50 ng/ml of rhSHH where they remained until 

the end of the differentiation. Cell pellets were harvested at days 0 (T0), 9 (T1), 15 

(T2) and 30-35 (T3) and stored at -80ºC in order to extract RNA and protein samples.  

 

 

 

 

 

 

 

Figure 5. Scheme of the differentiations. EpSPCs extracted from mice spinal cords are 

isolated in order to obtain NSCs. Then the NSCs are committed to differentiate into two cell 

lineages, OPCs and MTNs.  

 5.3. Extraction of RNA, whole cell protein extract and cytoplasmic 

and nuclear protein extract.  

Cell cultures were performed in order to obtain RNA and proteins sample for the 

experimental validation. RNA was extracted using the Nucleic acid and protein 

purification kit (Macherey-Nagel™) following the instructions provided by the fabricant. 

Cell samples stored at -80 ºC, were immediately immersed in liquid nitrogen and the 

buffer was added when they were still frozen to avoid RNA degradation. Afterwards, 

the RNA concentration was determined by the NanoDropTM 2000 (Thermo Fisher 

Scientific) and the integrity by the RNA screentape® (Agilent). RNA samples were 

stored at -80ºC until the RNA retrotranscription was performed in order to obtain the 

complementary DNA (cDNA). 

 

Total protein fraction was extracted from cell cultures incubating the pellets  on ice 

with lysis buffer containing 50 mM Tris-HCl, pH 7.5,150 mM NaCl, 0.02% NaN3, 0.1 

SDS, 1% NP40, 1 mM EDTA, 2 mg/mL leupeptin, 2 mg/mL aprotinin, 1 mM PMSF, 1x 

Protease Inhibitor Cocktail (Roche Diagnostics, San Diego, CA, USA) for 30 minutes. 

Besides, vortex was performed every 10 minutes to prevent the deposition of the cells 

and ensure the proper mix with the lysis buffer. Then, 3 sonication cycles of 10 

seconds were performed to ensure cell lysis. Finally, pellets were centrifuged at 12000 

g and 4ºC for 15 minutes and the supernatants were collected.  

Time 3 (T3) 

(35 days) 

Time 2 (T2)   

(28 days) 

Time 1 (T1)  

(9 days) 

Oligodendrocyte 

progenitors 

(OPCs) 

Neural Stem Cells 

(NSCs) 

Time 1 (T1)   

(9 days) 

Time 2 (T2)    

(15 days) 

Time 3 (T3)  

(35 days) 

Motoneuron 

progenitors 
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Cytosolic and nuclear fractions were extracted the day when samples were collected, 

avoiding cell pellet congelation. Samples are washed in several washing cycles with 

PBS1X and centrifugations at 100 g for 5 minutes to remove the remaining cell culture 

medium. For the cytoplasmic protein extraction, cells were incubated in hypotonic 

buffer containing HEPES 10 mM pH 7.9, KCl 10 mM, EDTA 1 mM, EGTA 1 mM, DTT 

1 mM, B-glycerophospate 10 mM and 1x Protease Inhibitor Cocktail (Roche 

Diagnostics, San Diego, CA, USA) for 10 minutes. During the incubation, the cells 

were vortexed every 5 minutes to avoid pellet precipitation. Afterwards, IGEPAL (CA-

630) 0.4% was then added and samples were vigorously vortexed and centrifuged at 

12000g at 4ºC for 5 minutes. Then the supernatants were collected as the cytoplasmic 

protein extracts and the remaining pellets were incubated in hypertonic extract buffer 

containing 10 mM TRIS pH 7.4, NaCl 400 mM, IGEPAL (CA-630) 0.5%, EDTA 1 mM, 

EGTA 1 mM,DTT 1 mM, B-glycerophospate 10 mM and 1x Protease Inhibitor Cocktail 

(Roche Diagnostics, San Diego, CA, USA) for 30 minutes and vortexed every 10 

minutes, in order to destabilize the nuclear membrane and release the nuclear 

proteins. The mixes obtained were the nuclear protein extracts.   

 

Finally, the concentration of protein in the samples was quantified by bicinchoninic 

acid technique (Pierce® BCA protein assay; Thermo Fisher Scientific) and the 

extracted proteins were used to assess the presence of the protein isoforms by WB.   

5.4. Retrotranscription (RT) and Real time polymerase chain reaction 

(qPCR) development 

5.4.1. Retrotranscription (RT) reaction  

RT was performed using the High Capacity cDNA Reverse Transcription Kit ® (Applied 

Biosystems™). At the beginning cDNA was synthesized using 500 ng of total RNA but 

the amount of RNA was adapted to optimize the qPCR reaction and finally cDNA was 

synthesized from 150 ng, as it is explained later (Section 4.4.2). Once the reaction 

mixture (dNTPs, primers, reverse transcriptase and buffer) was prepared, the RT was 

carried out in an Applied Biosystems Veriti™ Thermal Cycler (Applied Biosystems™). 

The programme consisted in a preincubation step to activate the enzyme, a 

retrotranscription and a final step to denature the enzyme. When finished, the 
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complementary DNA (cDNA) was stored at -20ºC. The reaction volume and 

thermocycler programme were used as follow:  

RT MIX Volume (1x) 

10X RT Buffer 2 (ul) 

dNTP Mix (100 mM) 0.8 

10X RT Random Primers 2 

MultiScribe™ Reverse 

Transcriptase 
1 

Nuclease-free H2O Up to 20 µl 

RNA * 

Final Volume 20 µl 

 

Settings Step1 Step 2 Step 3 Step 4 

Temperature 25 ºC 37ºC 85ºC 4ºC 

Time 10 minutes 120 minutes 5 minutes Hold 

 

Table 1. A) RT mix. *The volume of RNA varied depending on the concentration of each 

sample. Nevertheless, the amount of initial RNA used was always the same (150 ng). B) RT 

steps and temperatures settings.  

5.4.2. Real time polymerase chain reaction (qPCR) development  

Since the RNA sample was scarce and the isoforms were in a low proportion of the 

total NSCs RNA tests were performed to determine the adequate concentration of 

initial RNA to obtain evaluable Crossing threshold (Ct) values to determine the 

expression of the isoforms and save RNA in case it was needed in the future. For that 

purpose, qPCR test was performed with 500 ng of initial cDNA which was diluted (1/5, 

1/10, 1/25 and 1/50), and was determined that a dilution 1/25 (~ 20 ng cDNA) was 

enough to obtain reliable Ct values. Furthermore, we tested different primer 
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concentrations to prevent non-specific amplification products. After the tests, we 

concluded the following working conditions for our primers: 

 

● RNA concentration: 150 ng for the RT  

● 1/5 dilution of the RT cDNA 

● Primer concentration: 0.2 µM 

● annealing temperature: 63ºC 

 

Secondly, the amplification efficiency and specificity of the primer pairs were evaluated 

against NSCs RNA. The RT was performed from 150 ng of initial RNA and then serial 

dilutions of cDNA were carried out (1/5, 1/10, 1/25 and 1/50). Assay efficiency was 

automatically calculated from the slope of the regression line by plotting log cDNA 

concentrations against Ct values using the LightCycler® 480 software (ROCHE ©).  

 

Finally, the reaction was carried out with the primers designed and the SYBR Green 

qPCR Green Master MIX (NZYTech, Lda. ©) in a LightCycler® 480 Instrument 

(ROCHE ©) using the mix and temperature programme indicated in table 3. Besides, 

all reactions were performed in triplicate, Negative controls were used to rule out the 

presence of contamination and PPiA as a housekeeping gene, since its expression 

remains considerably constant in the developmental CNS (Xu et al. 2018) and permits 

the correction of the deviations due to different sample concentrations.  

 

 

qPCR MIX Volume (X1) 

NZY qPCR Green Master Mix (2x) 5 µl 

0.2 μM forward primer 0.2 µl 

0.2 μM reverse primer 0.2 µl 

Template (cDNA + H2O) 1 µl 

Nuclease-free H2O Up to 10 µl 

Final Volume 10 µl 

https://paperpile.com/c/TWjA0W/HrHJ
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Table 2. A) qPCR Sybr green mix.it shows its components and the volume of each one for the 

reaction. B) qPCR steps and temperatures settings.  

5.4.2.1. Analysis of the qPCR results  

Instead of assuming the efficiency of the primers, amplification efficiency of the qPCR 

reaction was analysed by using the E-method (Tellmann 2006). This algorithm analyze 

the amplification efficiency of our primers by using serial dilutions of a single sample 

(undiluted, 1/5, 1/10, 1/25, 1/50). From this dilution the programme generates a 

standard curve and determine the efficiency values of either the target genes or the 

reference gene (housekeeping). The efficiency value represents the amount of DNA 

that is amplify in each amplification cycle. Thus, an efficiency of the hundred percent 

would mean that the amplification process is perfect, and DNA is doubling its amount 

each reaction cycle. In that case the efficiency of the process would be a value of 2. 

Assay efficiency was calculated from the slope of the regression line (Efficiency = 

10(−1/slope) −1) by plotting log DNA concentrations against crossing threshold (Ct) 

value using the LightCycler® 480 software (ROCHE ©).  

 

Analysis of the gene expression was performed using the 2(-DDCt) method (Livak and 

Schmittgen 2001). Relative quantification describes the change in expression of the 

target gene relative to some reference group in this case cell culture mRNA expression 

at time zero (T0) of differentiation. The Ct values obtained for each target gene are 

normalized to an endogenous reference gene (the PPIA housekeeping gene) in order 

to correct results for differing amounts of input cDNA. Then the 2(-DDCt) values from the 

target genes, are normalized to one of the target isoforms in order to obtain the relative 

Settings  Temperature Time 

Stage 1  94ºC 5 minutes 

Stage 2 Step1 94ºC 30 seconds 

 Step 2 63ºC 30 seconds 

 Step 3 72ºC 30 seconds 

Stage 3  4ºC Hold 

https://paperpile.com/c/TWjA0W/nE8l
https://paperpile.com/c/TWjA0W/oCXF
https://paperpile.com/c/TWjA0W/oCXF
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expression of all of them and compare the expression patterns between the different 

isoforms of the gene. OMA1 Cts values are normalized to OMA1-1 targets and in case 

of MUL the isoforms Cts values are normalized to MUL1-12 targets.  

 

Experimental qPCR data was compared to the reference expression patterns obtained 

previously by the RNAseqsequencing provided by tappAS. For that purpose, since 

isoforms were not amplified independently, first the expected expression levels of the 

isoforms, provided by tappAS, were added together to compare them with the 

expression obtained with our primers. And the isoforms expressions were normalized 

to one of the isoforms to obtain their relative expression, as in our qPCR analysis. 

5.6. Western Blotting  

Protein expression was detected using the WB or “immunioblotting”. The equal 

amount of protein (17, 20 or 30 µg/well, depending on the gel) were mixed with loading 

buffer (7.5 µl). Then samples were boiled at 95ºC for 5 minutes and separated in 10% 

SDS-polyacrylamide gels. Afterwards, proteins were wet transferred with a transfer 

buffer containing Tris 14.4 g Glicine 3.03 g and 20% methanol to PVDF membranes 

(Thermo Fisher scientific Inc) in a Mini Trans-Blot® Cell (Bio-Rad Laboratories, Inc). 

Membranes were blocked with 5% non-fat milk in TBS with 0.1% Tween-20  for 1 hour 

at room temperature then incubated overnight at 4ºC with specific antibodies against 

OMA1 (Santa Cruz Biotechnology Inc, https://www.scbt.com), CAPER (Rbm 39) 

(Santa Cruz Biotechnology Inc, https://www.scbt.com) and RUFY (RIPX) (Thermo 

Fisher scientific Inc, https://www.thermofisher.com) at 1:500 dilution in 5% Bovine 

Serum Albumin (BSA) in TBS with 0.1% Tween-20. Subsequently, membranes were 

incubated with anti-mouse or anti-rabbit horseradish peroxidase-conjugated 

secondary antibodies (1:2500 in BSA 5%) for 1 hour at room temperature. Blots were 

visualized with the ECL (Thermo Fisher scientific Inc) detection system in an Alliance 

Q9 Advanced (Uvitec Cambridge Inc). The relative protein expression was quantified 

by Image Studio Lite software.  

 

https://www.scbt.com/scbt/
https://www.scbt.com/scbt/
https://www.thermofisher.com/
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5.7. Design of specific primers for qPCR validation  

5.7.1. Design of specific primers for OMA1 isoforms 

Once the candidates were chosen, the next step was the design of primer pairs that 

hybridized specifically with the desired isoforms so that the expression could be 

measured and quantified by qPCR. First of all, an alignment was performed with the 

transcripts isoforms sequences obtained by PacBio making use of online softwares for 

the multiple alignment of protein and nucleotide sequences such as MUSCLE (Multiple 

Sequence Comparison by Log-Expectation, EMBL-EBI) (EMBL-EBI) and Multalign 

(Multalin interface page). The alignment enabled the visualization of common and 

differential sequences among the isoforms, where primers would be targeted in order 

to amplify specific isoforms (Figure 6 A). Primers were designed manually and then 

the sequences were checked in the Basic Local Alignment Tool (BLAST NCBI-NIH) in 

order to design the most specific primers as possible preventing non-specific targets 

and taking the melting temperature and the GC content into account, so that our 

primers worked properly in consonance with the SYBR Green. In addition, the 

formation of primer dimer and hairpins was checked using NetPrimer (PREMIER 

Biosoft-NetPrimer). Although many control processes were conducted, designing 

primers for specific isoforms was such a tough duty and sometimes it was impossible 

to design specific primers to one isoform. Therefore, instead of primers specific for one 

isoform, finally primers were designed for transcripts isoforms which shared common 

features and codified for the same proteins.  

 

OMA1 primers were designed leveraging the exon 6 skipping (Figure 6 C). Thus, 

OMA1 first primer pair (OMA1-1) was designed against transcripts PB8855.1 and 

PB8855.5, which conserved the exon 6 and encoded for the complete protein 

Q9D8H7. On the other hand, the second primer pair (OMA1-2) against PB8855.2 and 

PB8855.8, which lacked the exon 6 and encoded for a novel protein 

(XP_006503354.1) that loses a transmembrane domain. In this case the objective was 

to amplify separately those isoforms which kept the exon 6 and those which lacked 

that exon.  

https://paperpile.com/c/TWjA0W/D5Fp
https://paperpile.com/c/TWjA0W/0OhM
https://paperpile.com/c/TWjA0W/emFy
https://paperpile.com/c/TWjA0W/lFgt
https://paperpile.com/c/TWjA0W/lFgt
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Figure 6. OMA1 visualization. A) Alignment of OMA1 isoforms with MUSCLE. In red are 

marked the common sequence to all the isoforms and in black those differentially expressed. 

The primers are highlighted where they targeted the transcripts. The positions where the 

primers hybridize are also marked with arrows in the genomic view B) of the gene and in the 

transcripts view C).  

A 
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5.7.2. Design of specific primers for MUL1 isoforms 

Mul1 primers design was very similar (Figure 7). The first primer pair (MUL1-12) was 

targeted against transcripts PB.9202.1 and PB.9202.2, that presented exon 2 skipping 

and encoded for the complete protein Q8VCM5. The third pair (MUL1-6) targeted 

specifically the novel not in catalogue transcript PB.9202.6 which according to our 

database conserved exon 2 and codified for a novel protein (novelProt313) which 

lacked the transmembrane domain at the N-terminal domain, as Q8VCM5-3. The 

second pair (MUL1-367) was against PB.9202.7, PB.9202.3 which presented 

incomplete exon 2 skipping and encoded a protein that lacked the transmembrane 

domain Q8VCM5-3 and against PB.9202.6 because it was not possible to avoid its 

amplification. Nevertheless, in this case as with OMA1, primers amplified set of 

transcripts which encoded for the same protein.   
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Figure 7. MUL1 visualization. A) Alignment of MUL1 isoforms with MUSCLE. in red are 

marked the common sequence to all the isoforms and in black those differentially expressed. 

The primers are highlighted where they target the transcript. B) The positions where the 

primers hybridize are also marked with arrows in the genomic view and in the transcripts view 

of the gene.  

 

 

 

Gene 
Target 

Isoforms 

 

Primer Forward Primer Reverse 

Product 

lenght 

(bp) 

OMA1 IS-1 IS-5  GGCTTCTGAATAGTGTGACGGA AAACTGCCAAGCTGTCTCGG 180  

IS-2 IS-7  GTCCTGGGGCACGCCTACAT CTGAGAACTCCATCTGCTGCCAA 146  

MUL1 IS-1 IS-2  GCAGGAACTCAAGGGAGCTAA AGCTCCTTCGATGACAGCAT 106 

IS-3 IS-7 IS-6  TGCTCTGTGGCACCTGTCAAG AATTCCAGCCAGCATAACACCA 134 

IS-6  ACAGTCCATCAGCCAAAGACT CACTGCAGAACTCCACGGTT 122 

 

Table 3. Designed primers against OMA1 and MUL1 for qPCR analysis. The table shows 

the target isoforms for each primer pair, the Forward and Reverse primers sequences, and 

the predicted length of the qPCR product.  
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5.8. Statistical analysis 

The statistical analysis of the expression values was performed by the 2way ANOVA. 

All tests were performed with prism Graph Pad. All data are presented as mean ± SD 

of at least three replicates 

6. Results 

6.1. Candidates selection   

Taking advantage of the analysis previously showed in section 5.1, the next candidate 

genes were selected for its experimental validation.  

6.1.1. OMA1 

OMA1 is a metalloprotease located in the inner membrane of the mitochondria, where 

it binds through a transmembrane domain. OMA1 is involved in mitochondrial 

dynamics and fission-fusion processes, in order to adapt the metabolism rate to the 

needs. OMA1 is translated as an inactive pre-pro protein of 60 kDa which is processed 

to produce another form (pro-OMA1) of 40 kDa (Baker et al. 2014). Under stress 

conditions such as dissipation of Δφ, ROS production or decreased ATP level, pro-

OMA1 activates and controls fusion-fission mitochondrial processes and is involved in 

the metabolic capability of the cells (Consolato et al. 2018).  

 

According to our TappAS, OMA1 gene encodes for 4 transcript isoforms (Figure 8B), 

which transcription starts at ATTS. However, the most interesting thing is that due to 

a due to an AS process of exon skipping (exon 6 is skipped in some isoforms), two 

transcript isoforms (PB. 8855.1 and PB. 8855.5) present the exon 6 and another two 

(PB. 8855.2 and PB. 8855.7) present exon 6 skipping affecting the structure of the 

translated protein. Thus, the complete isoforms synthesize a protein with a 

transmembrane domain (Q9D8H7), and the isoforms which lack exon 6 lead to the 

synthesis of a predicted protein lacking the transmembrane domain 

(XP_006503364.1) (Figure 8 C).  

 

 

 

https://paperpile.com/c/TWjA0W/Ml60
https://paperpile.com/c/TWjA0W/4zfT
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Figure 8. OMA1 information provided by TappAS. A) Show the expression levels of the 

transcripts and proteins isoforms. The arrows point out the differential expression patters 

observed in OPCs and MTN lineages. B) Transcripts structure. The square remark the exon 

6 skipping C) In the proteins the square highlights the difference in the transmembrane 

domain.  

A 

B 

Transmembrane domain 

C 
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6.1.2. MUL1 

Mitochondrial ubiquitin ligase 1 (MUL1) present E3 ubiquitin ligase activity (Neuspiel 

et al. 2008), although in mammals it shows a ubiquitin-like modifier (SUMO) ligase 

activity (Braschi et al. 2009). Plays a role in the control of mitochondrial morphology 

and influences mitochondrial localization promoting mitochondrial fission either 

regulating negatively fusion promoters or activating fission proteins (Yun et al. 2014; 

Neuspiel et al. 2008).   

 

MUL1 isoforms were differentially expressed in the lineages (Figure 9 A) and given 

the exon 2 skipping, these transcripts encode for 3 different proteins (Q8VCM5, 

Q8VCM5-3 and novelProt313) which vary in their structure. PB.9202.1 and PB.9202.2 

present complete skipping of the exon 2 and encode for the canonical protein, 

Q8VCM5 that presents two transmembrane domains. PB.9202.3 and PB.9202.7 

present partial skipping, but still transcribing part of the exon 2, encode for Q8VCM5-

3. Finally, the novel isoform not in catalogue PB.9202.6 which present the exon 2 

completely, encodes for the novelProt313. Both Q8VCM5-3 and novelProt313 lose the 

transmembrane domain at the N-terminal domain, and just conserve the 

transmembrane domain of the C-terminal domain.  

 

 

 

 

 

 

A 

https://paperpile.com/c/TWjA0W/5aTL
https://paperpile.com/c/TWjA0W/5aTL
https://paperpile.com/c/TWjA0W/3BZr
https://paperpile.com/c/TWjA0W/7xuk+5aTL
https://paperpile.com/c/TWjA0W/7xuk+5aTL
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Figure 9. MUL1 information provided by TappAS. A) Expression levels of the transcripts 

and proteins isoforms at different points of the differentiation. B) Transcripts isoforms. The 

square highlights the exon 2 skipping. C) Proteins encoded by Mul1. The square pints out the 

featural differences in the N-terminal domain. 

6.1.3. RUFY3 (RIPX) 

RUN and FYVE domain–containing 3 (RUFY3), also known as RIPX, is an adapter for 

the union of GTPases that play roles in important cellular processes. It has been 

described that RUFY3 binds to Rap2 (a GTP protease) and form a stable complex 

which seems to have relevant functions in the formation of the cone growth and 

Transmembrane domain 

C 

B 
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therefore in neurite outgrowth (Honda et al. 2017). In addition, RUFY3 interacts with 

actin filament binding proteins influencing cell polarization and neurite outgrowth 

(Honda et al. 2017; Wei et al. 2014). According to tappAS, RUFY gene encode for four 

structurally similar proteins, three of them previously described Q9D394, Q9D394-4 

and A0A0G2JFT8 and XP-006535175.1 (Figure 10). Due to distinct AS processing, 

the isoforms present skipped exons and differential UTRs, as well as ATTS 

(Supplementary material). Therefore, synthetized proteins differ in the structure of the 

N-terminal and C-terminal domain, which are annotated as disorder domains, what 

means that present alternative three-dimensional structures that can be useful for the 

interaction with other proteins.  

 

.   

 

 

 

 

 

 

 

 

 

Figure 10. RUFY3 protein information. The squares highlights N-terminal and C-terminal 

domains, where the proteins differ in the presence of disorder domains. 

6.1.4. RBM39 (CAPER) 

RBM39 (CAPER) is a serine/arginine-rich (SR-rich) RNA-binding protein, involved in 

the  AS and therefore acting as a splicing factor to generate proteome complexity (Mai 

et al. 2016). According to our data, RMB39 encodes for thirteen different transcripts 

and four different proteins (Figure 11). Among these proteins two of them present a 

similar structure (Q8VH51and Q8VH51-2), weight and both conserve a Nuclear 

Localisation Signal (NLS) and a Disorder motive. Since AS produce transcripts which 

https://paperpile.com/c/TWjA0W/xfiG
https://paperpile.com/c/TWjA0W/xfiG+KbDc
https://paperpile.com/c/TWjA0W/yomX
https://paperpile.com/c/TWjA0W/yomX
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differ in the exon composition and in the UTR, the other two proteins (Q8BH51-3 

XP_011237624.1) lack that N-terminal domain and therefore the NLS domain. The 

structural differences between the isoforms, specially the differential features (NLS) 

found in these proteins, made this candidate useful to identify the presence of the 

isoforms by WB analysis. However, it was not an ideal candidate for the analysis by 

qPCR, because it presented too transcripts and was difficult to design specific primers 

for all of them.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. MUL1 information provided by TappAS Tool. A) Expression levels of the 

transcripts and proteins isoforms at different points of the differentiation. The arrows point out 

the differential expression patters observed in OPCs and MTN lineages.  

6.2. Gene expression validation 

6.2.1. Expression analysis of OMA1 isoforms in OPCs and MTNs lineages 

As it is previously commented for the amplification of OMA1 isoforms, primer OMA1-

1 was targeted against PB8855.1 and PB8855.5 transcripts and primer OMA1-2 

against PB. 8855.2 and PB. 8855.7 transcripts, which presented skipping of exon 6. 
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Figure 12. OMA1 isoforms expression analysis in the OPCs lineage. Left panels (A-C) 

show the OPCs expression values, and the right panels the MTNs expression values (B-D). 

The upper panels (A-B) show the expected expression values provided by tappAS and lower 

panels (C-D) show the experimental values. According to our data, OMA1 isoforms present 

the expected expression patterns along the differentiations. Although there is no significant 

difference, there is a clear differential pattern between OPCs and MTNs in the expression of 

each pair of isoforms. Relative expressions have been obtained by the 2(-DDCt) method and 

expression levels have been normalised to PPIA and then to OMA1-1. Values are represented 

as mean ± SD. qPCR was performed in triplicate.      

 

As the panel shows data obtained experimentally both in OPCs and MTNs lineages 

(Figure 12 C-D), apart from minor variations, present similar expression patterns 

distribution compared with the expected data obtained by PacBio sequencing (Figure 

12 A-B). Further, major and minor isoforms conserve their position, i.e. there is no 

unexpected switching at the beginning and final stages of differentiation.  
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Interestingly, OPCs expression values (Figure12 C) present different distribution in 

comparison with the MTNs lineage (Figure 12 D) along the differentiation. In the case 

of the OPCs, isoforms PB8855.1 and PB8855.5 (primer OMA1-1) are expressed 

preferentially at T0, T1 and T3. Nevertheless, expression values of PB8855.2 and 

PB8855.7 are quite superior at T1 and very similar at T2. Therefore, although 

PB8855.1 and PB8855.5 seem to be predominant at the initial and final stages, it is 

likely that the other variants (PB. 8855.2 and PB. 8855.7) might be involved, at least 

partially in the cell fate determination into OPCs. In MTNs lineage PB8855.1 and 

PB8855.5 expression is superior along the whole differentiation, and the difference of 

expression even increase at T3. 

6.2.2. Expression values of MUL1 isoforms in OPCs and MTNs lineages 

 

Figure 13. MUL1 expression analysis in OPCs differentiation lineage. Left panels show 

the OPCs expression values, and the right panels the MTNs expression values. The upper 

panels show the expected expression values provided by tappAS and lower panels show the 

experimental values. MUL1 present different isoform expression patterns along the OPCs 

lineage, but remains relatively constant in the MTNs differentiation, compared with the PacBio 
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data. Relative expressions have been obtained by the 2(-DDCt) method and expression levels 

have been normalised to PPIA and then to either OMA1-1 and values are represented as 

mean ± SD. qPCR was performed in triplicate.      

 

Primer MUL1-12 was targeted against transcripts PB.9202.1 and PB.9202.2, that 

present exon 2 skipping; MUL1-367 against PB.9202.7, PB.9202.3 which present 

incomplete exon 2 skipping and PB.9202.6, which conserves exon 2; and MUL1-6 

against PB.9202.6.  

 

On the one hand, MUL1 isoforms expression present an increase variation in the 

OPCs differentiation (Figure 13 C), compared to the expected data (Figure 13 A), 

even finding significant differences between MUL-12 and MUL1-6 expression values 

(Figure 13 C). Nevertheless, although there is a switch in the predominant isoforms 

at T1 and T2 of the OPCs lineage, MUL1-12 isoforms remain being predominant at T0 

and MUL1-367 at T3. Therefore, variations obtained are observed only at the middle 

points, but the expected expression patterns are conserved at the first and final stage.  

 

On the other hand, expression patterns are conserved along the whole differentiation 

stages of the MTNs lineage (Figure 13 B-D). In addition, significant differences are 

found between MUL-12 and MUL1-6 expression values at T0 (Figure 13 D), 

supporting the expression expected.  

 

Remarkably, beyond the expression patterns, PB.9202.6 has been detected and 

amplified with the designed primer pair (MUL1-6). It should be highlighted, since it is 

a novel isoform not included previously in the catalogue that proofs the potential of the 

new method.   

6.3. Analysis of the protein expression   

6.3.1. Protein expression analysis of OMA1 in OPCs differentiation  

To analyse the changes in the expression of OMA1 along the differentiation blotting 

was performed with OPCs lineage protein samples and a spinal cord protein 

homogenate as positive control (C+). For that purpose, and since OMA1 presented an 

NLS it was performed with the total protein fraction and the nuclear and cytoplasmic 
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faction separately, in case there was any difference in the distribution of the proteins 

in the cell.  

 

 

Figure 14. OMA1 protein expression in OPCs lineage. The left part of the membrane 

corresponds to the total protein fraction, the middle part to the cytoplasmic fraction and the 

right to the nuclear fraction. Spinal cord homogenate was used as C+. A) The inferior image 

shows the membrane with OMA1 signals, the middle image shows Laminin B1 (70-55 kDa) 

bands and the lower correspond to Tubulin (55 kDa). B) Quantification of OMA1 protein 

expression in the total protein fraction along the OPCs lineage. C)  Quantification of OMA1 

protein expression in the cytoplasmic and nuclear fraction of proteins.  
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According to the blotting results (Figure 14 A), in the C+ line is found the pre-pro-

OMA1 inactive protein Q9D8H7 (~ 60 kiloDalton (kDa)), the active form (~ 40 kDa), 

and what could be the cleaved part (~ 25 kDa). Nevertheless, either in the cytoplasmic 

or the nuclear fraction only the active form is detected (~ 40 kDa). Further, there is no 

detected signal of the expected novel protein XP_006503364.1 (~ 55 kDa), maybe 

because the antibody does not recognise this novel protein.  

 

 In the cytoplasmic fraction at T2 there is no apparent signal neither of OMA1 (Figure 

14 A), nor tubulin (Figure 14 A). Additionally, cytoplasmic fraction is free of nuclear 

contamination, but the nuclear fraction extracts present contamination of the 

cytoplasm fraction, as the tubulin shows (Figure 14 A). Total protein fraction was 

quantified to obtain relative expression of OMA1 along the OPCs differentiation. As 

the plot shows, the relative expression of OMA1 in the total protein fraction show a 

reduction at T1 and an increment at T2 (Figure 14 B).  

 

Since loading control of the cytoplasmic (Tubulin) and nuclear fraction (Laminin B1) 

are not at the same proportion, relative quantification was not performed (Figure 14 

A). Besides, the nuclear fraction is positive to tubulin, indicating that presents 

cytoplasmic contamination, so quantification would not be reliable. However, in the 

cytoplasmic fraction OMA1 expression seems to be higher at T0 and T3, while a weak 

band is detected at T1, while in the nuclear fraction signal at T0 is barley detected and 

then rises at T1 and T3. Although it cannot be confirmed, it seems that the nuclear 

OMA1 protein increases when the cytoplasmic fraction is reduced at T1. In addition, it 

seems that OMA1 presents a tendency to increase, since the strongest signal is 

detected at T3 both in the cytoplasmic and nuclear fractions. Since, this experiment is 

not sufficient, another differentiation is being conducted in order to make further OMA1 

expression experiments in the OPC lineage.  

6.3.2. Protein expression analysis of RUFY3 in NSCs 

 According to tappAS, RUFY gene encode for four proteins, three of them previously 

described (Q9D394, Q9D394-4 and A0A0G2JFT8) and a novel protein (XP-

006535175.1) that structurally differ, especially in their C-terminal sequence. To 

assess the presence of the isoforms in our model, WB was performed with total protein 

extract from NSCs at T0 and a spinal cord protein homogenate as positive control 
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(Figure 15). Our results showed that in the NSCs lysate at T0 we could detect a band 

slightly lower than 55 (kDa) that corresponds to Q9D394, another slightly higher than 

55 kDa that corresponds to Q9D394-4, one at 70 kDa that coincides with the novel 

protein XP-006535175.1 and higher than 70 kDa that coincides with A0A0G2JFT8. 

According to the expected sizes, band signals obtained in the WB confirm that all the 

isoforms are present in our system, even the new protein (XP-006535175.1) 

supporting the effectiveness of Tappas predictions.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. RUFY3 isoforms are detected in NSCs. The superior panel show the four 

isoforms predicted and their molecular weight in kDa. The red square highlights the region of 

the proteins targeted by the antibody. The lower panels show the RUFY isoforms detected in 

the blotting. Lane 1 correspond to spinal cord protein homogenate, used as control (C+) and 

lane 2 to NSCs sample at T0.  
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6.3.3. Protein expression analysis of RMB39 (CAPER) in NSCs 

According to tappAS, RBM39 gene encode for four proteins, three of them previously 

described (Q8VH51, Q8BH51-2 and Q8BH51-3) and a novel protein 

(XP_011237624.1) that differ in their N-terminal sequence. WB was performed with 

total protein extract from NSCs at T0 and a spinal cord protein homogenate as positive 

control (Figure 16). In the line of the NSCs sample, our results show three clear bands 

in the expected weights of RBM39 isoforms. One band slightly lower than 40 kDa that 

matches with Q8BH51-3 and another slightly higher that coincides with 

XP_011237624.1. Furthermore, there is another band upper to 55 kDA that coincide 

with the expected size of Q8VH51 and Q8BH51-2. According to the bands obtained in 

the WB all the signals expected are present in the NSCs sample, even the novel 

protein (XP_011237624.1). since, the size of Q8VH51 and Q8BH51-2 is very similar, 

it is not possible to conclude if both or just one of them is present in our system.  

 

 

 

 

Figure 16. RBM39 (CAPER) protein expression analysis in NSCs. The superior panel 

show the structure and molecular weight of RBM39 isoforms. The inferior panel shows the 
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blotting with the isoforms detected. Lane 1 correspond to spinal cord protein homogenate 

used as control (C+) and lane 2 correspond to NSCs sample at T0.  

7. Discussion 

The present project aimed two objectives, on the one hand, one of objectives of the 

project was the validation of TappAs in order to confirm its efficacy analysing and 

predicting gene and protein data at the isoform level. On the other hand, the second 

main objective was leveraging the information provided by TappAS to find genes 

specially involved in the differentiation from NSCs to OPCs and MTNs, that might be 

importantly involved in the differentiation process and be differential for the cell fate 

determination.   

 

In spite of the limitations of our experimental design which do not enable to conclude 

that all the four OMA1 isoforms are present in the sample, experimental results support 

the presence of transcripts isoforms encoding for the complete and the incomplete 

protein, supporting the theoretical data provided by TappAS. Isoforms expression 

analysis of OMA1 show similar patterns in our differentiation lineages compared to the 

RNAseq data (Figure 12). Although, expression values present minor variations in the 

expression levels at some stages of the differentiation process (OPC T2), obtaining 

these similar expression rates patterns represents a promising result, since it means 

that the theoretical data quantification provides reliable and reproducible information.  

 

According to the functional analysis OMA1 presents an NLS, suggesting that it may 

play a role or stay trapped in the nucleus. However, protein expression analysis has 

identified the inactive pre-pro protein (Q9D8H7) and the cleaved active protein in our 

system but not the novel predicted protein (XP_006503364.1) (Figure 14). According 

to TappAS, XP_006503364.1 loses a transmembrane domain (Figure 8) that might 

be used in order to anchor into the mitochondrial membrane, where OMA1 plays its 

function. Nevertheless, it may be possibly a misfolded non-functional variant which 

could be rapidly degraded, in order to ensure that OMA1 is not overworking. Thus, it 

could be an isoform variant used to regulate and control OMA1 function in order to 

adapt it to the metabolic need of the organism, instead of being a classical protein with 

a determined function. Additionally, literature describes OMA1 as a mitochondrial 

metalloprotease, but non-nuclear function has been addressed. 
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Protein expression analysis (Figure 14) reveals incoherencies with the protein levels 

detected in TappAS in the time-course OPCs experiment (Figure 8). Protein 

abundance is a direct determinant of cellular function and is highly controlled by a 

number of post-transcriptional, translational and post-translational regulatory 

processes (Vogel and Marcotte 2012). Nevertheless, the quantitative contribution of 

mRNA abundance to protein abundance is controversial (Liu et al. 2016; Cheng et al. 

2016) and there is still gap in the knowledge of those transcripts that are not identified 

at the protein level, since some of them may be expressed in small quantities, in limited 

tissues or under specific circumstances, and some may be under regulatory pathways 

(Lykke-Andersen and Bennett 2014). 

 

MUL1 expression patterns (Figure 13) are quite preserved in the MTNs lineage but 

present more differences in OPCs compared to the theoretical data, and at stage T1 

and T2 the major isoforms are swapped. However, it must be taken into account that 

the differentiation is not a homogeneous process and cells may be at different stages 

and we could find undifferentiated phenotypes and cell-fate committed populations 

(Raouf et al., 2008). Besides although cells are collected at the same time, is possible 

that the differentiation process would be running at a different pace, and it is possible 

that variation in gene expression may change or be slightly different from one 

experiment to another at those points of sample harvesting. Furthermore, the cell 

culture it is not homogeneous and there is a compendium of cells enriched in the cell 

type of interes (Teschendorff and Enver, 2017). Therefore, isoform expression values 

obtained may be produced from the combination of more than a unique cell lineage. 

Nevertheless, it is a significant fact that inconsistencies appear at the middle stages 

of the differentiations, when the culture is more heterogeneous, and variabilities are 

more likely to appear than at the first and final stages when cell cultures more defined 

and homogeneous.   

 

Apart from these limitations and according to the obtained experimental results, 

TappAS have enabled the experimental identification of either previous described or 

novel not predicted isoforms, such as MUL1 PB.9202.6 transcript. In addition, the 

expression rates are pretty conserved in both lineages, and generally the major and 

minor isoforms conserved their position along the process.  

 

https://paperpile.com/c/TWjA0W/SoeI
https://paperpile.com/c/TWjA0W/cT9E
https://paperpile.com/c/TWjA0W/afcX
https://paperpile.com/c/TWjA0W/afcX
https://paperpile.com/c/TWjA0W/cT9E
https://paperpile.com/c/TWjA0W/rDwN
https://paperpile.com/c/TWjA0W/rDwN
https://paperpile.com/c/TWjA0W/C1Sq
https://paperpile.com/c/TWjA0W/GbJB
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According to the expression values obtained of OMA1 isoforms (Figure 12 C), PB. 

8855.2 and PB. 8855.7, which encodes for the novel protein XP_006503364.1, are 

increased at T1 in the OPC lineage. Furthermore, PB8855.1 and PB8855.5 transcripts, 

that encode for the functional protein Q9D8H7, decrease at T1 (Figure 12 C), what 

also coincides with the lowest values of OMA1 protein expression (Figure 14 B). 

However, those transcripts expression increase again at T2 (Figure 12 C) together 

with the increase in the total protein fraction (Figure 14 B). Taking these results 

together, the increase in the expression of the “functional transcripts”, is correlative 

with the expression of “functional” OMA1 protein.  

 

Differentiation is a high-energy demanding process. OPCs use energy in order to 

synthetize proteins and lipids to raise myelin sheaths and rely on mitochondrial 

respiration during differentiation and myelination (Rinholm et al. 2016). Besides, are 

very sensitive to energy deprivation, and it has been demonstrated that 

oligodendroglia differentiation induces the expression of mitochondrial genes in order 

to support such a demanding process and inhibition of the mitochondrial activity 

impairs OPCs differentiation (Schoenfeld et al. 2010). So, it is likely that the increase 

of OMA1 expression in the total protein fraction coincides with an important step of the 

differentiation as the proliferation of the oligodendrocyte precursors (Barateiro and 

Fernandes 2014). Besides, oligodendrocytes mitochondria are able to enter and move 

through the myelin sheaths (Pantoni et al. 1996) and provide metabolic support to the 

axons (Fünfschilling et al. 2012), providing not only a physical frame but also energy 

supply to the neurons, so metabolic genes must have a vital importance for the 

differentiation.  

  

Additionally, it has been reported that mitochondrial mutations might affect NPCs 

proliferation and impair neuronal differentiation delaying neurogenesis (Lorenz et al. 

2017), probably due to lack of energy.  In addition, mutation in mitochondrial proteases 

and fission-fusion proteins are associated with neuronal loss and neurodegenerative 

disorders (Patron et al. 2018) and defective brain development (Smirnova et al. 2001), 

respectively. Since, previous literature showed that OMA1 and MUL1, both act as 

regulators of the mitochondrial activity, they must be playing an important role in cell 

differentiation to OPCs and MTNs. 

 

https://paperpile.com/c/TWjA0W/gmQI
https://paperpile.com/c/TWjA0W/ixIn
https://paperpile.com/c/TWjA0W/uJEI
https://paperpile.com/c/TWjA0W/uJEI
https://paperpile.com/c/TWjA0W/0ESI
https://paperpile.com/c/TWjA0W/XoZt
https://paperpile.com/c/TWjA0W/L8tU
https://paperpile.com/c/TWjA0W/L8tU
https://paperpile.com/c/TWjA0W/L8tU+DNVN
https://paperpile.com/c/TWjA0W/L8tU+DNVN+pDyG
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In the case of RUFY3 all the variants previously described (Q9D394, Q9D394-4 and 

A0A0G2JFT8) and the novel predicted isoform (XP-006535175.1) have been detected 

in the NSCs (T0) samples (Figure 15). This previous experiment makes RUFY3 a 

promising candidate in order to asses isoforms variability in the time-course 

experiment either in OPCs or MTNs lineage. A miRNA study performed in a neural 

differentiation context has shown that RUFY3 expression is upregulated in those cell 

lines which present AS specific of the nervous system. (Makeyev et al. 2007). 

Furthermore, it has been described that RUFY3 interacts with actin binding proteins in 

the neurons and is needed for the correct axon formation and elongation (Wei et al. 

2014), which is a vital process during neurogenesis in order to establish proper neural 

connectivity.  

 

In addition, recent transcriptome studies has address the importance of RNA binding 

proteins (RNABPs) in neuronal development (Yano et al. 2015) and a number of 

RNABPs have been identified in neurons (Darnell 2013). Since they contribute to the 

transcriptome diversity, they might have a major role in the regulation of the 

differentiation process (Kanemitsu et al. 2017). Interestingly, RBM39 stimulates 

energy metabolism inducing nuclear genes expression and controlling redox levels in 

C. elegans. Moreover, maintains mitochondrial metabolism through direct 

transcriptional control of the mitochondria transcriptional machinery (Kang et al., 

2015). Therefore, RBM39 acts regulating downstream metabolic pathways in order to 

optimize ATP levels according to the metabolic demand. In the case of RBM39, all the 

signals detected are at the expected molecular weights (Figure 16). Since Q8VH51 

and Q8BH51-2 present very similar molecular weights, it only appears a single band 

and it is not possible to conclude if both are in our sample. However, the most likely is 

that both are present since both have been previously. The most interesting band 

correspond to the novel isoforms of CAPER (XP_011237624.1) and RUFY3 (XP-

006535175.1). Considering the results obtained with the other candidates and given 

the role of RBM39 as metabolic regulator, it might be regulating mitochondrial 

pathways in our differentiation process. Therefore, it is a promising candidate for 

further analysis in the differentiation lineages in order to assess its implication in the 

process.   

 

https://paperpile.com/c/TWjA0W/Dcd9
https://paperpile.com/c/TWjA0W/KbDc
https://paperpile.com/c/TWjA0W/KbDc
https://paperpile.com/c/TWjA0W/9wHs
https://paperpile.com/c/TWjA0W/ubtc
https://paperpile.com/c/TWjA0W/Awkg
https://paperpile.com/c/TWjA0W/vwkg
https://paperpile.com/c/TWjA0W/vwkg
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Taken all the results together, TappAS recapitulated already existing annotation, since 

protein isoforms already predicted have been detected. What is more, in the case of 

MUL1, TappAS enabled the detection of the novel not in catalogue transcript 

PB.9202.6 as well as predicted proteins in case of RUFY3 and RBM39. Thus, our 

experiments confirm the accuracy and sensibility of TappAS Tool, demonstrating that 

it is not only a useful tool for transcriptome analysis because of its capability to 

correctly address existing information, but also is an exciting and promising tool in 

order to find new differences in transcriptomic and proteomic studies at the isoform 

level. Additionally, has allowed us to infer the importance of OMA1 and MUL isoforms 

in the Neural differentiation process. Nevertheless, further wok must be done in order 

to complete elucidate their importance along the neural differentiation process, and 

their role in the cell-fate determination.  

8. Conclusions 

Regarding the experimental validation of tappAS: 

1. OMA1 isoforms expression patterns reproduce those provided by TappAS Tool in 

the Motoneurons lineage and Oligodendrocyte linage. Further, it has been 

detected both the complete isoforms and those with exon 6 skipping.  

2. MUL1 expression patterns reproduce the results in the Motoneuron lineage but 

present more variability in the oligodendrocyte lineage. Nevertheless, isoform 

switching has not been addressed in the experimental results at the first and final 

stages of the differentiation.   

3. In the case of MUL1, a new isoform not in catalogue have been detected, 

confirming the accuracy and specificity of TappAS to provide new information at 

the isoform level.  

4. At the protein level, OMA1 previous described isoform but not the novel predicted 

have been detected in the Oligodendrocyte lineage However, all the protein 

isoforms of RUFY3 and RBM39 have been detected in Neural Stem Cells 

samples, supporting the effectivity of TappAS also at the protein level.  
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Regarding the functional impact in the differentiation process: 

1. OMA1 Isoforms present differential expression between the Motoneuron and 

the Oligodendrocyte lineage, implying a functional role in the cell fate 

determination through regulation of mitochondrial dynamics. However, further 

work must be done at the protein level in order to disclosure their real 

implication.  

2. MUL1 isoforms also present expression variability at the final stage, suggesting 

that MUL1 might be important at the end of the differentiation process.  
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