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ABSTRACT 

 
The number of protein coding genes in the human reference gene sets has stabilized at 
slightly more than 20,000 genes in recent years, principally as a result of painstaking 
manual curation efforts. Although the three main gene sets, Ensembl/GENCODE, RefSeq, 
and UniProtKB, have similar numbers of genes, it is not clear how many of these genes 
coincide between the three sets. 
 
Many researchers were surprised by the relatively low numbers of human coding genes and 
some have sought other explanations for an assumed human complexity such as alternative 
splicing. The alternative splicing of messenger Ribonucleic acid (RNA) is a fundamental 
molecular process that regulates eukaryotic gene expression and can generate a wide range 
of mature RNA transcripts. Many thousands of alternatively spliced transcripts are routinely 
detected in RNA-seq studies, although reliable large-scale mass spectrometry-based 
proteomics analyses identify only a small fraction of annotated alternative isoforms. Indeed, 
proteomics experiments strongly suggest that most genes have a single main protein isoform.  
 
In this thesis, we present three papers on the functional description of coding genes, and of 
the principal and alternative protein isoforms derived from alternative splicing. In the first 
publication, we present the updates to the APPRIS Database. APPRIS selects a single 
protein isoform, the principal isoform, as the reference for each gene based on protein 
structural and functional features and information from cross-species conservation. 
Experimental evidence shows that the APPRIS principal isoform almost always coincides 
with the main cellular protein isoform. In the paper we detail the expansion of gene sets for 
multiple species, refinements in the core methods that make up the annotation pipeline and 
the merge of individual Ensembl/GENCODE, RefSeq, and UniProtKB reference gene sets. 
APPRIS now provides a measure of reliability for individual principal isoforms and updates 
with each release of the reference sets. 
 
In the second paper, we analyse human protein-coding genes in the three main reference 
sets: Ensembl/GENCODE, RefSeq and UniProtKB. We find that one in eight of these genes 
are classified differently in at least one of the reference sets. Evidence from various sources 
suggests that many of the 22,210 genes in the union of the three sets are unlikely to code for 
functional proteins. 
 
In the final publication, we carried out a reanalysis of a large-scale proteomics study of human 
tissues in order to determine to what extent tissue-specific alternative splicing can be 
detected at the protein level. We found evidence of significant tissue-specific differences 
across more than a third of the splice events that we interrogated. Tissue specific alternative 
protein forms were particularly abundant in nervous and muscle tissues. By contrasting the 
proteomics evidence with data from a large-scale transcriptomics analysis, we found that 
more than 95% of tissue specific events in which proteomics and RNA-seq analyses agree 
on tissue-specificity evolved over 400 million years ago. Our results suggest that tissue 
specific alternative splicing has played a crucial role in the development of the brain and the 
heart in vertebrates.  
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RESUMEN 

 
El número de genes humanos que codifican a proteínas dentro de las bases de datos (BD) 
de referencia humanos se ha estabilizado en un poco más de 20,000 genes en los últimos 
años. Principalmente como resultado de minuciosos esfuerzos de curación manual. Aunque 
las tres BD de referencia, Ensembl/GENCODE, RefSeq y UniProtKB, tienen un número 
similar de genes, no está claro cuántos de estos genes coinciden entre los tres conjuntos. 
 
El empalme alternativo del ácido ribonucleico mensajero (ARN) es un proceso molecular 
fundamental que regula la expresión de genes eucariotas y puede generar una amplia gama 
de transcripciones de ARN. Aunque muchos miles de transcritos de empalme 
alternativamente se detectan de forma rutinaria en los estudios de RNA-seq1, los análisis de 
proteómica basados en espectrometría de masas identifican solo una pequeña fracción de 
isoformas alternativas. De hecho, los experimentos de proteómica sugieren que la mayoría 
de los genes tienen una única isoforma proteica. En esta tesis presentamos tres artículos 
sobre la descripción funcional de genes codificantes y de las isoformas proteicas principales 
y alternativas derivadas del empalme alternativo. 
 
En la primera publicación, presentamos las actualizaciones de APPRIS. Algoritmo que 
selecciona una única isoforma proteica, la isoforma principal, como referencia para cada 
gen, en función de las características estructurales y funcionales de las proteínas y la 
información de la conservación entre especies. La evidencia experimental muestra que la 
isoforma principal APPRIS casi siempre coincide con la isoforma principal de la célula. En el 
artículo detallamos la expansión de las anotaciones para múltiples especies, la mejora de 
los métodos, y la creación de una fusión de genes basado en las tres BD de referencia. 
Además, proporciona una medida de fiabilidad para isoformas principales. 
 
En el segundo artículo, analizamos genes humanos que codifican a proteínas en las tres BD 
de referencia: Ensembl/GENCODE, RefSeq y UniProtKB. Encontramos que uno de cada 
ocho de estos genes se clasifica de manera diferente en al menos uno de las BD de 
referencia. La evidencia de diversas fuentes sugiere que es poco probable que muchos de 
los 22,210 genes de los tres conjuntos codifiquen a proteínas funcionales. 
 
En la publicación final, llevamos a cabo un nuevo análisis de un estudio proteómico a gran 
escala de tejidos humanos con el fin de determinar hasta qué punto se puede detectar el 
empalme alternativo específico de tejido. Encontramos diferencias significativas específicas 
de tejido en más de un tercio de los eventos. Las isoformas de proteínas alternativas eran 
particularmente abundantes en los tejidos nerviosos y musculares. Al contrastar la evidencia 
de proteómica con datos de transcriptómica, encontramos que más del 95% de los eventos 
específicos de tejidos que coinciden entre ambos análisis, evolucionaron hace más de 400 
millones de años. Nuestros resultados sugieren que el empalme alternativo específico de 
tejido ha jugado un papel crucial en el desarrollo del cerebro y el corazón de los vertebrados. 
 
 
 
 
 
 
 
 
 
 
1Siglas en inglés para RNA sequencing   
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INTRODUCTION 

 
The concept of a “gene” is basic to the understanding of genetics and molecular biology. At 
the time when the term was coined, it was seen from the phenotypic perspective as a distinct 
region, a “locus”, on a chromosome explaining mechanisms of heredity, development, and 
physiological function. Later, with the discovery of Deoxyribonucleic acid (DNA) and the 
publication of the “Central Dogma” of molecular biology (Crick, 1970), a gene became a 
physical entity that is transcribed and finally translated into protein. 
 
In this model a gene is the region of DNA that contains the necessary information for the 
expression of a protein or other molecule that ultimately helps in the survival, reproduction 
and function of the organism (Figure 1). The transcription of protein-coding genes in 
eukaryotes generates a precursor messenger RNA (pre-mRNA) which is converted into 
mature messenger RNA (mRNA) ready for translation into protein. Eukaryotes have 
elaborated a complex mechanism of modifying their primary RNA transcripts, called 
“splicing”. Pre-mRNA transcripts contain intervening sequences, known as introns, which do 
not become part of the final mRNA. Regions of pre-mRNA that are retained and ligated for 
translation are known as exons (Gilbert, 1978). In the process of mRNA maturation introns 
are selectively excised out and exons are ligated together. The spliced mRNA molecule forms 
a continuous protein-coding region ready to be translated into a protein molecule. 
 
 

 
Figure 1. Transcription of protein-coding genes in eukaryotes. Transcription) By this model, the 
transcription generates a pre-mRNA with exons and introns. Splicing) Pre-mRNA introns are 
removed by the spliceosome (see later), and a mature mRNA is generated. Translation) The mature 
mRNA is translated into a protein by the ribosome complex. 

 
However, the question “what constitutes a gene?” has been much debated in recent years 
(Brosius, 2009; Gerstein et al., 2007; Gingeras, 2007; Mattick, 2003; Mercer & Mattick, 2013; 
Pearson, 2006). When the “completion” of the human genome sequence was announced 
(Collins et al., 2003), the gene still was a genomic region with clear structural boundaries. 
The current view of transcription is becoming more complicated. In particular, a locus may 
generate multiple transcripts due to alternative splicing (AS). Alternative splicing can change 
the genotype-phenotype relationship, because it has the potential to generate different 
protein isoforms, implying different physiological functions derived from the same gene. This 
complexity complicates the work of scientists tasked with describing the human genome. To 
this end, Gerstein et al. proposed that “a gene is a union of genomic sequences encoding a 
coherent set of potentially overlapping functional products” (Gerstein et al., 2007). 
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The Human Reference Gene Set 

 
Genome annotation comprises all efforts to assign biological functions, mechanistic and 
structural roles, and observations linked to genomic positions to every nucleotide in the 
genome. The Encyclopedia of DNA Elements project (ENCODE) (The ENCODE Project 
Consortium et al., 2012) was established to annotate the human genome with all possible 
functional information. 
 
As part of this project, the GENCODE consortium (Harrow et al., 2012) was formed to identify 
and map all protein-coding genes within the ENCODE regions. The GENCODE consortium 
is composed of several groups that are dedicated to producing high-accuracy annotations of 
evidence-based gene features based on manual curation, computational analyses and 
targeted experiments. The consortium initially focused on 1% of the human genome in the 
Encyclopedia of DNA Elements pilot project (The ENCODE Project Consortium et al., 2007) 
and expanded this to cover the whole genome (The ENCODE Project Consortium et al., 
2012). GENCODE is now part of Ensembl (Zerbino et al., 2018) and their annotations are 
regularly released as the Ensembl/GENCODE gene sets. They are also accessible via the 
Ensembl and UCSC Genome Browsers (Haeussler et al., 2019). 
 
In addition, there are other large-scale gene annotation projects in progress on the human 
genome. The RefSeq project (O’Leary et al., 2016) at the National Center for Biotechnology 
Information (NCBI) combines manual and automated processes, and collaboration to 
produce a standard set of stable, non-redundant reference sequences. 
 
For each “gene set” or “genebuild” produced, the vast majority of models are based upon 
transcript evidence. A recent approach, CHESS (Comprehensive Human Expressed 
Sequences) (Pertea et al., 2018), has taken this to an extreme by assembling the gene 
models for their catalog of human genes and transcripts entirely from deep RNA sequencing 
experiments by the Genotype-Tissue Expression (GTEx) (Lonsdale et al., 2013) project. 
CHESS is an entirely automatic annotation project and is not subject to any manual scrutiny. 
 
In 2002, the UniProt Knowledgebase (UniProtKB) (The UniProt Consortium, 2018) was 
created. The UniProt Knowledgebase consists of two sections: a section containing 
manually-annotated records with information extracted from literature and curator-evaluated 
computational analysis, and a section with computationally analyzed records that await full 
manual annotation. For the sake of continuity and name recognition, the two sections are 
referred to as "UniProtKB/Swiss-Prot" (reviewed, manually annotated) and 
"UniProtKB/TrEMBL" (unreviewed, automatically annotated), respectively. UniProtKB protein 
sequences are not all based on genomic coordinates and it has been noted that some of the 
RefSeq and UniProtKB sequences are inconsistent with the sequences expected from the 
coding regions on the human genome (Farrell et al., 2014; Harte et al., 2012). Although the 
differences in the RefSeq mRNA and UniProtKB protein sequences from the reference 
genome have been pointed out several times, the cause of this discordance has not been 
well characterized (Shirota & Kinoshita, 2016). 
 
The different methods employed by these public resources can result in distinct 
representations of genes, transcripts, and proteins. However, the collaborative consensus 
coding sequence (CCDS) project (Pruitt et al., 2009) tracks identical coding sequence (CDS) 
annotations in RefSeq and Ensembl mouse and human genomes and ensures that they are 
consistently represented on the NCBI, Ensembl/GENCODE, and UCSC Genome Browsers 
with a stable identifier. 
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The Gradual Downward Trend of the Human Protein Gene Count 

 
Estimating the number of human genes dates back to the 1940s when the genetic code and 
even the structure of DNA were unknown (Figure 2). In 1948, James N. Spuhler estimated 
the number of human genes (Spuhler, 1948) based on the chromosomal length occupied by 
genes comparing with the fruit fly (then 42,000 genes) and extrapolating the number derived 
from X-linked lethal mutations (19,890-30,420 genes). At about that time, Muller (Muller, 
1950) estimated the number of human genes between 5,000 to 20,000 genes. In 1964, 
Friedrich Vogel (Vogel, 1964) calculated the number of genes dividing the length of the 
human genome by the gene-length of 50,000 nucleotides inferred from the length of genes 
in Dipteran giant chromosomes (60,000 human genes). Shortly thereafter, Muller revised his 
earlier estimate to “not much more than 30,000” genes based on newer data on spontaneous 
mutations and frequencies of X-ray induced mutations (Muller, 1966). 
 
In 1990, the U. S. Human Genome Project claimed to have sequenced the human genome 
and to have located the suspected 50,000-100,000 human genes without providing any data 
or reference for this estimate (U.S. Department of Health and Human Services & Department 
of Energy, 1990). The success of sequencing and high-throughput technologies provided 
further numbers, including 20,000-40,000 genes implied by the measurement of RNA re-
association kinetics (Benjamin Lewin, 1990), 80,000 genes implied by determining and 
extrapolating CpG island coverage (Antequera & Bird, 1993), and 64,000 genes implied by 
expressed sequence tag (EST) sequencing followed by clustering and extrapolation (Fields 
et al., 1994). 
 
As the release of the first draft of the human genome was approaching, researchers from The 
Institute for Genomic Research (TIGR) predicted 110,000 to 134,000 genes made available 
in the TIGR Gene Index based on massive expressed sequence tag (EST) (Liang et al., 
2000). In the same journal issue, other researchers predicted 33,630 to 34,700 genes based 
on similar EST data (Ewing & Green, 2000) and 28,000-34,000 genes by comparison with 
pufferfish (Crollius et al., 2000). 
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Figure 2. Estimates of human protein-coding number based on different lines of evidence. 
Taken from (Hatje et al., 2019; Southan, 2004) with the addition of more recent papers (Ezkurdia et 
al., 2014; Pertea et al., 2018; Pertea & Salzberg, 2010; Southan, 2017). 

 
The publication of the draft human genomes in early 2001 did not stop the speculation about 
higher gene numbers, though estimates were close to the ranges predicted 26,588-38,588 
genes (Venter et al., 2001) and 30,000-40,000 genes (Lander et al., 2001). Extrapolation of 
RT-PCR data of chromosome 22 predicted 41,000-45,000 genes (Das et al., 2001) and 
mapping of available complementary DNA (cDNA), EST, and protein data combined with 
gene predictions suggested 65,000-75,000 genes (Wright, F. A., et al., 2001). Still in 2003, 
when the human genome sequence was “finished”, researchers predicted 29,000-36,000 
genes based on the extrapolation of a refined annotation of chromosome 22 (Collins et al., 
2003) and up to 40,000 protein-coding genes based on analysis of conserved sequence 
elements between human and mouse (Xuan et al., 2003). 
 
With the publication of the final draft of the Human Genome Project (International Human 
Genome Sequencing Consortium, 2004), the number of protein-coding genes was revised 
downwards again to between 20,000 and 25,000. In 2007, Clamp and co-workers (Clamp et 
al., 2007) used evolutionary comparisons to suggest that the most likely figure for the number 
of protein-coding genes would be at the lower end of this continuum, just 20,500 genes. The 
Clamp analysis suggested that a large number of annotated open reading frames (ORFs) 
were not protein coding because they had features resembling non-coding RNA and lacked 
evolutionary conservation. The study suggested that there were relatively few novel 
mammalian protein-coding genes and that the 24,500 genes annotated in the human gene 
catalogue at the time would end up being cut by 4,000. 
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The number of protein-coding genes annotated in the Ensembl/GENCODE database 
(Frankish et al., 2019; Harrow et al., 2006) has also been on a downward trend since its 
inception. More than two thousand automatically predicted genes have been removed from 
the reference genome as a result of the merge with the manual annotation, often by being 
re-annotated as non-coding biotypes. The most recent GENCODE release (GENCODE v35 
08/2020) contains 19,954 protein-coding genes. Most recently, CHESS (Pertea et al., 2018), 
which is an entirely automatic annotation project, predicted 20,352 protein-coding genes. 
 
 

Validating Coding Potential 

 
Coding genes need to produce functional proteins and the best way to validate whether they 
do that is by detecting evidence of the gene product. Manual annotation of protein-coding 
genes requires many different sources of evidence (Frankish et al., 2019; Guigó et al., 2006). 
The most convincing evidence, experimental verification of cellular protein expression, is 
technically challenging to produce. Proteomics technology has improved considerably over 
the last decades (Aebersold & Mann, 2003; Mallick & Kuster, 2010), and it has become an 
increasingly important tool in genome annotation (Brosch et al., 2011; Deutsch et al., 2015; 
Ezkurdia, Valencia, and Tress et al., 2014; Tanner et al., 2007). 
 
The shotgun proteomics approach (Aebersold & Mann, 2003; Gygi et al., 1999; Link et al., 
1999; Washburn et al., 2001) has become the method of choice for identifying and quantifying 
proteins in most large-scale studies. This strategy is based on digesting proteins into peptides 
followed by peptide sequencing using tandem mass spectrometry (MS/MS) and automated 
database searching. Compared with methods of analysis based on extensive protein 
separation prior to MS-based identification, such as two-dimensional gels (Görg et al., 2004), 
shotgun proteomics allows higher data throughput and better protein detection sensitivity. 
MS/MS experiments has become an increasingly important tool for validating the translation 
of protein-coding genes (Brosch et al., 2011; Deutsch et al., 2015; Ezkurdia et al., 2014; 
Tanner et al., 2007), and large-scale mass spectroscopy experiments are now the main 
source of evidence of alternative splicing at the protein level. 
 
Ezkurdia et al analysed the human genome with seven sets of proteomics data and found 
peptide evidence to support 11,840 coding genes (Ezkurdia et al., 2014). The study found 
that proteins with annotated protein functional domains, functional residues, homology to 
known structures or cross-species conservation were more likely to be detected in the 
proteomics experiments than proteins without these features.  
 
Gene family age (the oldest phylogenetic division in which a gene from the same family is 
found) and gene age were also related to peptide detection. These ages were calculated 
using Ensembl Compara phylogenetic trees (Herrero et al., 2016). Peptides were detected 
for 96.4% of genes that evolved in the Fungi-Metazoa clade and did not duplicate (1,136 
genes). By contrast, the most recently evolved genes (those with primate gene family age) 
and the least conserved genes were much less likely to be detected in proteomics 
experiments. Discriminating peptides were found for just 0.9% of the 563 primate-specific 
genes and 2% of the 987 genes with a low conservation score in APPRIS (Rodriguez et al., 
2013). 
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Alternative Splicing 

 
Alternative splicing (AS) is a fundamental molecular process regulating eukaryotic gene 
expression that results in a single gene coding for multiple proteins (Black, 2003; A. J. Lopez, 
1998; Smith & Valcárcel, 2000). In this process, exons can be included or excluded in 
different combinations to create a diverse range of mRNA transcripts from a single pre-mRNA 
(Figure 3). It was first described in the 80’s, when it was discovered that membrane-bound 
and secreted antibodies are encoded by the same gene (Alt et al., 1980; Early et al., 1980). 
 
Splicing in general, and AS in particular, is also important for regulation of the levels and 
tissue specificity of gene expression and, if disrupted, can lead to disease (Cartegni et al., 
2002; Tazi et al., 2009; Venables, 2004; Wang, G. S. & Cooper, 2007). 
 

 
Figure 3. Alternative Splicing. The figure shows the theoretical effect of AS with different 
combinations of coding exons producing three different proteins. 

 
 

The Splicing Machinery 

 
The splicing reaction, which forms the central step in the production of mRNAs, involves the 
recognition of introns and exons by the splicing machinery. It can be regulated at many 
different levels, but most alternative splicing is a result of differential splice-site recognition 
by the spliceosome. The spliceosome is a complex composed of five small nuclear RNAs 
(U1, U2, U4, U5 and U6) that assemble with proteins to form small nuclear ribonucleoproteins 
(snRNPs) (Hoskins et al., 2011; Jurica & Moore, 2003; Staley & Guthrie, 1998). 
 
The spliceosomal machinery (Figure 4) is a coordinated series of RNA–RNA, RNA–protein 
and protein–protein interactions (Hoskins & Moore, 2012; Trowitzsch et al., 2009). The 
spliceosome recognizes four conserved signals: the exon–intron junctions at the 5′ and 3′ 
ends of introns - the 5′ splice site (5′ SS) and 3′ splice site (3’ SS) -, the branch point sequence 
(BPS) located upstream of the 3′ SS and the polypyrimidine tract (PPT) located between the 
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3′ SS and the BPS. First, U1 binds to the 5’ SS of an exon and U2 binds near BPS just 
upstream of the 3’ SS of the adjacent exon (Peled-Zehavi et al., 2001). U2 snRNP is recruited 
to the branch region through interactions with the E complex component U2AF (U2 snRNP 
auxiliary factor). Later, a tri-snRNP complex, composed of U4/U6/U5, joins in and leads to 
the formation of an active complex that catalyzes splicing. Once the splicing is over, the 
spliceosome disassembles and all components are recycled for future splicing reactions 
(Hnilicová & Staněk, 2011). 
 
Exons and introns also contain short, degenerate binding sites for auxiliary splicing proteins. 
These sites (Figure 4) are called exonic splicing enhancers (ESEs), intronic splicing 
enhancers (ISEs), exonic splicing silencers (ESSs) and intronic silencing silencers (ISSs). 
Splice-site recognition is mediated by proteins that bind specific regulatory sequences, such 
as the serine/arginine (SR) proteins, heterogeneous nuclear ribonucleoproteins (hnRNPs), 
polypyrimidine tract-binding (PTB) proteins, the TIA1 RNA-binding protein, Fox proteins and 
Nova proteins (Chen & Manley, 2009; Hui, 2009; Licatalosi & Darnell, 2010). 
 

 
Figure 4. The Splicing Machinery. Splicing is catalyzed by the spliceosome, which recognizes and 
assembles on exon–intron boundaries to catalyze intron processing. A) The four signals that enable 
recognition of RNA by the spliceosome are 5′ SS, 3’ SS, the BPS and the PPT. B) Several steps in 
the process of the splicing machinery with the action of multiple components. C) Exons and introns 
contain short, degenerate binding sites for splicing auxiliary proteins.  
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Types of Alternative Splicing 

 
Exons that are present in all variants within a gene are often referred to as constitutive exons. 
In this definition, alternative exons are exons that are not involved in all the variants of a gene. 
Although as annotation databases have grown, this definition has come to be somewhat 
problematic. The cornucopia of splicing variants for some genes can often be so great that 
almost all annotated exons end up defined as alternative.  
 
Systematic analyses of ESTs and microarray data have revealed several types of alternative 
splicing (Pan et al., 2008; Wang, E. T. et al., 2008). These events can occur during the 
splicing process or as the mRNA is formed from the transcription step of the central dogma 
of molecular biology (Figure 5): 
 

o Exon Skipping or Cassette Exon: In this case, exon(s) are included or excluded from 
the final gene transcript leading to extended or shortened mature mRNA variants. 
Exon skipping accounts for nearly 40% of AS events in higher eukaryotes but is 
extremely rare in lower eukaryotes (Alekseyenko et al., 2007; Kim, E. et al., 2007; 
Sugnet et al., 2004). 
 

o Alternative 5' Splice Site (5’ SS) and 3' Splice Site (3’ SS): Alternative gene splicing 
includes joining of different 5' and 3' splice sites. In this kind of splicing, two or more 
alternative 5' splice sites compete for joining to two or more alternate 3' splice sites. 
Alternative 3′ SS and 5′ SS selection account for ~18% and ~8% of all AS events in 
higher eukaryotes, respectively (Kim, E. et al., 2007; Koren et al., 2007; Sugnet et al., 
2004). 
 

o Intron Retention: An event in which an intron is retained in the final transcript. This is 
one of the rarest AS events in vertebrates and invertebrates, accounting for less than 
5% of known events (Alekseyenko et al., 2007; Kim, E. et al., 2008; Sakabe & de 
Souza, 2007; Sugnet et al., 2004). By contrast, intron retention is the most prevalent 
type of AS in plants, fungi and protozoa (Kim, E. et al., 2008). 
 

o Mutually Exclusive Exons: Another very uncommon splicing event. One of two exons 
(or one group out of two exon groups) is retained in mRNAs after splicing, while the 
other one is spliced out. Here, two (or more) splicing events are not independent any 
more, but are executed or disabled in a coordinated manner. 
 

o Alternative Promoters and Alternative polyadenylation: Here transcription either 
starts or ends at different points. Alternative promoters are those pre-mRNA 
transcripts that have distinct 5' exons composition. Alternative polyadenylation occurs 
when distinct polyadenylation sites provide different 3' end points for transcripts. Both 
mechanisms can occur in combination with alternative splicing and provide additional 
variety in mRNAs derived from a gene (Ast, 2004; Black, 2003; Kim, E. et al., 2008). 
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Figure 5. Types of alternative splicing events. There are several different types of alternative 
splicing events. In the figure, exons and final transcripts are illustrated as boxes while lines represent 
introns. Constitutive exons are shown in blue, and alternatively spliced exons are depicted in green 
or purple. Retained introns occur in the absence of splicing, with the intervening intro (black) included 
in the final transcript.  

 
 

The Functional Impact of Alternative Splicing at Protein Level 

 
One of the current priorities of the scientific community is the understanding of cellular 
responses specific to tissue, developmental stage or environmental conditions. Alternative 
splicing is a mechanism that has the potential to expand the cellular protein repertoire far 
beyond the one gene–one protein model (Nilsen & Graveley, 2010; Smith & Valcárcel, 2000) 
and has been linked to tissue and developmental differences. 
 
The presence of multiple alternative mRNA transcripts from the same gene is unequivocally 
supported by EST and cDNA sequence evidence (Harrow et al., 2012), microarray data 
(Sánchez-Pla et al., 2012), and RNA-seq data (Juntawong et al., 2014; Uhlén et al., 2015). 
Despite the overwhelming evidence for alternative splicing at the transcript level, there is 
limited support for the translation of these alternative transcripts into protein isoforms. 
Individual experiments do provide evidence for the expression of isoforms for certain genes 
(Kelemen et al., 2013). 
 
Alternative splicing of messenger RNA produces a wide variety of differently spliced RNA 
transcripts that may be translated into diverse protein products. Some studies suggest that 
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human coding genes could generate on average more than ten alternative transcripts (Hu et 
al., 2015; Pertea et al., 2018). Assuming almost all of these transcripts are translated into 
functional alternative splice isoforms, we might expect the overall protein population to 
increase 10-fold from 20,000 (the number of human coding genes) to 200,000. This increase 
would have profound biological consequences. 
 
Theoretically, all these coding transcripts could be translated into functional protein isoforms, 
which could in turn diversify the range of cellular functions. This possible expansion of 
function is often suggested to be the reason that humans have so few coding genes (Nilsen 
& Graveley, 2010; Smith & Valcárcel, 2000). However, although we have a limited 
understanding of the function of a small number of these alternative isoforms (Kelemen et 
al., 2013), there is a general lack of knowledge about the functional roles of the vast majority 
of annotated splice isoforms. If translated to protein, most annotated splice variants are likely 
to produce isoforms with substantially altered 3D structure and drastic changes in biological 
function (Melamud & Moult, 2009; Tress et al., 2007). 
 
Initially, it was not clear whether alternative transcripts and proteins are expressed more or 
less equally across tissues, whether different transcripts or isoforms were dominant in 
different tissues, or whether it would be biologically relevant to designate one transcript or 
isoform per gene as dominant and the rest as alternative. Large-scale transcriptomics studies 
(Bahar et al., 2011; Djebali et al., 2012; Gonzàlez-Porta et al., 2013) showed that genes have 
dominant transcripts but with contrasting results. While in some most genes had a single 
dominant transcript across all cell lines (Bahar et al., 2011; Gonzàlez-Porta et al., 2013), in 
others the majority of protein-coding genes had at least two different dominant transcripts 
depending on the cell (Djebali et al., 2012). 
 
 

Most Genes Have a Single Main Protein Isoform 

 
Proteomics studies strongly suggest that most genes have a single main protein isoform 
(Abascal et al., 2015). Abascal et al analysed peptides from eight large-scale data sets 
(Deutsch et al., 2015; Ezkurdia et al., 2014; Geiger et al., 2012; Kim, M.-S. S. et al., 2014; 
Munoz et al., 2011; Nagaraj et al., 2011; Wilhelm et al., 2014) identifying 12,716 genes but 
just 282 alternative splice events. In total, these eight datasets covered over 100 distinct 
tissues and cell lines, yet less than 0.4% of the peptides mapped to alternative isoforms. 
Almost all peptides mapped to a single isoform per gene. 
 
A related study investigated the relationship between this main proteomics isoform and other 
means of determining reference isoforms (Ezkurdia et al., 2015). They found that all methods 
for selecting a reference isoform for a gene were better than random - a random selection of 
isoforms would have agreed with the main proteomics isoform 46% of the time (Figure 6) – 
but that methods based on RNA-seq evidence performed worse than manual annotators and 
worse than a method based on protein features and conservation. 
 
Dominant RNA-seq transcripts, expressed five times more than across all tissues or cell lines 
(Gonzàlez-Porta et al., 2013), agreed with the main proteomics isoform over 77.2% of 
comparable genes, while the Highest Connected Isoforms (Li et al., 2015), based on 
transcript-level expression and interactions in a functional network, coincided with the main 
isoform over 78% of genes (Figure 6). 
 
Both these methods performed worse than the strategy of selecting the longest isoform, the 
method of choice for selecting a reference isoform in practically all studies and databases 
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and the basis of UniProtKB display isoforms. Although it has no biological basis, the longest 
isoform coincided with the main experimental proteomics isoform across 89.6% of genes. 
 
 

 
Figure 6. Comparison of Main Proteomics Isoform to Other Reference Isoforms. Percentage of 
genes in which there was agreement between the reference isoform and the main proteomics isoform 
(Ezkurdia et al., 2015; Tress et al., 2017). 

 
The CCDS variants are based on cDNA evidence and agreed on by manual annotators (Pruitt 
et al., 2009). For those genes where there was just a single CCDS variant per gene, the 
agreement with the main proteomics isoform was much higher at 98.6%. Finally, the APPRIS 
database (Rodriguez et al., 2013) predicts principal isoforms based on the preservation of 
protein features and cross-species conservation. In the study the main proteomics isoforms 
agreed with the principal isoforms selected by APPRIS over 97.8% of genes (Figure 6).  
 
Both single CCDS variants and APPRIS principal isoforms are reliable predictors of the main 
cellular isoforms. 
 
 

APPRIS in Detail 

 
APPRIS (Rodriguez et al., 2013, 2015) is a computational system that provides annotations 
of alternative splice variants and identifies principal isoforms. The theory behind APPRIS was 
developed in 2008 (Tress et al., 2008) and the database was developed over a four year 
period within the GENCODE consortium (Frankish et al., 2019; Harrow et al., 2012). APPRIS 
annotates alternative gene products with reliable, biologically relevant data. 
 
APPRIS annotates splice isoforms in protein-coding genes with protein structural and 
functional features and information from cross-species conservation. Currently the annotation 
pipeline comprises six modules (Figure 7). The first four methods are referred to as the “core” 
methods in APPRIS: 
 

o Matador3D detects similarity to structural homologs in the PDB (Rose et al., 2017). 
 

o firestar (G. Lopez et al., 2011) predicts functionally important amino acid residues. 
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o SPADE identifies Pfam functional domains via the PfamScan algorithm (El-Gebali et 

al., 2019). 
 

o CORSAIR carries out BLAST (Altschul et al., 1997) searches against vertebrate 
protein sequences to determine the number of orthologs that align correctly and 
without gaps. 
 

o THUMP makes unanimous predictions of trans-membrane helices from three 
predictors (Jones, 2007; Käll et al., 2004; Viklund & Elofsson, 2004). 
 

o CRASH predicts the presence and location of signal peptides using the SignalP and 
TargetP programs (Emanuelsson et al., 2000; Petersen et al., 2011). 
 

The pipeline also uses these features to select a single reference isoform for each protein-
coding gene, here termed the principal isoform. This principal isoform has the most 
conserved protein features and the most evidence of cross-species conservation. At the 
same time isoforms that have lost conserved protein features or do not have cross-species 
conservation are flagged as alternative. 
 
 

 
 

Figure 7. APPRIS pipeline. The inputs to the pipeline are the peptide sequences of the isoforms 
(FASTA), and/or the gene information file (GTF) and the cDNA sequences of the transcripts. The 
results of the six modules of APPRIS are used to annotate the splice isoforms and the final module 
selects the principal isoforms. 

 
 
More recently, the APPRIS WebServer and WebServices (Rodriguez et al., 2015) were 
developed to provide access to the computational methods implemented in the APPRIS 
database and to allow the generation of annotations in a flexible, modular and automatic high 
throughput mode. 
 
There are another number of databases that can annotate alternative transcripts with some 
of these features. ProSAS (Birzele et al., 2008) provides a unified resource for analyzing 
effects of alternative splicing events in the context of human, mouse and rat protein 
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structures. AS-ALPS (Shionyu et al., 2009) provides information useful for analyzing the 
effects of alternative splicing in human and mouse on protein structure, interactions with other 
biomolecules and protein interaction networks. ASPicDB (Martelli et al., 2011) generates 
annotations for human protein variants through machine learning tools including protein type 
(globular and transmembrane), localization, presence of Pfam domains, signal peptides, 
GPIanchor propeptides, transmembrane and coiled-coil segments. Finally, tappAS (de La 
Fuente et al., 2020) facilitates the analysis of alternative splicing and alternative UTR 
processing from a functional perspective. Most of the annotations of this framework are at 
the transcript level and for both coding and non-coding regions. Annotations at protein level 
integrate data from multiple databases and tools. 
 
 

Most Alternative Exons Are Not Under Selective Pressure 

 
APPRIS also classifies protein isoforms as either principal or non-principal (Rodriguez et al., 
2013) based on differences in cross-species conservation or biological features. Liu and Lin 
expanded on this by splitting coding regions into three distinct categories (Liu & Lin, 2015): 
principal isoform-specific (PI-specific) coding regions, non-principal isoform-specific (NPI-
specific) regions, and overlapping regions (coding sequences that are shared by the principal 
and non-principal isoforms). Liu and Lin mapped the variants from the 1000 Genomes Project 
(Auton & Salcedo, 2015) onto coding regions and demonstrated that the NPI-specific coding 
regions are significantly enriched in amino acid-changing variants particularly those that have 
a strong impact on protein function, and have higher derived allele frequencies. 
 
Previous studies have indicated that human alternatively spliced exons are subjected to 
relaxed selective pressure or positive selection (Ramensky et al., 2008; Xing & Lee, 2005). 
Further investigations supported these results (Tress et al., 2017). Exons from APPRIS 
principal isoforms have a substantially lower proportion of high-impact variants than exons 
from alternative isoforms (Figure 8). Although alternative sites represent only 5% of all data, 
they contribute 29% of the high-impact variants across all allele frequencies and 57% of high-
impact variants for the most common allele frequencies. 
 

 
Figure 8. Genome-wide Distribution of Sequence Variants in Principal and Alternative Isoforms 
– figure from (Tress et al., 2017). (A) The ratio of non-synonymous to synonymous, and (B) the 
proportion of high-impact variants shown for three distinct categories using APPRIS (Rodriguez et al., 



INTRODUCTION 

 
 

21 
 

2018). Principal, those protein-coding sites from exons that code for the Principal isoform; Alternative, 
those protein-coding sites that fall inside exons belonging exclusively to alternative variants; and 
Intersection, those sites that fall inside exons that code for both principal and alternative isoforms. 
The variants were subdivided into rare (<0.5%), and common groups for each substitution dataset 
according to their derived allele frequencies. Each ratio was calculated for both rare and common 
allele frequencies identified from Phase 3 of the 1000 Genomes Project (Auton & Salcedo, 2015). 
High-impact variants defined by Variant Effect Predictor (Zerbino et al., 2018) were splice acceptor 
variants, splice donor variants, stop gains, stop losses, and frameshift variants. 

 
These results indicate that alternative exons are under weaker purifying selection than the 
APPRIS principal isoforms, and suggest that most alternative exons evolve neutrally. The 
evidence for purifying selection highlights the importance of principal isoforms and the 
evidence that many alternative isoforms are evolving neutrally suggests that they have little 
or no functional applicability as proteins. 
 
 

Detecting Alternatively Spliced Proteins 

 
Some proteomics studies claim to have found substantially more cases of alternative splicing 
at the protein level than others. For example, an integrated analysis (Menon et al., 2009) 
identified 420 distinct alternative isoforms for the mouse genome, of which 92 did not match 
any previously annotated mouse protein sequence. However, at the time, the mouse genome 
was not well annotated and the study did not require peptides to identify both constitutive and 
alternative splice isoforms. Other studies (Kim, M.-S. S. et al., 2014; Wilhelm et al., 2014) of 
the human genome found more evidence for alternative isoforms because they 
overestimated the number of reliable peptide identifications (Ezkurdia, Valencia, and Tress 
et al., 2014). One analysis (Ly et al., 2014) even chose to infer the expression of different 
isoforms based on peptide abundances in an analogous way to the protocols used for 
transcript level estimation in RNA-seq studies (Lahens et al., 2014; Steijger et al., 2013). This 
last form of identifying alternative protein isoforms is wholly inappropriate in proteomics 
studies because of the low peptide coverage typical of these experiments and because of 
the non-uniform distribution of the peptides detected. 
 
Other studies generally found lower numbers of alternative protein isoforms, including 
experiments using human (Ezkurdia et al., 2012; Tanner et al., 2007), mouse (Brosch et al., 
2011), rat (Low et al., 2013), Drosophila (Tress, Bodenmiller, et al., 2008), Arabidopsis 
(Castellana et al., 2008) and Aspergillus flavus (Chang et al., 2010) tissues. 
 
Although most annotated alternative isoforms are not supported by proteomics evidence, 
patterns emerge. A high proportion of alternative isoforms are generated by swapping one 
homologous exon for another (Abascal et al., 2015; Ezkurdia et al., 2012). Abascal et al 
compared human and mouse proteomics experiments and found that almost 60% of the 
orthologous splicing events found across both sets of experiments were homologous exons. 
The same study found that alternative isoforms generated from homologous exons were 
highly conserved, implying that they evolved in the ancestor of jawed vertebrates or earlier, 
at least 460 million years ago. 
 
Analysis of the effect of splice events on Pfam functional domains (El-Gebali et al., 2019) has 
shown that alternative splicing tends to not affect Pfam domain composition. Only 15% of the 
alternative splice events detected by Abascal et al (Abascal et al., 2015) would damage or 
cause the loss of a Pfam domain, even though 68% of alternative splice events annotated in 
CDS regions would break or cause the loss of one or more Pfam domain. 
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These results suggest that the most damaging alternative splice events do not produce 
isoforms in quantities that are detectable in standard proteomics experiments. This strongly 
implies that there is some form of control at the level of translation, or post-translation, that 
protects the cell against protein isoforms with damaged domains. 
 
 

Tissue Specific Alternative Splicing at the Protein Level 

 
Many studies have noted tissue specificity at the transcript level. One study (Wang, E. T. et 
al., 2008) identified over 22,000 tissue-specific alternative transcript events and showed that 
47%-65% of alternative events were tissue specific depending on the type of splice event. 
Meanwhile, another analysis (Gonzàlez-Porta et al., 2013) found that the major transcript 
varied according to conditions across more than 60% of coding genes. 
 
The tissue-specific rewiring hypothesis is based on the tissue-specific expression of 
alternative transcripts, the loss of functional domains, and the prevalence of disordered 
protein regions in alternative isoforms (Colak et al., 2013). In addition, the tissue-specific 
splice patterns are not always conserved across species. Merkin et al found that despite the 
abundant evidence for tissue specificity of alternative transcripts, patterns of tissue specific 
alternative splicing were only conserved in a few tissues between mammalian species and 
birds (Merkin et al., 2012), while Reyes et al had similar results across six primate species 
(A. Reyes et al., 2013). Both studies postulated that the different usage of exons was behind 
the tissue-specific “rewiring” of protein-protein interaction networks hypothesized by other 
groups (Buljan et al., 2012; Ghadie et al., 2017) that would be essential for morphological 
differences between different species. 
 
Results from the large-scale GTEx consortium found that 84% of the variance between 
tissues was due to gene expression rather than alternative splicing (Melé et al., 2015). A re-
analysis of the GTEx data (Alejandro Reyes & Huber, 2018) found that 50% of genes had 
tissue-specific transcripts, but that most of the tissue-dependent splicing events would not 
affect proteome complexity of the cell since they involved untranslated exons. 
 
Until now, there has been little research carried out into tissue specific alternative splicing at 
the protein level. The large-scale proteomics study of 30 human tissues and hematopoietic 
cells carried out by Kim et al (Kim, M.-S. S. et al., 2014) remains the best source of tissue 
level proteomics data, in part, because it was carried out with replicates. The data from the 
Kim experiments has been re-analysed on a number of occasions (Kim, M.-S. S. et al., 2014; 
Lau et al., 2019; Wright, J. C. et al., 2016). The original study highlighted distinct isoforms of 
FYN protein tyrosine kinase in brain and hematopoietic cells, while Wright et al. suggested 
that most tissue-specific alternative splicing was in testis without revealing details. The other 
two studies detailed evidence for tissue-specific alternative splicing in just a few genes mostly 
localized to the brain and heart tissues (Abascal et al., 2015) or to heart and testis (Lau et 
al., 2019).  
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OBJECTIVES 

 
The human reference gene sets are curated by distinct teams of manual annotators and are 
in a certain state of flux with protein coding genes constantly added and reclassified. 
Currently, the human gene set is saturated with alternative splice variants, but the numbers 
of protein coding transcripts are constantly rising and long-read technologies are predicted 
to double the number of annotated coding transcripts.  
 
For many of the genes and transcripts annotated as coding a functional role is unclear. Some 
genes annotated as coding may not actually code for proteins and although alternative 
splicing has the potential to expand the cellular functional repertoire, there is as yet little 
evidence to support this theory.  
 
It would seem to be important to distinguish between those genes and transcripts that have 
functional roles and those that do not. Being able to distinguish which transcripts really do 
code for functional proteins will allow researchers to determine the real effect of mutations 
and concentrate on those isoforms of a gene that are predicted to have important cellular 
effects. Hence, the effort has been concentrated on the following objectives: 
 

1. Improve the performance of each of the core modules in APPRIS principal isoform 
prediction pipeline.  

 
2. Extend the APPRIS annotations to cover the largest possible number of model species 

and add new references gene databases, such as RefSeq and the UniProtKB 
proteome. In addition to updating the annotations for the Ensembl / GENCODE genes 
of each species stored in the APPRIS database. 

 
3. Bring together the three main human reference databases: Ensembl/GENCODE, 

RefSeq, and the UniProtKB proteome, with the aim of improving the annotation of the 
overall gene set. Report the principal isoform for this union of reference sets. 

 
4. Contribute data from APPRIS for the three human genome reference gene sets to help 

distinguish genes that genuinely code for proteins from potential noncoding genes. 
 

5. Analyze and contrast large-scale proteomics and RNA-seq studies to determine the 
importance of tissue-specific alternative splicing at the protein level. 

 
6. Determine to what extent alternative splicing is involved in tissue specific rewiring of 

protein-protein interaction networks, or whether it is responsible for species specific 
differences. 
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OBJETIVOS 

 
El conjunto de genes de referencia en el genoma humano es seleccionado por distintos 
equipos de anotadores manuales y los genes codificantes a proteína se encuentran en un 
cierto estado de cambio, agregándose y reclasificándose constantemente. Actualmente, el 
conjunto de genes humanos se encuentra saturado con variantes de empalme alternativas, 
y se predice que las tecnologías de long-read duplicarán el número de transcripciones 
codificantes. 
 
No está clara la función de muchos de los genes y transcritos anotados como codificantes. 
Es posible que algunos genes anotados como codificantes, no codifiquen a proteínas y, 
aunque el empalme alternativo tiene el potencial de expandir el repertorio funcional de la 
célula, todavía hay poca evidencia para apoyar esta teoría. 
 
Es importante distinguir entre aquellos genes y transcritos que tienen roles funcionales y 
aquellos que no. Ser capaz de distinguir qué transcritos codifican realmente a proteínas 
funcionales permitirá a los investigadores determinar el efecto real de las mutaciones, y, por 
tanto, concentrarse en las isoformas de un gen que se prevé que tengan efectos importantes 
en la célula. De ahí que el esfuerzo se haya concentrado en los siguientes objetivos: 
 

1. Mejorar el rendimiento de cada uno de los métodos del predictor automático de 
isoformas principales, APPRIS. 

 
2. Extender las anotaciones de APPRIS para cubrir el mayor número de especies 

modelo y agregar nuevas referencias a bases de datos de genes, como RefSeq y los 
proteomas de UniProtKB. Además de actualizar las anotaciones para los genes de 
Ensembl/GENCODE de cada especie almacenada en la base de datos APPRIS. 

 
3. Unificar las tres bases de datos de referencia humana: Ensembl/GENCODE, RefSeq 

y el proteoma UniProtKB, con el objetivo de mejorar la anotación de los genes 
codificantes. Reportar la isoforma principal de esta unión de bases de datos de 
referencias. 

 
4. Contribuir con datos de APPRIS de las tres bases de datos de referencia del genoma 

humano para ayudar a distinguir los genes que realmente codifican a proteínas de los 
posibles genes no codificantes. 

 
5. Analizar y contrastar estudios a gran escala de proteómica y de RNA-seq para 

determinar la importancia del empalme alternativo específico de tejido a nivel de 
proteína. 

 
6. Determinar hasta qué punto el empalme alternativo está involucrado en el cableado 

específico de tejido entre interacción proteína-proteína, o si es responsable de 
diferencias específicas de especies. 
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(English) RESULTS AND MATERIAL & METHODS: First article 

APPRIS 2017: principal isoforms for multiple gene sets. 
 
The APPRIS Database (http://appris-tools.org) was developed to provide annotations of 
alternative splice variants (Rodriguez et al., 2013) as part of the GENCODE Consortium 
(Harrow et al., 2012). The first version of the APPRIS Database deployed a range of 
computational modules to annotate each isoform with protein structural and functional 
features, and with data from cross-species alignments. 
 
The main task of APPRIS is to determine a principal splice isoform to represent each gene. 
Principal isoforms are the variants that maintain the most conserved protein features (Tress 
et al., 2008). Recently we have demonstrated that these principal isoforms also almost 
certainly reflect the biological reality of the cell. Independent proteomics evidence 
demonstrates that most genes have a single main protein isoform and that this isoform is 
usually the APPRIS principal isoform. We found that the main proteomics isoforms and the 
APPRIS principal isoforms agreed over 97.8% of comparable genes (Ezkurdia et al., 2015). 
 
In the paper we presented the new developments and the updates since the last release of 
APPRIS. We altered the annotation pipeline so that it comprised just six modules: 
Matador3D, firestar (G. Lopez et al., 2011), SPADE, CORSAIR, THUMP, and CRASH. 
Several new features were incorporated to improve the quality and coverage of the 
predictions. In particular, a second version of Matador3D was developed that makes use of 
the bit-scores from alignments with PDB (Rose et al., 2017) sequences. Moreover, another 
version of SPADE that uses the bit-scores from alignments with Pfam (El-Gebali et al., 2019) 
domains was also developed. 
 
APPRIS was originally devised with the Ensembl/GENCODE (Frankish et al., 2019) human 
genome in mind. Here, we extended the database to cover ten model species. In addition to 
the annotations for mouse, pig, rat, and zebra fish that were already in the database, 
chimpanzee, chicken, cow, and Drosophila and C. elegans were incorporated in this 
publication. As well as the Ensembl/GENCODE gene sets, APPRIS now also annotates 
RefSeq gene sets (O’Leary et al., 2016) and the UniProtKB proteomes (The UniProt 
Consortium, 2018). 
 
In addition, we created merged gene sets for vertebrate species by cross-referencing the 
Ensembl/GENCODE, RefSeq and UniProtKB data sets. The cross-reference sets were 
generated with the data-mining tool BioMart (Smedley et al., 2015). APPRIS now produces 
a principal isoform for these common reference sets. 
 
APPRIS selects a single CDS variant for each gene as the “PRINCIPAL” isoform based on 
the annotated protein features. Since this version of APPRIS, principal isoforms have been 
tagged with the numbers 1 to 5, with 1 being the most reliable. APPRIS determines a most 
reliable isoform for 75%-95% of annotated protein-coding genes depending on the gene set 
and the species. 
 
Another novelty in the paper is that where the APPRIS core modules are unable to choose a 
clear principal variant, the database selects a principal isoform from among the “candidate” 
isoforms not rejected by the APPRIS core methods. Principal isoforms are selected first via 
the CCDS identifier (Pruitt et al., 2009) and then on whether all splice junctions are supported 
by at least one non-suspect mRNA (TSL). CCDS variants are annotated only for the human 
and mouse genomes, and TSL only for human. Where CCDS and TSL evidence is not 
decisive or available, APPRIS selects the longest of the candidate isoforms and tags it as 
PRINCIPAL:5 (P5). 

http://appris-tools.org/
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The "candidate" variants not chosen as principal are labeled as “ALTERNATIVE”. These 
alternative variants are also split into two types, those more likely to be functionally important 
because they are conserved in at least three tested non-primate species (ALTERNATIVE:1) 
and those that are not (ALTERNATIVE:2). Non-candidate transcripts are not flagged and are 
considered as "MINOR" transcripts. 
 
In the human Ensembl/GENCODE gene set, APPRIS determined a PRINCIPAL:1 (P1) 
isoform for 76.8% of protein-coding genes and just 1.1% of principal isoforms were the 
longest of the candidate isoforms (P5). A total of 71.5% and 74.3% were tagged with a P1 
isoform for the RefSeq genes and UniProtKB proteome, respectively. In the mouse 
Ensembl/GENCODE genome 82.6% of protein-coding genes were tagged with a P1 isoform. 
More than 90% of the genes in the Ensembl annotation of vertebrate species had P1 
isoforms, though there are fewer genes with multiple coding transcripts in species outside of 
human. 
 
There were a total of 22,207 protein-coding genes in the union of the Ensembl/GENCODE 
(release 24), RefSeq (release 107) and UniProtKB (version 201606) human reference sets. 
Just 5,132 (23.1%) of these genes have a single CDS variant, while APPRIS determined P1 
principal isoforms for 9,204 (41.4%) of the remaining genes. 
 
The APPRIS annotations are updated with each new stable Ensembl/GENCODE release, 
and also periodically for the RefSeq and UniProtKB data sets. The databases behind in each 
method (PDB, Pfam, non-redundant sequence database, etc.) are also updated to get the 
most correct annotations. Apart from the APPRIS WebServer (Rodriguez et al., 2015), the 
annotations are available in the Ensembl web server (Zerbino et al., 2018) and UCSC 
Genome Browsers (Haeussler et al., 2019). 
 
Michael Tress and Jose Manuel Rodríguez conceived of the presented idea. Jose Manuel 
Rodríguez developed the theory and performed the computations including the 
Ensembl/RefSeq/UniProtKB comparison. Juan Rodríguez-Rivas developed the second 
version of Matador3D. Michael Tress and Jose Manuel Rodríguez verified the analytical 
methods. Michael Tress encouraged Jose Manuel Rodríguez to investigate and supervised 
the findings of this work. Both Michael Tress and Jose Manuel Rodríguez authors contributed 
to the final version of the manuscript. Almost all authors commented on the manuscript. 
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APPRIS 2017: Isoformas principales en diversas bases de datos de genes. 

 
La base de datos APPRIS (http://appris-tools.org) se desarrolló para proporcionar 
anotaciones de variantes de empalme alternativas (Rodríguez et al., 2013) como parte del 
Consorcio GENCODE (Harrow et al., 2012). La primera versión de la base de datos 
implementó una gama de módulos computacionales para anotar cada isoforma con 
características estructurales y funcionales de proteínas, y con datos de alineaciones entre 
especies. 
 
La principal tarea de APPRIS es determinar una isoforma principal que representa cada gen. 
Las isoformas principales son las variantes que mantienen las características proteicas más 
conservadas (Tress et al., 2008). Recientemente hemos demostrado que estas isoformas 
también reflejan, casi con certeza, la realidad biológica de la célula. Estudios independientes 
de proteómica demuestran que la mayoría de los genes tienen una única isoforma dominante 
y que esta isoforma suele ser la isoforma principal de APPRIS. Encontramos que las 
isoformas dominantes de proteómica y las isoformas principales de APPRIS coincidían en 
un 97,8% de los genes comparables (Ezkurdia et al., 2015). 
 
En el artículo presentamos los nuevos desarrollos y actualizaciones desde la última versión 
de APPRIS. Mejoramos los métodos de anotación: Matador3D, firestar (G. Lopez et al., 
2011), SPADE, CORSAIR, THUMP y CRASH. Se incorporaron varias funciones nuevas para 
mejorar la calidad y cobertura de las predicciones. En particular, se desarrolló una segunda 
versión de Matador3D que hace uso de los bit-scores del alineador de secuencias contra 
PDB (Rose et al., 2017). Además, se añadió otra versión de SPADE que también utiliza los 
bit-scores de las alineaciones contra dominios Pfam (El-Gebali et al., 2019). 
 
APPRIS se diseñó originalmente para el proyecto del genoma humano Ensembl/GENCODE 
(Frankish et al., 2019). Para esta última publicación, ampliamos la base de datos cubriendo 
diez especies modelo. Además de ratón, cerdo, rata y pez cebra que ya estaban en la base 
de datos, se incorporaron chimpancés, pollo, vaca y Drosophila y C. elegans. Además de los 
genes provenientes de Ensembl/GENCODE, ahora también se anotan los genes de RefSeq 
(O’Leary et al., 2016) y los proteomas de UniProtKB (The UniProt Consortium, 2018). 
 
Además, creamos una base de datos de genes combinados para especies de vertebrados 
mediante la referencia cruzada entre los genes de Ensembl/GENCODE, RefSeq y 
UniProtKB. Las referencias cruzadas se generaron con la herramienta de datos BioMart 
(Smedley et al., 2015). APPRIS ahora produce una isoforma principal para estos genes de 
referencia comunes. 
 
APPRIS selecciona una única variante de CDS para cada gen, “PRINCIPAL”, basado en las 
características anotadas de las proteínas. En esta versión, las isoformas principales se han 
etiquetado con los números del 1 al 5, siendo 1 el más fiable. APPRIS determina la isoforma 
principal con una fiabilidad entre el 75% -95% de los genes codificantes según la base de 
datos de referencia y la especie. 
 
Otra novedad es que, cuando los módulos centrales de APPRIS no pueden elegir una 
isoforma principal clara, la base de datos selecciona una isoforma de entre las isoformas 
"candidatas". Las isoformas principales se seleccionan primero a través del identificador 
CCDS (Pruitt et al., 2009) y luego si todas las uniones del empalme alternativo están 
respaldadas por al menos un ARNm no sospechoso (TSL). Cuando la evidencia de CCDS y 
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TSL no es decisiva o no está disponible, APPRIS selecciona la más larga de las isoformas 
candidatas y la etiqueta como PRINCIPAL:5 (P5). 
 
Las variantes "candidatas" que no han sido elegidas como principales, se etiquetan como 
"ALTERNATIVE". Estas variantes alternativas se dividen en dos tipos, las que tienen más 
probabilidades de ser funcionalmente importantes porque se conservan en al menos tres 
especies fuera de primates (ALTERNATIVE:1) y aquellas que no lo son (ALTERNATIVE:2). 
Las isoformas no candidatas se consideran "MINOR". 
 
Para los genes de Ensembl/GENCODE en humano, APPRIS determinó una isoforma 
PRINCIPAL:1 (P1) para el 76,8% de los genes codificantes y solo el 1,1% de las isoformas 
principales eran determinado por las más largas (P5). Un total de 71,5% y 74,3% se 
etiquetaron con una isoforma P1 para los genes de RefSeq y el proteoma UniProtKB, 
respectivamente. En el genoma de ratón de Ensembl/GENCODE, el 82,6% de los genes se 
marcaron con una isoforma P1. 
 
Un total de 22.207 genes humanos se produjo de la unión de Ensembl/GENCODE (versión 
24), RefSeq (versión 107) y UniProtKB (versión 201606). Solo 5.132 (23,1%) de estos genes 
tienen una única variante de CDS, mientras que APPRIS determinó las isoformas principales 
P1 para 9.204 (41,4%) de los genes restantes. 
 
Las anotaciones de APPRIS se actualizan con cada nueva versión estable de Ensembl/ 
GENCODE, y también periódicamente para las bases de datos RefSeq y UniProtKB. Las 
bases de datos detrás de cada método también se actualizan para obtener las anotaciones 
más correctas. Las anotaciones de APPRIS, a parte del servidor web (Rodríguez et al., 
2015), están disponibles en la web de Ensembl (Zerbino et al., 2018) y en UCSC Genome 
Browsers (Haeussler et al., 2019). 
 
Michael Tress y Jose Manuel Rodríguez concibieron la idea presentada. JMR desarrolló la 
teoría y realizó los cálculos, incluida la comparación Ensembl/RefSeq/UniProtKB. Juan 
Rodríguez-Rivas desarrolló la segunda versión de Matador3D. MT y JMR verificaron los 
métodos analíticos. MT animó a JMR a investigar y supervisó los hallazgos de este trabajo. 
MT y JMR contribuyeron a la versión final del manuscrito. Casi todos los autores comentaron 
sobre el manuscrito. 
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(English) RESULTS AND MATERIAL & METHODS: Second article 
- collaboration 

Loose ends: almost one in five human genes still have unresolved coding status 

 
Here, we expanded on a previous analysis (Ezkurdia et al., 2014) to evaluate protein-coding 
genes from the three main human reference gene sets, Ensembl/GENCODE, RefSeq and 
UniProtKB. In the versions used in the analysis, RefSeq (v107) annotated 20,450 coding 
genes, and Ensembl/GENCODE (v24/e83) contained 20,266 coding genes. The UniProtKB 
proteome (June 2016), which is based around proteins rather than genes, mapped to 21,212 
coding genes. There were 19,446 genes annotated as coding in the intersection of the three 
sets. Beyond the intersection of the three reference databases, 851 genes were supported 
by two of the three reference sets and 1,903 genes were annotated in just one of the three 
reference sets. In total, the manual curation of the three reference sets found 22,210 protein-
coding genes. 
 
We defined a set of 16 features that we had previously shown were good indicators of 
misannotated coding genes and used these to separate “potential non-coding” (PNC) genes 
from likely coding (LC) genes. 4,234 of the 22,210 coding genes annotated in the union of 
the three sets were tagged with at least one of the potential non-coding features, including 
almost all genes outside the intersection of the three reference sets and including 2,278 
(11%) of Ensembl/GENCODE coding genes. Even within the intersection of the three sets 
1,471 genes, 7.6% of genes agreed on by all three reference sets, were tagged as PNC. 
 
To test the hypothesis that many of the genes outside of the intersection may not code for 
proteins under normal cellular conditions, we analyzed the experimental expression of 
potential non-coding genes using available experimental transcriptomics, proteomic and 
antibody binding data and compared this to the data for likely coding genes. 
 
We downloaded RNA expression data from the Human Protein Atlas (Uhlén et al, 2015). The 
Human Protein Atlas details RNA-seq experiments carried out on 36 tissues using 
Ensembl/GENCODE. We binned genes by maximum expression and by number of tissues 
and compared the tissue distributions of LC genes and PNC genes. We found considerably 
more evidence for the transcript expression of LC genes. In fact, while 73.5% of LC genes 
had a maximum TPM (transcript per million) of 20 or more, just 24.3% of PNC genes reached 
this level of transcription. 
 
For protein expression, we collected peptides to identify gene products from the human 
PeptideAtlas (Desiere, 2006) proteomics database. In addition, we downloaded antibody-
specific information to validate tissue-specific protein expression from the Human Protein 
Atlas (Uhlén et al., 2015). For genes annotated by GENCODE we detected a higher 
proportion of peptides for the genes in the likely coding set (13,360 of 17,988, 74.3%). PNC 
genes had little peptide support (just 142 of 2,278, 6.2%). Additionally, antibodies produced 
similar results. LC genes were detected in higher numbers with antibodies (9,896 of 17,988 
genes, 55%) than genes in the potential non-coding set (79 of the 2,278 genes, 3.5%). 
 
We also evaluated detected peptides for those genes that had RNA-seq expression in at 
least 10 tissues with a minimum of 10 TPM. Considering just those genes with this level of 
RNA-seq expression, we detected peptides for 85.6% of LC genes. Even for these well 
expressed genes, we detected peptides for just 19.4% of those PNC genes annotated in all 
three sets, and just 6.1% of PNC genes annotated in two or fewer sets. 
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Moreover, we compared rates of genetic variation for genes with potential non-coding 
features and for LC genes using data from the 1,000 Genomes Project (Altshuler et al., 2012). 
We calculated the percentage of high-impact variants and the ratio of non-synonymous to 
synonymous variants for rare and common allele frequencies. Whole genome copy number 
variation (CNV) maps were also downloaded from five different publications (Abyzov et al., 
2015; Handsaker et al., 2015; Sudmant, Mallick, et al., 2015; Sudmant, Rausch, et al., 2015; 
Zarrei et al., 2015).  
 
For LC genes, the percentage of high impact variants was 1.88 at rare allele frequencies 
against 0.61 for common alleles. PNC genes had proportionally more high impact variants; 
for those PNC genes annotated in all three sets 3.72% of mutations at rare allele frequencies 
and 2.16% of those at common allele frequencies were high impact mutations. PNC genes 
also had higher synonymous to non-synonymous ratios with little difference between 
common and rare allele frequencies, while LC genes had lower synonymous to non-
synonymous at common allele frequencies than at rare allele frequencies, as would be 
expected if they were under selective pressure. 
 
All these results suggest that many of the 4,234 genes that are annotated as coding in at 
least one of the reference databases but tagged as potential non-coding in our study. In fact, 
these annotated coding genes may be pseudogenes, non-coding genes or other artifacts 
rather than code for functional proteins. 
 
Michael Tress and Federico Abascal conceived and planned the presented idea. Federico 
Abascal generated the human genetic variation data. David Juan provided the gene family 
data. Irwin Jungreis provided the PhyloCSF data. Laura Martinez generated the potential 
non-coding gene pipeline. Maria Rigau provided the CNV data. Jose Manuel Rodriguez 
generated the combined RefSeq, UniProtKB and Ensembl/GENCODE reference set and 
provided the data from APPRIS. Michael Tress conceived, designed, analysed and 
interpreted the data. MT and FA were involved in drafting and revising the manuscript. DJ, 
IJ, JMR and MR were involved in revising the manuscript. 
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Extremos sueltos: casi uno de cada cinco genes humanos aún tiene un estado 
de codificación no resuelto 

 
En este estudio, ampliamos un análisis anterior (Ezkurdia et al., 2014) para evaluar que 
genes en humano codifican a proteínas basado en la unión de las bases de datos de 
referencia, Ensembl/GENCODE, RefSeq y el proteoma de UniProtKB. En las versiones 
usadas en este análisis, RefSeq (v107) anotó 20.450 genes y Ensembl/GENCODE (v24/e83) 
contenía 20.266 genes. El proteoma UniProtKB (junio 2016), que se basa en proteínas en 
lugar de genes, mapeaba a 21.212 genes. Había 19.446 genes anotados como codificantes 
en la intersección de los tres conjuntos. Más allá de la intersección, 851 genes estaban 
respaldados por dos de los tres conjuntos y 1.903 estaban anotados en uno solo de los 
conjuntos. En total, y después de una validación manual, se encontró 22.210 genes 
codificantes a proteínas. 
 
Definimos un conjunto de 16 características que previamente habíamos demostrado que 
eran buenos indicadores de genes codificantes mal anotados, y los usamos para separar los 
genes “potencialmente no codificantes" (PNC) de los genes “probablemente codificantes” 
(LC, likely coding). 4.234 de los 22.210 genes se etiquetaron con al menos una de las 
posibles características no codificantes y 2.278 (11%) genes provenientes de 
Ensembl/GENCODE. Incluso dentro de la intersección de las tres bases de datos, se 
etiquetaron 1.471 genes como PNC. Esto es el 7,6% de los genes acordados por los tres 
conjuntos de referencia. 
 
Para probar la hipótesis de que muchos de los genes fuera de la intersección pueden no 
codificar proteínas en condiciones celulares normales, analizamos la expresión de estos 
genes utilizando datos de experimentos proteómicos, de anticuerpos y transcriptómicos, y lo 
comparamos con los genes codificantes probables. 
 
Descargamos datos de expresión de ARN del Human Proteome Atlas (Uhlén et al, 2015). 
Estos datos provenían de experimentos RNA-seq llevados a cabo en 36 tejidos. Agrupamos 
los genes por expresión máxima y por número de tejidos, y comparamos las distribuciones 
de los tejidos entre genes LC y genes PNC. Encontramos una evidencia considerablemente 
mayor de la expresión en genes LC. De hecho, el 73,5% de los genes probablemente 
codificantes tenían un TPM máximo (transcripción por millón) de 20 o más, frente a solo el 
24,3% de los genes PNC. 
 
Para la expresión de proteínas, recolectamos péptidos provenientes de la base de datos de 
proteómica, PeptideAtlas (Desiere, 2006). Además, descargamos del Human Proteome 
Atlas (Uhlén et al., 2015) información específica de anticuerpos para validar la expresión de 
proteínas específicas en tejido. Para genes anotados por Ensembl/GENCODE detectamos 
una mayor proporción de péptidos para los genes LC (13.360 de 17.988, 74,3%). Los genes 
PNC tenían poco soporte de péptidos (solo 142 de 2.278, 6.2%). Por otro lado, los 
anticuerpos produjeron resultados similares. Se detectaron mayor número de anticuerpos en 
los genes LC (9.896 de 17.988 genes, 55%) que los genes PNC (79 de los 2.278 genes, 
3,5%). 
 
También detectamos péptidos para aquellos genes que tienen expresión de RNA-seq en al 
menos 10 tejidos con un mínimo de 10 TPM. Considerando sólo aquellos genes con este 
nivel de expresión en RNA-seq, detectamos péptidos para el 85,6% de los genes LC. Sin 
embargo, detectamos péptidos para solo el 19,4% de los genes PNC anotados en los tres 
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conjuntos, y para el 6,1% de los genes PNC anotados en dos o menos conjuntos de 
referencia. 
 
Además, comparamos las tasas de variación genética de genes PNC con las tasas de 
variación genética provenientes del Proyecto 1,000 Genomas (Altshuler et al., 2012). 
Calculamos el porcentaje de variantes de alto impacto y la proporción de variantes no 
sinónimas y sinónimas en frecuencias alélicas raras y comunes. También se descargaron 
mapas de variación del número de copias (CNV) del genoma completo de cinco 
publicaciones diferentes (Abyzov et al., 2015; Handsaker et al., 2015; Sudmant, Mallick, et 
al., 2015; Sudmant, Rausch, et al., 2015 ; Zarrei et al., 2015). 
 
Para los genes LC, el porcentaje de variantes de alto impacto fue 1,88 en frecuencias de 
alelos raros contra 0,61 para los alelos comunes. Los genes PNC tenían proporcionalmente 
más variantes de alto impacto (anotados en las tres bases de datos), el 3,72% de las 
mutaciones en frecuencias alélicas raras y el 2,16% de aquellas en frecuencias alélicas 
comunes. Los genes PNC también tenían proporciones de sinónimos y no sinónimos más 
altas con poca diferencia entre las frecuencias alélicas comunes y raras, mientras que los 
genes LC tenían menos sinónimos o no sinónimos en las frecuencias de los alelos comunes 
que en las frecuencias de los alelos raros, como sería de esperar si estuvieran bajo 
selectividad presión. 
 
Todos estos resultados sugieren que muchos de los 4.234 genes que están anotados como 
codificantes a proteína, en al menos una de las bases de datos de referencia, las llegamos 
a etiquetar como potenciales no codificantes. De hecho, el 19,1% de todos los genes 
codificantes anotados pueden ser pseudogenes, genes no codificantes o artefactos en lugar 
de codificar proteínas funcionales. 
 
Michael Tress y Federico Abascal concibieron y planificaron la idea presentada. Federico 
Abascal generó los datos de variación genética humana. David Juan proporcionó los datos 
de la familia genética. Irwin Jungreis proporcionó los datos de PhyloCSF. Laura Martínez 
generó el flujo de trabajo para obtener los genes PNC. Maria Rigau proporcionó los datos de 
la CNV. José Manuel Rodríguez generó la combinación/unión de las bases de datos de 
referencia RefSeq, UniProtKB y Ensembl/GENCODE y proporcionó las anotaciones de 
APPRIS. Michael Tress concibió, diseñó, analizó e interpretó los datos. MT y FA participaron 
en la redacción y revisión del manuscrito. DJ, IJ, JMR y MR participaron en la revisión del 
manuscrito. 
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(English) RESULTS AND MATERIAL & METHODS: Third article 

An analysis of tissue-specific alternative splicing at the protein level 

 
The alternative splicing of messenger RNA is a process that results in a single gene coding 
for multiple proteins (Pan et al., 2008; Wang, E. T. et al., 2008). In this process, exons can 
be included or excluded in combination to create a diverse range of mRNA transcripts (Nilsen 
& Graveley, 2010). Moreover, studies have described the role that alternative splicing plays 
in tissue differentiation at transcript level (Merkin et al., 2012; Wang, E. T. et al., 2008). 
 
Here we carried out an analysis of a large-scale proteomics study (Kim, M.-S. S. et al., 2014) 
that comprised 30 human tissues and hematopoietic cells, and compared that with the results 
of a large-scale RNA-seq analysis carried out by the Human Protein Atlas (Uhlén et al., 2015). 
The RNA-seq analysis was performed on 36 different tissues and covers similar tissues to 
the Kim et al. analysis, though this analysis did not investigate fetal tissues or blood cells. We 
compared the two large-scale experiments by concentrating on the tissues present in both 
sets of experiments and by grouping the tissues by type. 
 
As a first step we used the peptides identified in the Kim et al. analysis to define the set of 
alternative splice events that would be used in the analysis. We required that each side of a 
splice event was supported by a minimum of three peptides from different experiments 
(PEDs). Although we initially searched for tissue specificity using the tissues from the 
proteomics experiment, much of the analysis was carried out with the 30 tissues pooled into 
10 groups of related tissues. This was done to amplify any signal. In order to compare both 
proteomics and transcriptomics analysis, we also grouped tissues from the large-scale RNA-
seq analysis into 12 groups. 
 
We were able to define a set of 255 alternative splicing events (ASE255) that came from 217 
genes and in total 95 of these events had evidence for either tissue or group-specific splicing 
(37.3%) at protein level. From the transcriptomics analysis, we were able to map sufficient 
RNA-seq reads to both sides of the splicing event for 248 of the 255 events. There was 
evidence for tissue group-specific differences in transcript expression for a total of 159 of 
these 248 events (62.9%). 
 
More than 50% of events that had significant differences in group-specific splicing at protein 
level were in nervous tissues (frontal cortex, fetal brain, spinal cord and retina) followed by 
muscle (almost 30%). Moreover, when we compared the groups of tissues between the 
proteomics analysis and transcriptomics analysis, the correlation between supporting PEDs 
and supporting reads was highest in nervous (0.799) and muscle (0.748) tissues and lowest 
in reproductive tissues (0.413). 
 
We calculated disorder for all regions that differed between the main and alternative isoforms, 
and for both regions involved in the swap in the case of insertions/deletions (indels). However, 
there was no indication that disorder was related to tissue specificity either at the protein 
level, where 37.7% of tissue specific alternative regions were disordered against 48.1% of 
non-tissue specific regions, or at the transcript level. 
 
We classified the ASE255 set according to two different criteria, the mechanism of the splicing 
process (transcript level) and the effect the splice event has on the resulting proteins (protein 
level). Then, we classified the effect at proteomics level, tissue-specific and non-specific 
events were more or less proportionally distributed within each even type. Homologous exon 
substitutions made up a third of all events with tissue-specific differences, with a Fisher exact 



(English) RESULTS AND MATERIAL & METHODS: Third article 

 
 

54 
 

test of 0.0062 (against indels). By way of contrast, Micro-indel splice events had significantly 
fewer non-tissue specific events (Fisher exact test of 0.0018 against indels). 
 
We also manually curated the relative age of the ASE255 set based on cross-species 
evidence. Manually curated event ages were defined as primate-derived, as from the 
eutheria/theria clades, as from the tetrapoda clade and as “ancient” (evolved before the 
sarcopterygii clade, more than 400 million years ago). More than half of the alternative events 
in the set evolved more than 400 million years ago and only 7.8% of the alternative events 
derived from the primate clade. Tissue-specific splice events were even more conserved. 
Almost three quarters (73.7%) of events with evidence of tissue specificity at the proteomics 
level evolved more than 400 million years ago and none of the tissue specific events were of 
primate-derived. 
 
Tissue specificity at the transcript level also seemed to be associated with the conservation 
of splice events. Events that were tissue-specific in the transcriptomics analysis were older 
than events without significant tissue-specific. Remarkably, more than 95% of tissue specific 
events in which there is agreement between proteomics and RNA-seq analyses evolved prior 
to the ancestors of lobe-finned fish. 
 
In order to compare the conservation of splice events against the whole genome we also 
estimated the relative age of alternative exons (defined by the APPRIS database). We found 
that 76% of alternative exons in the human genome appeared in the primate clade, within the 
last 90 million years, while just 5.7% were more than 400 million years old. 
 
Finally, we calculated the significantly enriched GO terms for those genes with tissue-specific 
alternative splicing events. We found a strong relation between cytoskeleton-related genes, 
tissue specificity and conservation. Cytoskeleton genes with events that were tissue-specific 
at the proteomics level had a much higher proportion (82.1%) of events that evolved before 
or during the vertebrate clade. 
 
Michael Tress conceived of the presented idea. Jose Manuel worked out almost all of the 
technical details, and performed the numerical calculations. Tomas di Domenico carried out 
the RNA-seq search and the search and post-processing of proteomics data. Fernando Pozo 
post-processed the RNA-seq data. Michael Tress encouraged Jose Manuel Rodríguez to 
investigate and supervised the findings of this work. Michael Tress and Jose Manuel 
Rodríguez wrote the manuscript. Jesús Vázquez and Fernando Pozo provided critical 
feedback and helped shape the manuscript.  
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Un análisis de empalme alternativo específico de tejido a nivel de proteína 

 
El empalme alternativo del ARN mensajero es un proceso que da como resultado un único 
gen que codifica a múltiples proteínas (Pan et al., 2008; Wang, E. T. et al., 2008). En este 
proceso, los exones se pueden combinar para crear una amplia gama de transcripciones de 
ARNm (Nilsen y Graveley, 2010). Además, estudios han descrito el papel que juega el 
empalme alternativo en la diferenciación de tejidos a nivel de transcripción (Merkin et al., 
2012; Wang, E. T. et al., 2008). 
 
En este trabajo, llevamos a cabo un análisis de un estudio de proteómica a gran escala (M.-
SS Kim et al., 2014) compuesto por 30 tejidos humanos y células hematopoyéticas, y lo 
comparamos con los resultados de un análisis de RNA-seq publicado por Human Protein 
Atlas (Uhlén et al., 2015). El análisis de RNA-seq se realizó en 36 tejidos diferentes y cubre 
tejidos similares al análisis de Kim et al. Comparamos los dos estudios centrándonos en los 
tejidos presentes en ambos experimentos y agrupando los tejidos por tipo. 
 
Como primer paso utilizamos los péptidos identificados en el análisis de Kim et al. para definir 
el conjunto de eventos de empalme alternativos que se utilizarían. Requerimos que cada 
lado del evento estuviera respaldado por un mínimo de tres péptidos de diferentes 
experimentos (PED). Aunque inicialmente buscamos la especificidad utilizando tejido, gran 
parte del análisis se llevó a cabo con los 30 tejidos agrupados en 10 grupos de tejidos 
relacionados. Esto se hizo para amplificar cualquier señal. Para comparar el análisis 
proteómico y transcriptómico, también agrupamos los tejidos del análisis de RNA-seq en 12 
grupos. 
 
Pudimos definir a nivel de proteína un conjunto de 255 eventos de empalme alternativo 
(ASE255) que provenían de 217 genes y en total 95 de estos eventos tenían evidencia de 
especificidad de tejido o de grupo (37,3%). A partir del análisis transcriptómico, 248 de los 
255 eventos mapearon con suficientes lecturas RNA-seq a ambos lados del evento de 
empalme. Hubo evidencia de especificidad de grupos de tejidos en la expresión de la 
transcripción para un total de 159 de estos 248 eventos (62,9%). 
 
Más del 50% de los eventos a nivel de proteína, tuvieron diferencias significativas en la 
especificidad del grupo de tejido que se produjeron en nervio; seguidos por músculo con casi 
el 30%. Además, cuando comparamos los grupos de tejidos entre el análisis proteómico y el 
análisis transcriptómico, la correlación entre los PED y las lecturas RNA-seq fue mayor en 
los tejidos nerviosos (0,799) y musculares (0,748) y más baja en los tejidos reproductivos 
(0,413). 
 
Calculamos el desorden para todas las regiones que difirieron entre las isoformas principal 
y alternativa, y para ambas regiones involucradas en el intercambio de indels 
(inserciones/deleciones). Sin embargo, no hubo indicios de que el trastorno estuviera 
relacionado con la especificidad de tejido ni a nivel de proteína, donde el 37,7% de las 
regiones alternativas específicas de tejido estaban desordenadas, ni a nivel de transcripción, 
con un 48,1%. 
 
Clasificamos el conjunto ASE255 de acuerdo con dos criterios diferentes, el mecanismo del 
splicing (nivel de transcripción) y el efecto que tiene el evento de splicing en las proteínas 
resultantes (nivel de proteína). Luego, clasificamos el efecto a nivel proteómico. Los eventos 
específicos de tejido, y los no específicos, se distribuyeron más o menos proporcionalmente 
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dentro de cada tipo. Las sustituciones de exones homólogos constituyeron un tercio de todos 
los eventos con diferencias específicas de tejido, haciendo una prueba Fisher de 0,0062 
(contra indels). Por el contrario, los eventos de empalme de Micro-indel tuvieron 
significativamente menos eventos no específicos de tejido (prueba Fisher de 0,0018 contra 
indels). 
 
También seleccionamos manualmente la edad relativa del conjunto ASE255 en función de 
la conservación en especies. Las clasificaciones de las edades se definieron como derivadas 
de primates, a partir de los eutheria/theria, a partir tetrápoda y “antiguas” (antes de 
sarcopterygii, más de 400 millones de años). Más de la mitad de los eventos alternativos en 
ASE255 evolucionaron hace más de 400 millones de años y solo el 7,8% de los eventos 
alternativos derivaron de los primates. Los eventos de empalme específicos de tejido 
estaban más conservados. El 73,7% de los eventos con evidencia de especificidad de tejido 
a nivel proteómico evolucionaron hace más de 400 millones de años y ninguno de este tipo 
de eventos fue derivado de primates. La especificidad del tejido a nivel de transcripción 
también pareció estar asociada con la conservación. Los eventos específicos de tejido en el 
análisis transcriptómico fueron más antiguos que los eventos sin tejido específicos. 
Sorprendentemente, más del 95% de los eventos específicos de tejido en los que existe un 
acuerdo entre la proteómica y los análisis de RNA-seq evolucionaron antes que los ancestros 
de los peces con aletas lobuladas. 
 
Para comparar la conservación de los eventos de empalme con todo el genoma, también 
estimamos la edad relativa de los exones alternativos (definidos por APPRIS). Descubrimos 
que el 76% de los exones alternativos en el genoma humano aparecieron en primates, en 
los últimos 90 millones de años, mientras que solo el 5,7% tenían más de 400 millones de 
años. 
 
Finalmente, calculamos los términos GO de los genes significativamente enriquecidos. 
Encontramos una fuerte relación entre los genes relacionados con el citoesqueleto, la 
especificidad del tejido y la conservación. Los genes del citoesqueleto con eventos que eran 
específicos de tejido a nivel proteómico, tenían una proporción mucho mayor (82,1%) de 
eventos que evolucionaron antes o durante los vertebrados. 
 
Michael Tress concibió la idea presentada. José Manuel Rodríguez resolvió casi todos los 
detalles técnicos y realizó los cálculos numéricos. Tomas di Domenico llevó a cabo la 
búsqueda de RNA-seq y la búsqueda y posprocesamiento de datos proteómicos. Fernando 
Pozo procesó los datos de RNA-seq. MT animó a JMR a investigar y supervisó los hallazgos 
de este trabajo. MT y JMR redactaron el manuscrito. Jesús Vázquez y FP brindaron 
comentarios críticos y ayudaron a dar forma al manuscrito. 
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DISCUSSION 

 

APPRIS: principal isoforms for multiple gene sets 

 
Many experiments and large-scale analyses require a single representative for each gene. 
The standard method for selecting a representative is to choose the longest isoform, but the 
longest isoform is not always the main isoform. APPRIS automatically selects a principal 
isoform for coding genes based on the available biological information. APPRIS deploys a 
range of computational methods to annotate alternative isoforms with protein 3D structure 
information, functionally important residues, Pfam domains, signal peptides and 
transmembrane helices, and a score for the cross-species conservation of each transcript 
model. These high-quality annotations are used to select the principal isoform.  
 
The motivation behind APPRIS is the observation that most alternative isoforms either lack 
regions of conserved structure or function, or have exons that are evolving at measurably 
different rates compared with their principal counterparts (Tress et al., 2008). APPRIS selects 
as a principal isoform the isoform with the most conserved protein features and most 
evidence of cross-species conservation, while those isoforms with unusual, missing or non-
conserved protein features are flagged as alternative. 
 
Results from our group and others (Ezkurdia et al., 2012, 2015; Sheynkman et al., 2013; 
Tress et al., 2017) suggest that many genes have a single, clearly definable dominant protein 
isoform and that the alternative isoforms are either expressed less frequently, in limited 
tissues or in unique developmental stages, or have a much shorter half-life. The dominant 
protein isoform is almost always the APPRIS principal isoform: APPRIS principal isoforms 
overwhelmingly coincide with the manually annotated unique CCDS variants and with the 
main isoforms detected in large-scale proteomics experiments (Ezkurdia et al., 2015). Further 
corroboration of the importance of APPRIS principal isoforms comes from large-scale genetic 
variation studies, which show that exons from principal isoforms are under purifying selection, 
while alternative exons appear to be evolving neutrally (Liu & Lin, 2015; Tress et al., 2017). 
 
The principal isoform is the most representative isoform for each coding gene. However, not 
all APPRIS principal isoforms are alike. Principal isoforms are tagged with a score from 1 to 
5 depending on the reliability of the selection, with 1 being the most reliable and 5 being the 
method of last resort, selecting the longest remaining candidate isoform. APPRIS determines 
a most reliable isoform for 75%-95% of protein-coding genes annotated depending on the 
gene set and the species. In the case of human, the current version of the APPRIS database 
determines a principal isoform without resorting to sequence length in 99% of protein-coding 
genes, compared to the previous version that identified a principal isoform for 85% of the 
human protein-coding genes. 
 
The reliability of each APPRIS module is continually revised using the Ensembl/GENCODE 
human reference gene set. We determined that the gold standard set for principal isoforms 
are those genes with just one CCDS variant because the agreement between the main 
experimental isoforms and unique CCDS variants was 98.6% across those genes that had a 
single CCDS isoform (Ezkurdia et al., 2015; Tress et al., 2017). Since the first published 
version of APPRIS, there has been a steady increase in the agreement between the unique 
CCDS variants and the APPRIS principal isoforms (and of course the results from the 
individual methods).  
 
One example that displays the recent improvements in the APPRIS methods and the principal 
isoform decisions is the ASIC4 gene. Acid-sensing ion channel 4 is a cation channel with an 
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affinity for sodium. This gene has two variants (ASIC4-201 and ASIC4-202). Both isoforms 
map to many 3D structures (e.g. 3IJ4), but ASIC4-201 has a deletion that by homology to 
ASIC1 would remove part of the thumb region, a region crucial to the regulation of the ion 
channel (see Figure 9). Although the Pfam domain (ASC) is broken in both isoforms, the 
ASIC4-201 isoform with the deletion would have an extra gap. In previous versions of 
APPRIS, Matador3D and SPADE disagreed over which isoform was most likely to be the 
principal isoform because the Pfam domain was broken in both isoforms. The new version of 
SPADE recognizes the extra break in the ASC domain caused by the deletion in ASIC4-201 
and selects ASIC4-202 as the main isoform. Since both Matador3D and SPADE now agree 
on the isoform that most represents the conserved protein features, ASIC4-202 is now 
selected as the principal isoform. 
 

 
Figure 9. The deletion in ASIC4-201 mapped onto the structure of chicken ASIC1. The region 
deleted is in orange. Caesium cations shown in red. The deletion would lead to the complete refolding 
of the “thumb” region of the protein, a region that is important for the regulation of the ASIC1 ion 
channel (Hanukoglu, 2017). The image was generated using Pymol (The PyMOL Molecular Graphics 
System, Version 2.0 Schrödinger, LLC) based on PDB structure 3IJ4, chicken ASIC1. 

 
APPRIS principal isoforms have a wide range of uses, from the determination of principal 
and alternative isoforms for genes in individual research projects, to the determination of 
principal and alternative exons for use in genome-wide analysis of variants. Clarifying which 
splice isoform (or isoforms) is functionally relevant is important for understanding biological 
systems and the effect of mutations (Abascal et al., 2016). Indeed, we have found that just 
0.6% of ClinVar (Landrum et al., 2018) pathogenic mutations supported by publications map 
to exons defined as alternative by APPRIS. Even then the phenotypic effect of half of these 
mutations is likely to be a result of interference with principal transcript splice sites rather than 
an effect on the predicted alternative isoform (unpublished results). 
 
APPRIS is also providing a wealth of data that are being used in ongoing projects to further 
investigate the role and importance of AS, such as the analysis of tissue-specific AS 
(Rodriguez et al., 2020), the labelling of potential non-coding genes (Abascal et al., 2018), 
the prediction of functional alternative isoforms (unpublished results). 
 
Before this publication, the APPRIS database covered five Ensembl species (human, mouse, 
rat, pig and zebra fish). With the publication, we extended the database to three more 
species: one vertebrate (chimpanzee) and two invertebrate genomes (Drosophila and 
Caenorhabditis elegans). However, APPRIS is continually expanding based on the needs of 
the scientific community, and now APPRIS has two more vertebrate species: chicken and 
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cow. The chicken genome was a request from the large-scale Bird 10,000 Genomes Project 
(Zhang, 2015). 
 
The extension of APPRIS annotations to the RefSeq gene sets and UniProtKB proteomes, a 
part of Ensembl/GENCODE, is very useful for investigators and genome research. We have 
also created merged gene sets for vertebrate species by cross-referencing the 
Ensembl/GENCODE, RefSeq and UniProtKB reference sets. We established a common 
gene set (Intersection). 
 
The merged gene set, Intersection, allows us to identify isoforms missing in the individual 
gene sets. This information is fed back to manual annotators to inform gene models. For 
example, the principal isoform from the Intersection set for the gene GRIFIN is annotated in 
Ensembl/GENCODE (ENST00000614228) and UniProtKB (A4D1Z8), but not in RefSeq 
(Figure 10). The principal isoform has annotation evidence from cross-species alignments 
and the C-terminal extension in the Ensembl/GENCODE and UniProtKB (but not in the 
RefSeq variants) is also established in mammals. In addition, the principal isoform maps 
better to known 3D structures, and has an unbroken Pfam domain. 
 
 

 
 

Figure 10. APPRIS annotations for gene GRIFIN - figure from (Rodriguez et al., 2018). (A) 
APPRIS results for the three protein-coding variants composed of Ensembl/GENCODE, RefSeq and 
UniProtKB. APPRIS identifies the same isoform ENST00000614228 (Ensembl) and A4D1Z8 
(UniProtKB) as the principal isoform (highlighted in green). A selection based on the 3D structure, the 
functional domains and the conservation in related species. (B) Alignment for a section of the Pfam 
galectin family of proteins. The red arrow shows where 8-extra residues in the RefSeq variants would 
disrupt a region of the functional domain of GRIFIN. (C) The 3D structure of 4LBJ that has identity 
with variants ENST00000614228+A4D1Z8. The red arrow shows where the 8-extra residues would 
break the structure. 
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Loose ends: almost one in five human genes still have unresolved coding status 

 
The initial step to merge the three human reference sets Ensembl/GENCODE, RefSeq and 
UniProtKB was based on a process developed for APPRIS. Afterwards, we carried out an 
extensive manual selection to integrate the three data sets. The manual curation produced a 
combined set of 22,210 protein-encoding genes. At the same time, 19,446 genes were 
annotated in the intersection of the three sets, which meant that one in eight protein-coding 
genes were classified differently in at least one of the reference sets (Figure 11). 
 
 

 
 
Figure 11. The overlap between Ensembl/GENCODE, RefSeq and UniProtKB genes - figure 
from (Abascal et al., 2018). The diagram shows the number of coding genes for each reference 
database and the intersection between them. The number of genes in the intersection of the three 
sets is variable because RefSeq and Ensembl/GENCODE disagree on gene boundaries for a number 
of genes. The figure also shows the percentage of annotated coding genes classified as antisense 
and pseudogene in other databases, or known to be based on read-through transcripts for coding 
genes unique to one reference set. 

 
Those genes that are not classified as coding in all three reference sets have a range of 
alternative classifications (Table 1). For example, 51.9% of the genes annotated as coding in 
Ensembl/GENCODE and UniProtKB but not in RefSeq are read-through genes (Figure 11). 
Read-through genes, genes that are composed of transcripts that skip the last coding exon 
to read through to exons from neighboring genes or pseudogenes, are currently classified as 
coding by the RefSeq and Ensembl/GENCODE annotations even though there is little 
evidence they encode proteins. Potential "antisense" genes, non-coding genes on the 
opposite strand of protein-coding loci, account for 30.6% of genes classified as coding in the 
RefSeq unique subset. 
 
Genes that are classified as pseudogenes in other reference sets make up 39% of the genes 
that are coding in UniProtKB alone (Figure 11). These genes have homology to known 
protein-coding genes but contain a frameshift and/or stop codon(s), which disrupt the ORF 
and most arise through duplication followed by loss of function. These genes are especially 
difficult to distinguish from coding genes. Distinguishing whether a locus should be a 
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pseudogene or protein coding gene is often complicated and changing predictions to coding 
genes involves investigating variation of haplotypes, underlying genome assembly errors and 
using extremely stringent mapping options to confidentially (Bruford et al., 2015). 
 
 

 
 

Table 1. The annotations of genes not classified as coding in all three sets. The table shows the 
classification for those genes classified as coding by just one or two reference sets. Genes annotated, 
but not in the reference set are tagged as “Alt genome sequence”. Genes that are not present in other 
reference sets are labelled as “Not in reference”. 

 
In the paper we defined a set of 16 potential non-coding features. A total of 2,278 (11%) 
Ensembl/GENCODE coding genes were tagged with at least one of the potential non-coding 
features. This included almost all the genes outside of the intersection of the three reference 
sets. This suggests that many or even most of the “coding” genes outside of the intersection 
may not code for cellular proteins. 
 
In order to compare the potential non-coding (PNC) genes with genes that are likely to be 
coding, we analyzed experimental transcriptomics, proteomic and antibody binding data. Few 
potential non-coding genes had reliable proteomics or antibody evidence and they also had 
less transcript support. In fact, PNC genes had significantly lower transcript expression and 
were detected in very few tissues. Since non-coding genes are known to have much lower 
levels of expression (Derrien et al., 2012), the low or negligible RNA-seq expression levels is 
further evidence for the suggestion that many PNC genes will not code for proteins. 
 
Genetic variation data is a good indicator of selective pressure. Most coding genes should 
have very few high impact variants in common alleles and should have non-synonymous to 
synonymous ratios that are lower for common alleles than they are for rare alleles. We found 
that PNC genes had a much higher proportion of high impact variants and greater non-
synonymous to synonymous ratios than likely coding genes (Figure 12).  

Type
Ensembl 

Single

RefSeq 

Single

UniProtKB 

Single

Ensembl - 

RefSeq

Ensembl - 

UniProtKB

RefSeq - 

UniProtKB

Antisense 7 260 84 96 22

Duplicate 

(technical)
41 2 1

IG/TR genes 6 120 33 16

LncRNA 141 126 1 47

Other ncRNA 39 40 23 7

Sense overlapping 44

Pseudogene 2 165 373 101 39

Read-through 38 5 7 358 1

Retroviral gene 26

Sense intronic 2 31 16

Alt genome 

sequence
6 84

Not in reference 9 160 104 78 3

Total 105 851 957 42 690 119
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The higher proportions of high impact variants among PNC genes and the similarity in non-
synonymous to synonymous ratios in both common alleles and rare alleles suggests that 
many of these genes are not under purifying selection. Since neutral selection is not 
characteristic of coding genes, this implies the suggestion that many PNC genes are unlikely 
to code for functional proteins. Those PNC genes annotated by two or fewer reference sets 
(Subsets) had worse ratios than the PNC from the intersection of the three sets (Intersect). 
 
 

 
 

Figure 12. Genomic variation in likely coding genes and possible noncoding genes - figure 
from (Abascal et al., 2018). Percentage high impact variants (yellow) and nonsynonymous/ 
synonymous ratios (blue) for known coding genes (likely coding genes), for possible non-coding 
genes in the intersection of the three sets (PNC Intersect) and for those PNC genes classified as 
coding by just one or two reference sets. Read-through genes were removed when calculating 
variants. The darker colours show the values for common variants and the lighter shades show the 
values for rare variants. 

 
Although we predicted that many of the PNC genes will not code for proteins, the 
determination of whether a gene is coding or not is complicated and ambiguous. Even what 
should be unequivocal coding evidence itself may not always be what it seems. Antibody 
experiments are not specific enough to distinguish similar proteins, and proteomics 
experiments can easily confuse similar peptides due to single amino acid variations or post-
translational modifications. In fact, after the publication of the paper we sent a dozen antibody 
identifications of PNC to the Human Protein Atlas to discover which were most likely to be 
real. The Human Protein Atlas told us that none of the identifications should be regarded as 
high confidence.  
 
To complicate matters further, while positive evidence for coding potential is often hard to 
validate, support for non-genes does not exist: it is impossible to prove that a gene can never 
code for a protein. In the end classification as non-coding, pseudogene, artifact or coding is 
usually decided by manual curators on the balance of all the available evidence. 
 
The distinct methods of curation in RefSeq, UniProt and Ensembl/GENCODE means that 
there are likely to be many disagreements between the annotators over the genes that are 
annotated differently in the three reference sets. However, as a result of our paper the three 
annotation groups are now working more closely together.  



DISCUSSION 

 
 

87 
 

 
If most of the genes not classified as coding across the three reference sets do not code for 
proteins, the number of coding genes will be much closer to the 19,446 genes common to 
the sets. However, it is still early to speculate on the exact number of coding genes because 
it is impossible to know how many new coding genes may appear (Wright, J. C. et al., 2016). 
 
With the publication of the "finished" version of the Human Genome Project (International 
Human Genome Sequencing Consortium, 2004), the number of coding genes decreased 
between 20,000 and 25,000. The most recent version of GENCODE (GENCODE v35 
08/2020) contains 19,954 genes. Rigorous manual annotation has brought us considerably 
closer to a final catalog of human coding genes, where the annotators coincide in more than 
85% of the coding genes. 
 
 

An analysis of tissue-specific alternative splicing at the protein level 

 
Studies have shown consistently that most alternatively spliced exons are tissue specific at 
the transcript level. In this analysis, we also found substantial tissue-specific alternative 
splicing at protein level. Given the relatively low coverage of proteomics experiments, it 
should be more difficult to detect tissue specific isoforms, yet we found that just over a third 
of the 255 splice events validated in our proteomics analysis are significantly tissue specific. 
Tissue specific alternative protein forms were particularly abundant in nervous and muscle 
tissues (see Figure 13). 
 
Both nervous and muscle tissues have previously been shown to have an important number 
of conserved tissue specific splice events (Kalsotra et al., 2008; Vuong et al., 2016). Our 
protein-level results are in agreement with an analysis of transcript level splicing signatures 
across multiple vertebrate species (Merkin et al., 2012), which found that brain and 
heart/muscle tissues had strong conserved splicing signatures, while remaining tissues 
clustered by species rather than by tissue. 
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Figure 13. Correlation between PED and RNA-seq read support - figure from (Rodriguez et al., 
2020). (A) Correlation between percentage PED and read support for those splice events enriched in 
grouped digestive, muscle, nervous and reproductive tissues at the transcript level. (B) Correlation 
between percentage PED and read support for splice events grouped by event age. 

 
We found that although many events enriched in reproductive and digestive tissues at the 
transcript level were also enriched at the protein level, these differences were almost never 
statistically significant. In contrast to other analyses (Lau et al., 2019; Wright, J. C. et al., 
2016), which found considerable evidence of tissue-specific splicing in testis at the protein 
level, we found that very few events were significantly enriched at protein level and more than 
a third of the events enriched at the transcript level were actually depleted at the protein level.  
 
Although we detected substantial evidence of tissue specific alternative splicing at the protein 
level, there was evidence to suggest that the high number of tissue specific isoforms might 
be specific to the set of highly expressed splice isoforms in this paper. Alternative splice 
events detected in proteomics experiments were considerably more conserved than those in 
the genome as a whole: more than half of the alternative events in the 255 alternative splicing 
events evolved more than 400 million years ago and only 7.8% of the alternative events in 
our set derived from the primate clade (Figure 14). Ezkurdia et al. previously showed that 
proteins from ancient gene families are more likely to be detected in proteomics experiments 
(Ezkurdia et al., 2014) and that there is little reliable proteomics evidence for primate-derived 
coding genes (Abascal et al., 2018; Ezkurdia et al., 2014). Hence, it is not surprising that we 
also found most evidence for ancient splice events and little evidence of alternative splicing 
events derived from the primate clade. 
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Figure 14. The age of alternative exons versus subsets of splicing events detected in 
proteomics experiments - figure from (Rodriguez et al., 2020). ”Exons (whole genome)” – all 
alternative exons in the human genome, “ASE255 set“ – initial data set with the 255 alternative 
splicing events detected in the proteomics analysis, “Tissue-specific (proteomics)” - events that have 
significant tissue or group-specific differences at the protein level and “Not tissue specific” – events 
without tissue-specific enrichment in proteomics experiments. 

 
However, not only was the set of alternative events detected at the protein level enriched in 
ancient events, but tissue-specific splice events were even more conserved. Almost three 
quarters of events with evidence of tissue specificity at the proteomics level evolved more 
than 400 million years ago. No tissue specific splice event was primate-derived. This is in 
sharp contrast to the alternative exons in the human gene set, more than three quarters of 
which arose in the primate clade. Reyes et al found similar differences in tissue specific splice 
patterns: while a minority of conserved exons had large amplitude tissue-specific differences, 
exons with little variations in tissue specific usage were not conserved between species (A. 
Reyes et al., 2013). 
 
The stark differences in conservation between tissue specific splice events with evidence at 
the protein level and alternative exons in the human gene set mean that our results cannot 
be extrapolated to the whole genome. The lack of detectable tissue-specific splicing among 
recently evolved splice events suggests that primate-derived splice events are likely to have 
different tissue-specific behaviour and many may have low amplitude tissue differences, if 
they have any at all. This weak link between protein level tissue-specificity and recently 
evolved splice events makes it unlikely that important species-specific differences arose from 
tissue-specific alternative splicing. 
 
The theory that alternative splicing might be responsible for large-scale tissue-specific 
protein-protein interaction networks (Buljan et al., 2012; Ellis et al., 2012) is based in part on 
evidence for tissue specific splicing, and in part on evidence that alternative exons are 
enriched in predicted disorder (Romero et al., 2006). We analysed the proportion of events 
with disorder in the ASE255 set and found that alternative exons in the set of splice events 
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were enriched in disorder. However, there was no indication that disorder was related to 
tissue specificity either at the protein level or transcript level. 
 
The functional analysis showed again that alternative splicing at the protein level is highly 
enriched in terms related to the cytoskeleton (Ezkurdia et al., 2012). Among genes with 
nervous and muscle tissue specific alternative splicing, there were clear differences between 
the functional terms enriched in these two subsets of genes. Genes with significant tissue 
specific alternative splicing in muscle tissues (principally heart) were related to the 
composition and function of muscle and the Z-discs in the sarcomere, while genes with 
significant tissue specific alternative splicing in nervous tissues were related to cytoskeletal 
connections and cell-cell contacts. 
 
The importance of tissue specific alternative splicing in two specialised tissues like brain and 
heart, the clear evidence of deep conservation, and the functional terms that are associated 
with the cytoskeleton and cellular differentiation paints a picture in which tissue specific 
alternative splicing has been important in the development of nervous and muscle tissues. 
Our results are supported by previous data that document that tissue-specific splicing plays 
an important role in the development of brain and heart tissues (Jacko et al., 2018; Kalsotra 
& Cooper, 2011; Lara-Pezzi et al., 2013). 
 
The challenge now is to determine exact functional roles for those isoforms where none is 
known. The gene NEBL, for example, has two main isoforms that differ in the N-terminal; the 
longer is called nebulette and the shorter LASP2. We find that nebulette is expressed 
exclusively in cardiac tissues, while LASP2 is found most often in nervous and urinary tissues 
and not in muscle tissues. Although the role of nebulette in binding Z-disc associated desmin 
filaments in cardiac tissues has been known for several years (Hernandez et al., 2016), 
LASP2 has only recently been shown to play a crucial role in post-synaptic development in 
the brain (Myers et al., 2020). In order to further the investigation into the roles of these 
undoubtedly important alternative isoforms, we have listed many of the tissue specific 
alternative isoforms analysed in this study on the APPRIS web site (Rodriguez et al., 2018). 
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1. The three human reference gene sets currently overestimate the number of human 
coding genes, complicating and adding noise to genome research and large-scale 
biomedical experiments. We find that one in eight of these genes are classified 
differently in at least one of the reference sets. The set of human coding genes needs 
to be as complete and consistent as possible for basic research and large-scale 
projects. 

 
2. The designation of a single representative protein reflects in most cases the biological 

reality of the cell and this also seems to be true regardless of cell type. This dominant 
protein isoform is almost always the APPRIS principal isoform, which highlights the 
importance of extending APPRIS principal isoforms to all model species and to RefSeq 
and UniProtKB gene sets. The selection of a principal isoform is a critical first step for 
any genome-wide analysis. 

 
3. Although the data supporting alternative splicing is limited at the protein level, we 

found that over 95% of splice events that were tissue-specific in both proteomics and 
RNA-seq analyses evolved at least 400 million years ago. 

 
4. Tissue-specific alternative protein isoforms in the proteomics analysis were abundant 

in nervous and muscle tissues and their genes had functions related to either the 
structure of muscle fibres or cell-cell connections. Our results suggest that tissue 
specific alternative splicing may have played a crucial role in the development of the 
brain and the heart in vertebrates. 
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1. Actualmente, las tres bases de datos de referencia de genes humanos sobreestiman 
el número de genes codificantes, lo que complica y agrega ruido a la investigación del 
genoma y experimentos biomédicos a gran escala. Encontramos que uno de cada 
ocho de estos genes se clasifica de manera diferente en al menos una de las bases 
de datos de referencia. El conjunto de genes codificantes debe ser lo más completo 
y congruente posible para la investigación básica y para los proyectos a gran escala. 

 
2. La designación de una única proteína representativa refleja, en la mayoría de los 

casos, la realidad biológica de la célula; y esto también parece ser cierto 
independientemente del tipo de célula. Esta isoforma de proteína dominante es casi 
siempre la isoforma principal de APPRIS, lo que resalta la importancia de extender 
las isoformas principales de APPRIS a todas las especies modelo y a los conjuntos 
de genes de RefSeq y UniProtKB. La selección de una isoforma principal es un primer 
paso fundamental para cualquier análisis genómico. 

 
3. Aunque los datos que respaldan el empalme alternativo son limitados a nivel de 

proteína, encontramos que más del 95% de los eventos de empalme que eran 
específicos de tejido tanto en proteómica como en análisis de RNA-seq, 
evolucionaron hace al menos 400 millones de años. 

 
4. Las isoformas alternativas de proteínas específicas de tejido en el análisis proteómico 

eran abundantes en los tejidos nerviosos y musculares, y sus genes tenían funciones 
relacionadas con la estructura de las fibras musculares o con las conexiones célula-
célula. Nuestros resultados sugieren que el empalme alternativo específico de tejido 
puede haber jugado un papel crucial en el desarrollo del cerebro y el corazón en los 
vertebrados. 
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