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Abstract

Most coding genes are able to generate multiple alternatively spliced transcripts. Determining which of these
transcript variants produces the main protein isoform, and which of a gene’s multiple splice variants are
functionally important, is crucial in comparative genomics and essential for clinical variant interpretation.

Here we show that the principal isoforms chosen by APPRIS and the MANE Select variants provide the best
approximations of the main cellular protein isoforms. Principal isoforms are predicted from conservation and
from protein features, and MANE transcripts are chosen from the consensus between teams of expert manual
curators. APPRIS principal isoforms coincide in over 94% of coding genes with MANE Select transcripts
and the two methods are particularly discriminating when they agree on the main splice variant. Where the
two methods agree, the splice variants coincide with the main isoform detected in proteomics experiments in
98.2% of genes with multiple protein isoforms.

We also find that almost all ClinVar pathogenic mutations map to MANE Select or APPRIS principal
isoforms. Where APPRIS and MANE agree on the main isoform, 99.93% of validated pathogenic variants
map to principal rather than alternative exons. MANE Plus Clinical transcripts cover most validated
pathogenic mutations in alternative coding exons. TRIFID functional importance scores are particularly
useful for distinguishing clinically important alternative isoforms: the highest scoring TRIFID isoforms are
more than 300 times more likely to have validated pathogenic mutations.

We find that APPRIS, MANE and TRIFID are important for determining the biological relevance of splice
isoforms and should be an essential part of clinical variant interpretation.
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Introduction

Most genes produce a range of alternatively spliced transcripts. In coding genes these can theoretically
produce multiple distinct protein isoforms. GENCODE v37 [1] annotates more than 64,000 distinct
translations for the 13,689 coding genes that are predicted to produce multiple protein isoforms, an average
of slightly more than four and a half proteins per gene.

At the protein level, all splice isoforms are not equal. Most coding genes have a main isoform [2]. The
remaining gene products, the alternative isoforms, are a mixture of functionally important proteins with
distinct cellular roles or distinct expression patterns [3, 4], and possibly untranslated isoforms that will have
little or no cellular relevance [5, 6].

Knowing which splice variants are functionally important at the protein level is important for comparative
genomics and essential for the interpretation of clinical mutations and human variation data, but the growing
complexity of the human reference sets makes these analyses problematic.

Given that coding genes can have large numbers of alternatively spliced transcripts, clinical researchers are
often faced with a complex choice of coding transcripts when they detect a new mutation. The American
College of Medical Genetics Laboratory Quality Assurance Committee (ACMGC) recommends mapping
new variants to the “most common human transcript, largest known transcript, or tissue-specific alternatively
spliced transcript” [7], and referring this transcript to a reference transcript, which could be either the longest
transcript or the most clinically relevant transcript [8] in RefSeq [9]. However, they also suggest that
laboratories should not limit themselves to the longest transcript, but should also evaluate the impact of
mutations on alternate transcripts or extended untranslated regions [8].

Historically researchers have used the longest transcript or isoform as the reference variant. Unfortunately,
the longest transcript often does not produce the most biologically relevant isoform. One example is the gene
TAFAZZIN, named after a jockstrap-wearing Italian comic character [10]. The gene product, tafazzin, is an
acyltransferase that transfers fatty acids from phospholipids to lysophospholipids [11] thereby regulating
cardiolipin in the mitochondrial membrane [12], Mutations affecting tafazzin cause Barth Syndrome [10], a
disorder that leads to cardiomyopathy and skeletal muscle weakness, among other outcomes [13].

TAFAZZIN (the gene was previously known as TAZ, the name was presumably changed in order to avoid
confusion with the ferocious, carnivorous cartoon character of the same name) is annotated with a large
number of splice isoforms. UniProtKB [14] almost always represents a gene with the longest isoform, in
order to map as many features as possible. When tafazzin was added in 1997, it was represented by the
sequence of the longest isoform known at the time, a protein of 292 amino acid residues known as the “full-
length” isoform. The expansion of the human gene set means that the “full-length isoform” is no longer the
splice variant with the largest gene product; the current version of RefSeq annotates three transcripts that
would produce even longer splice isoforms [Figure 1].

In 2003, Vaz et al [15] produced an analysis succinctly titled “Only one splice variant of the human TAZ
gene encodes a functional protein with a role in cardiolipin metabolism”. It was not the “full-length” isoform.
The authors found that the functional tafazzin protein was a 262 residue protein translated from a transcript
that was missing exon five of the “full-length” transcript. Further papers in 2009 [10] and 2020 [11] support
this assertion. Unfortunately, UniProtKB cannot easily change the display isoform when more information
becomes available. So the UniProtKB display variant remained the same.

The effects of the choice of initial main isoforms in UniProtKB can be found downstream in databases as
distinct as the Pfam database [16], a database of functional protein domains, and the Locus Reference
Genomic (LRG) database [17], a database of stable reference sequences designed for clinically relevant
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variant reporting. The Pfam database has incorporated the “full-length” isoform of tafazzin into the definition
of the acyltransferase domain. The translated region from exon 5 of the “full-length” transcript stands out
like a sore thumb in the 46 sequence “seed” alignment defining the domain [Figure 1], The inclusion of the
exon in the acyltransferase seed alignment cements the position of the “full-length” variant as the apparent
main isoform.

The TAFAZZIN transcript that produces the “full-length” variant was also selected as the main transcript
variant in the LRG database, even though reference transcripts are chosen by expert curators. LRG did not
annotate the transcript directly from UniProtKB. The reason for annotating the “full-length” transcript as the
most clinically important is circular. Since early clinical researchers used the “full-length” TAFAZZIN
transcript to report all variants, some mutations inevitably fell in exon 5. In part, LRG selects clinical
representatives for genes based on capturing as many annotated mutations as possible, so it would have to
choose the “full-length” transcript variant. Choosing the “full-length” transcript variant in LRG means that
both the longest transcript and the most “clinically important” transcript are one and the same. And both
point to a non-functional protein isoform. While 44 ClinVar variants in TAFAZZIN are predicted to have a
pathogenic effect in Barth Syndrome, none map to exon 5 of the “full-length” transcript (Figure 1).
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Figure 1. The “full-length” splice variant of TAFAZZIN

A. Pfam alignment showing the inserted 30 amino acids of the “full-length” variant in a section of the wider acyl
transferase domain. Colours indicate residue type. B. The four most studied transcript variants of TAFAZZIN. The 11
exons of the “full-length” transcript are shown with a green background, exons from the principal transcript (TAZ-
delta5) are shown with a green background. Exon 5 is highlighted in red. The number of ClinVar [18] pathogenic and
likely pathogenic mutations that map to each exon is shown inside the exon. Only exon 1 (the trans-membrane helix)
and exon 5 have no pathogenic mutations in ClinVar. C. The alignment of sequences equivalent to exons 2, 3, 4, 6 and 7
of the human gene from ten plant, fungi, insect and vertebrate species from UniProtKB. The probable catalytic histidine
and aspartate residues are indicated by the red arrows, the insertion point by a green arrow. Conservation is indicated
below the alignment (asterisked columns are entirely conserved) and by the colour of the columns, the darker the
colour, the greater the conservation. D. Five models of the “full-length” isoform of TAFAZZIN generated by AlphaFold
[19]. The models have 5 different colours and are superimposed. Likely catalytic residues are shown in stick form and
coloured in red. The 30-residue insertion (on the left) is modelled as a floating loop.
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Conservation information also suggests that exon 5 from the full-length transcript of TAFAZZIN is an
alternative exon. The insertion only exists in primates and the 5° end of the exon is derived from a SINE Alu
transposon. Even within the primate clade, only 9 of the 30 amino acids are conserved and the exon has poor
conservation scores in both PhyloCSF [20] and PhyloP [21]. It is highly improbable that this exon has gained
functional importance in such a short evolutionary time frame [22]. In addition, the insertion occurs in a
region that is particularly conserved in all tafazzin proteins, across plants, fungi and animals, a region that is
likely to be important in substrate binding [23]. Experiments show that the exon alters but does not remove
the acyltransferase activity, although it does make the protein less stable in the mitochondrial membrane
[11]. One possible effect of the insertion of 30 amino acids into the globular structure of the acyltransferase
can be seen in Figure 1; the 30 amino acids in the novel loop are likely to either float freely, or stick to the
surface of the protein.

That coding genes have dominant transcripts was first shown using differential transcript expression [24].
The study found that a proportion of coding genes had a transcript with five times as much expression as the
next transcript across all tissues, though subsequent experiments showed that this effect was diluted with
larger transcript data sets. Other methods have since sought to make use of RNA-Seq data to predict
dominant splice variants [25, 26].

Most genes also have a main protein isoform at the protein level [2]. When we compared the main isoform
from proteomics experiments to predicted dominant isoforms from a range of methods, we demonstrated
conclusively that RNA-seq information was a poor predictor of the main cellular protein isoform [2]. Even
the 5-fold dominant transcript variants from the transcriptomics experiment [24] coincided less than 80% of
the time with the main proteomics isoform, while the two-fold dominant transcripts fared even more poorly.
The best predictors of main cellular isoforms were unique CCDS transcript variants [27] and APPRIS
principal isoforms [28], both of which coincided more than 96% of the time with the main proteomics
isoform [2].

APPRIS principal isoforms are predicted from the presence and absence of protein features such as
functional domains and 3D structure and cross-species conservation. APPRIS ignores non-coding regions.
APPRIS chooses the 262 amino acid isoform as the main isoform for TAFAZZIN, though APPRIS has to
make the decision based on cross species conservation. This is because both the 262 residue isoform and the
“full-length” isoform score equally well for the presence of the Pfam acyltransferase domain because the
“full-length” isoform was included in the definition of the acyltransferase domain [Figure 1].

CCDS transcripts are annotated by teams of expert curators from the Ensembl [29] and RefSeq [9] databases,
and the same groups have recently joined forces to develop MANE [29]. For MANE, annotators use
computational methods and manual review to select a single transcript per coding gene, the MANE Select
transcript. Expression levels, evolutionary conservation, existence in UniProtKB and clinical significance are
all balanced to determine functional potential of each isoform. Unfortunately, in the case of TAFAZZIN, the
MANE Select transcript is the “full-length” transcript, because it is annotated in UniProtKB and supported
by circular evidence from LRG and Pfam.

While all genes must have at least one functional isoform, it is not clear how many alternative splice
isoforms play functional roles in the cell [5]. Although transcriptomics evidence suggests that most annotated
coding transcripts are important, we found much less evidence for alternative splicing at the protein level
than would be expected [30] — in fact, we detected just 0.37% of all possible detectable alternative peptides.
Human genetic variation data backs this observation up: alternative exons are not, in general, under purifying
selection pressure [5,31]. We have found that three quarters of alternative exons are primate-derived [4].
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However, approximately 5% of alternative exons can be traced to a last common ancestor with fish [3] and
these conserved alternative exons, at least, are likely to be functionally important. These ancient alternative
exons are much more likely to have tissue-specific roles [4], to be detected at the protein level [3] and to
have pathogenic mutations [3]. Based on these findings we developed TRIFID, a machine learning-based
predictor that uses protein features and experimental evidence to predict the likely functional importance of
alternative isoforms [32]. We have shown that TRIFID can discriminate functionally relevant alternative
variants. Alternative exons from high scoring alternative variants are under selective pressure, while
alternative exons from low scoring variants are generally not. The most discriminating feature in TRIFID is
Ccross-species conservation.

In this study, we investigated the relationship between alternative splicing, protein expression and the
annotation of clinical variants. We confirm the finding that coding genes have a single main splice isoform at
the protein level. This main splice isoform almost always coincides with the MANE Select transcript and
APPRIS principal isoform. APPRIS principal isoform and MANE Select transcripts also cover all but a
handful of annotated pathogenic mutations in ClinVar. Approximately half of the pathogenic mutations that
do map to alternative exons are either erroneous or have no evidence for pathogenicity. Most validated
pathogenic mutations that map to alternative exons are from transcripts predicted to be functionally
important by TRIFID, tagged as MANE Plus Clinical, or both.
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Methods

Reference annotation

We downloaded the GENCODE v37 reference human gene set [1], both the standard gtf file for the
coordinates of the coding sequences (CDS) and the coding sequence translations. We also downloaded the
APPRIS [28] isoform annotations for the v37 gene set. APPRIS annotates a unique protein isoform as the
principal isoform for each coding gene. APPRIS also provides TRIFID functional importance scores [32] for
each annotated isoform. The normalised TRIFID scores for each isoform is an estimation of the relative
functional importance of each isoform. MANE Select and MANE Plus Clinical transcripts are annotated in
the GENCODE v37 reference set. MANE Select transcripts are representative transcripts agreed upon by
Ensembl/GENCODE and RefSeq manual curators [29].

Proteomics analysis

In order to distinguish dominant proteomics isoforms for as many genes as possible, we re-analysed five
large-scale proteomics analyses [33-37]. The spectra from experiments PXD000561, PXD004452,
PXD005445, PXD008333 and PXD010154 were downloaded from ProteomeXchange [38]. These
experiments were carried out using a range of cell lines and tissue types. We set aside the experiments that
did not use trypsin because other enzymes are less efficient.

We searched against the GENCODE v37 human reference set with read-through transcripts eliminated [39].
We mapped spectra to the GENCODE v37 gene set using Comet [40] with default parameters, allowing only
fully tryptic peptides, one missed cleavage and the oxidation of methionines. We post-processed the peptide
spectrum matches (PSMs) with Percolator [41], and the Percolator posterior error probability (PEP) values
were used to order the PSMs. Valid PSMs had PEP values below 0.001. PEP values of 0.001 approximate to
g-values of 0.0001, so are highly conservative. Moonlighting peptides, those that mapped to more than one
gene, were discarded.

To reduce false positive identifications that will inevitably result from combining results from many different
experiments [42] peptides identified in each of the five analyses had to be validated by PSMs from at least two
of the multiple experiments that made up each proteomics analysis. All of these large-scale analyses contained
replicate experiments, which meant that tissue-specific peptides were not excluded.

We determined the main proteomics isoform in the same way as we had in a previous analysis [2]; we simply
counted up the PSMs that mapped to every annotated protein isoform within each gene. The protein isoform
with the most PSM over the five analyses was determined to be the dominant experimental protein isoform
(Figure 2).
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Figure 2. Peptides mapping to isoforms from gene VKORC1L1

A. The alignment between the three protein sequence unique isoforms of gene VKORC1L1 (Vitamin K epoxide
reductase complex subunit 1-like protein 1) showing the peptides that we detected in the five large-scale proteomics
analyses in red. The number of PSM detected for each peptide is highlighted in the yellow boxes and the main
proteomics isoform was determined by summing the peptides that mapped to each isoform. In this case, variant
ENSTO00000648187 coded for the main proteomics isoform with a total of 309 mapped PSM. B. The peptides from
VKORC1L1 shown mapped to the structure of human VKOR (PDB: 6WVH, 43). Peptides are marked in red where they
would fall in the real structure of VKORC1L1 and the number of PSM that we detected are shown in blue boxes. Note
that Vitamin K epoxide reductase complex subunit 1-like protein 1 is a membrane-bound protein, so except for peptide
YAVCAAGIIISIYAYHVER (for which we only find 2 PSM), peptides were found exclusively for regions external to
the membrane. The two N-terminal non-overlapping peptides (with 87 and 17 PSMs) do not map to the protein
structure; this region is likely to be disordered. Peptide mapping to 6WVH was carried out using HHPRED [44]. The
structure was generated with PyMol.

Mapping of annotated mutations

We downloaded the April 2021 version of ClinVar and used VEP [45] to map the mutations to the coding
genes and transcripts annotated in v37 of the GENCODE human reference set. A total of 656,237 annotated
ClinVar mutations mapped to GENCODE coding variants. Along with each mutation, we recorded the
official ClinVar CLIN_SIG designation, and whether or not the mutation was supported by a reference in
PubMed, or was reviewed by an expert panel.

Many mutations mapped to more than one transcript. In these cases, we reduced the mapping to a single
transcript for each annotated mutation. For the APPRIS analysis, when a mutation mapped to more than one
transcript, we retained the mapping to the APPRIS principal transcript where possible. For the MANE
analysis, we prioritized the mapping to the MANE Select transcript, and for the longest transcript analysis we
prioritized the longest transcript. Mutations that did not map to a principal, MANE Select or longest
transcript were associated to one of the alternative transcripts that they mapped to - in each case the
alternative transcript that had the highest normalised TRIFID score.

For the analysis of pathogenic mutations, we only considered those mutations tagged as Pathogenic, Likely
Pathogenic or Pathogenic/Likely Pathogenic by ClinVar. For the initial analysis we required that each of
these pathogenic mutations also had a supporting PubMed publication. The reason that we insisted on
PubMed references for the pathogenic mutations was to allow us to cross-check the evidence for
pathogenicity for each mutation. The Richards et al ACMGC analysis [8] was excluded as a supporting
PubMed publication. This paper is used as a reference for 25,382 mutations, but the paper contains no details
about any of these mutations.
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Results

Proteomics analysis

In total, we detected 337,737 distinct peptides mapping to no more than one coding gene. These peptides
mapped to 15,137 coding genes and we found peptide evidence for two or more isoforms for 1,293 of these
genes. Not all of these will be bona fide alternative splice isoforms; a proportion are likely to be caused by
unfinished gene models in the GENCODE annotation.

We counted up the PSM that supported each splice isoform and chose a main proteomics isoform where
possible. Main proteomics isoforms were those isoforms that were supported by at least 4 PSM and that had
at least two more PSM than any other isoform annotated for the gene (see Figure 2). There were 7,697 genes
where we could determine a main cellular proteomics isoform. We analysed the agreement between these
main cellular isoforms and other means of selecting a main variant. We first ran a control experiment in
which we selected variants randomly from each of the 7,697 genes and counted how many times they were
in agreement with the main isoform. After 100 simulations, we found that random selection of isoforms
agreed with the main isoform on average just 29.97% of the time (Figure 3).

Next, we compared the longest isoforms and main isoforms. The agreement between main proteomics
isoforms and longest isoforms was 86.4%. The longest isoforms do capture more protein features, which is
why they are used by UniProtKB [14] as the canonical isoform, but there is no biological justification for
choosing the longest isoform. In this analysis the longest isoforms have an inbuilt advantage - the longer an
isoform, the more peptides that can map to the isoform. This is clear in the example in Figure 2. In
VKORC1L1, the third (longest) isoform would be produced from an upstream ATG. The first and third
isoforms can be the main proteomics isoform because they have a unique sequence, so unigque peptides can
map to them. The second isoform (translated from ENST00000360768) cannot be the main proteomics
isoform because its sequence is identical (but shorter) to that of the longest isoform. Incidentally, this second
isoform is the one selected by APPRIS and MANE for this gene.

Two methods of selecting the main variant for coding genes that do have greater biological justification are
APPRIS [28] and MANE. Both methods are incorporated within the Ensembl/GENCODE reference human
gene set. APPRIS selects principal isoforms based on conservation of protein features and cross-species
conservation [45]. MANE Select variants are generated from the agreement between the manually annotated
gene models in the RefSeq and Ensembl/GENCODE reference gene sets [29].

The agreement between the MANE Select variants and the main proteomics isoform was 94.58% (Figure 3)
over the 6,995 genes with MANE Select variants (as of GENCODE v37, not all genes had MANE Select
variants). Meanwhile, the agreement between APPRIS P1 principal isoforms (those chosen by the core
APPRIS core methods) was 96.13% over the 6,285 genes that had P1 isoforms (Figure 3). P2 isoforms are
chosen using the TRIFID functional isoform predictor [31], which has recently been incorporated into
APPRIS. The agreement between P1 and P2 isoforms and the main cellular isoform was 95.52% over 6,847
genes. APPRIS P3 isoforms are chosen based on proteomics evidence, so cannot be compared.

In those 5,888 genes in which the APPRIS P1 isoform and MANE Select isoform coincided, the agreement

with the isoform with most proteomics evidence was 98.2%. Variants where the APPRIS P1 isoform and the
MANE Select transcript agree are very good predictors of the main cellular isoform.
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Figure 3. Agreement between main protein isoforms and APPRIS, longest and MANE Select variants

The percentage of genes in which predicted main isoforms coincided with proteomics main isoforms. Predicted main
isoforms were the longest isoform (used by UniProtKB), the MANE Select variants (used in Ensembl/GENCODE and
RefSeq gene sets) and APPRIS principal variants (available for all three databases).

ClinVar annotations

There are fewer clinical mutations annotated in alternative exons than might be expected by chance. One in
40 bases (2.43%) are exclusive to alternative exons (as defined from APPRIS), so we might expect that
approximately 2.5% of all mutations would map to alternative exons by chance. In fact, the proportion is
slightly smaller, 1.6% of all ClinVar mutations map to coding exons defined as alternative by APPRIS.

The breakdown by clinical significance paints a different picture. When we divided the mutations in
alternative exons by their official ClinVar clinical significance designation, we found that the more
damaging the class of mutations, the fewer mutations that mapped to APPRIS alternative exons. For
example, just over 2.5% of mutations tagged as “Benign” map to alternative exons, close to what would be
expected if mutations were evenly distributed between principal and exons (Figure 4). The percentage drops
among variants of unknown significance (VUS, 1.56%) and is even lower among those mutations officially
tagged as “Pathogenic” (0.89% of pathogenic mutations mapped to alternative exons). Mutations reviewed
by an expert panel are least likely of all to map to alternative variants; just 0.31% map to APPRIS alternative
exons.

11


https://doi.org/10.1101/2021.09.17.460749
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.17.460749; this version posted September 20, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Benign (P)

Benign

Likely Benign

Benign/Likely
Conflicting
Uncertain significance

Likely pathogenic Without splice sites

Pathogenic/Likely m With splice sites
Likely pathogenic (P)
Pathogenic
Pathogenic/Likely (P)
Pathogenic (P)

Expert review

o

0.5 1 15 2 2.5 3 35

Percentage of mutations in alternative exons

Figure 4. The percentage of ClinVar mutations that map to alternative CDS

The percentage of mutations that map to alternative rather than APPRIS principal CDS by groups. Mutations grouped
by ClinVar labels; the labels correspond to the CLIN_SIG entry. Labels with a “P” are also supported by PubMed
entries according to ClinVar. “Expert review" are those mutations labelled as “reviewed by expert panel”. Yellow bars
show the percentage of mutations in alternative isoforms when mutations are mapped strictly to CDS boundaries, blue
bars when mutations are mapped to to CDS boundaries plus those nucleotides likely to form part of the conserved
intronic splice site.

Restricting mutations to those that are supported by PubMed references seems to magnify differences
between pathogenic and benign mutations. The proportion of pathogenic and likely pathogenic mutations
mapping to alternative exons decreases (from 0.89% to 0.73% for mutations tagged as ‘“Pathogenic”, and
from 1.35% to 0.94% for mutations tagged as “Likely pathogenic”), while the proportion of benign
mutations that map to APPRIS alternative exons increases (2.51% to 3.39%) among variants with PubMed
references,

Preliminary analysis of the results suggested that many of the mutations that mapped to alternative coding
regions did so in exons generated from 5’ and 3’ alternative splice sites and intron retentions and that many
of these were within two or three nucleotides of the splice site of the principal CDS. It is highly probable that
the phenotypic effect of these mutations is caused by interference with the splicing mechanism of the
principal coding exon rather than by the change of an amino acid in the alternative isoform [ref?]. So, we
carried out a second, intronic splice site motif aware mapping of ClinVar mutations to coding exons. We
extended coding exons in principal transcripts by three nucleotides at the 5’ end of the exon and 5
nucleotides at the 3’ end. We counted the mutations that mapped to these extended CDS as mutations to
APPRIS principal transcripts instead of to the alternative transcripts as we had in the first analysis.

The effect was a substantial decrease in the proportion of mutations that mapped to alternative coding exons.
Another 1,804 more ClinVar mutations were captured by principal exons with this splice-site motif aware
mapping, with just 1.32% of all variants mapping to alternative exons. The reduction was not uniform across
all classes of mutations (Figure 4). Benign mutations that mapped to alternative CDS fell by less than 10%
(by 6.8% across all Benign mutations, by just 3.7% among those Benign mutations with PubMed support),
but pathogenic mutations that mapped to alternative CDS were cut by more than half. Splice site motif aware

12


https://doi.org/10.1101/2021.09.17.460749
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.17.460749; this version posted September 20, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

mapping cut numbers of all pathogenic mutations mapping to alternative coding exons by 52.9%, while the
number of pathogenic mutations with PubMed support that mapped to alternative coding exons fell by
65.1%. The largest reduction was in those mutations reviewed by an expert panel where the numbers of
mutations that mapped to alternative isoforms were slashed by 82.8%; just 5 of 9,491 expert reviewed
mutations map to alternative CDS.

The American College of Medical Genetics and Genomics (ACMG) recommend that laboratories should not
limit themselves to the longest transcript, but should also evaluate the impact of mutations on alternate
transcripts or extended untranslated regions [8], though at the same time, they warn against over-interpreting
truncating variants that fall in alternative exons. Researchers are reminded to be cautious when assigning
clinical significance to mutations in exons where no other pathogenic variants exist [8].

Referring mutations to a reference transcript, and being cautious about variant interpretation in novel exons,
do make it slightly less likely that mutations are predicted as pathogenic in alternative transcripts.
Nevertheless, the advice is clear - if a mutation in an alternative exon has a pathogenic effect, it should be
considered to be pathogenic.

Manual curation of pathogenic mutations in APPRIS alternative exons

Pathogenic mutations supported by PubMed publications map almost exclusively to APPRIS principal
variants rather than alternative transcripts. There were 34,833 mutations classified as Pathogenic, Likely
pathogenic or Pathogenic/likely pathogenic by ClinVar with PubMed support. After taking into account
mutations that mapped to principal exon splice sites, just 76 mapped to alternative exons (0.22%). These
mutations are listed in Supplementary table 1.

We carried out a manual review of these 76 pathogenic mutations, using the supporting publications to
determine whether or not the effect of the mutation was on coding DNA, and whether or not the mutation
was correctly traduced between research paper and clinical database. We found that just 48 of the 76
mutations appeared to manifest their pathogenicity through a mutation of the functional alternative protein.
That is, in just 48 of these 76 mutations the predicted pathogenic effect was likely to result in a change to the
sequence — and therefore the function — of an alternative protein isoform. These 48 validated mutations map
to 30 distinct alternative transcripts and make up fewer than 0.14% of all 34,833 PubMed-supported
pathogenic mutations.

Of the 28 pathogenic mutations that we rejected there were 7 reported mutations for which we could find no
supporting evidence in the cited PubMed papers. It is possible that some of these mutations are pathogenic
mutations and there are better supporting references that do describe the position of the mutations. These
predicted pathogenic mutations were in alternative exons in genes GPR161, KARS1, LTBP4, MEF2C, NEK1,
RPGRIPLL, and VPS13B.

Published papers for another 9 of the pathogenic mutations in alternative exons show that the mutations
affect non-coding features rather than alternative coding exons. For example, 3 of the mutations are in a
nonsense-mediated decay (NMD) poison exon in SNRPB [47]. The mutation in HBD falls in a GATAL
binding site that also coincides with an alternative coding exon [48]. The mutation in SDCCAGS8 is in an
exonic splicing enhancer [49] that overlaps an annotated alternative coding exon.

In all these cases the mutation is likely to be pathogenic because of its effect on a non-coding feature, but

database curators have annotated coding exons overlapping these important non-coding regions. These
coding exons are only conserved in primates and generally have little transcript support. Apart from the
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poison exon in SNRPB, these coding exons are good candidates to be eliminated from the human reference
set.

Two mutations affect the splicing of the main transcript. The mutation in CYP21A2 introduces a novel
NMD-inducing splice site rather than affecting the alternative annotated coding exon that is annotated in the
same position [50]. Aberrant splicing is well studied [51] and often has a pathogenic effect. Aberrant splicing
can result from both mutations to constitutive splice sites and mutations that generate novel splice sites. The
mutation in DNA2 maps to an alternative coding exon, but also falls 7 nucleotides downstream of exon 20 of
the main variant. Most intronic splice sites are conserved by no more than 5 nucleotides, but exon 20 in
DNAZ2 has a U12-type splice site. U12-type splice sites make up fewer than 0.5% of 5 introns. They also
have 7 conserved nucleotides [52], so they would not be caught by our splice site motif aware mapping. The
authors of the paper on the DNA2 mutation [53] confirm that the mutation leads to the skipping of exon 20 in
the principal transcript.

Three annotations appear to be erroneous. For example, the authors of the paper on a mutation in the
alternative coding exon in KCNQ2 show that the mutation is in the coding exon of the principal variant [54],
but in ClinVar the mutation is mis-annotated at an equivalent residue position in the alternative exon.

Finally, seven of the pathogenic mutations predicted to have their effect on alternative isoforms are not
supported by cross-species conservation or transcript evidence. Almost all alternative exons with validated
pathogenic mutations are highly conserved - all but one of the 48 validated pathogenic mutations are in
alternative exons that are conserved at least across eutherian species - while two thirds of the predicted
pathogenic variants where the published evidence does not support a pathogenic effect on the alternative
isoform are in primate-derived exons, most of these conserved only across higher primates. Recently evolved
alternative exons lacking experimental evidence of expression are unlikely to have gained sufficient
functional importance for any mutations to have a pathogenic effect [22].

One example of a pathogenic mutation in a primate-derived alternative exon is in the gene ACTG2 which
produces smooth muscle actin. The main isoform of ACTG2 is highly conserved. Apart from the first three
residues, the sequence is practically identical across all vertebrate species and is even 95% identical to
muscle actin in invertebrates. The predicted pathogenic mutation affects alternative transcript
ENST00000409918, which is forecast to produce a truncated protein that substitutes almost three quarters of
the known protein structure, and more than three quarters of the ATP binding residues [Figure 5], for a new
34 residue C-terminal tail. This novel 3” CDS would theoretically produce a protein isoform with a function
that will not even slightly resemble that of actin. This alternative transcript is annotated in the “Basic” quality
set in GENCODE, but the novel C-terminal is derived from a LINE2 transposon and is conserved only in
chimpanzee.
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Figure 5. The ACTG2 alternative variant mapped onto the structure of smooth muscle actin

The sequence of alternative isoform ENSP00000387182 mapped onto the structure of chicken smooth muscle actin
(PDB: 3w3d). The region that is maintained in the alternative isoform is shown in blue, while the 34 residues that would
be replaced by the novel primate exon with the pathogenic mutation are shown in green. The remainder of the structure
(in yellow) would be lost from this presumed protein. The ATP and calcium bound by the chicken actin protein (almost
certainly lost in the alternative isoform) are in orange space fill. Mapping was carried out using HHPRED and the
image generated from PyMol.

It is hard to imagine how a mutation to this truncated, transposon-derived protein isoform could play an
important role in megacystis-microcolon-intestinal hypoperistalsis syndrome, a severe disorder that affects
bladder and intestine muscles. The transcript also appears not to be expressed in any tissue [55] and certainly
not in bladder or intestines. The authors of the associated paper [56] do not produce any supporting evidence
apart from association studies, but they do admit that “the data from this family suggests but perhaps do not
prove entirely that the alternative exon 4 which would result in a very short protein isoform is functionally
important”.

Another example is the mutation in SCN1B. It is located in an exon with no conservation that is partly based

on a SINE Alu transposon and that appears to have no expression at all [55]. It is hard to square this evidence
with a supposed role in heart regulation [57]. The mutation in the alternative isoform of LDB3 would change
isoleucine to methionine in a little-used alternative exon. Half of the exon has little conservation beyond
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primates and the isoleucine itself is not conserved beyond primates. What little expression the exon has is
concentrated in testis, and there is no evidence that it is expressed in heart [55], which is incongruent given
that the mutation is supposed to be a cause of dilated cardiomyopathy [58].

The pathogenic mutation in NOBOX is presumed pathogenic because, like the other pathogenic mutants in
the paper [59], it falls within the boundaries of a conserved homeobox domain. However, in this case the
serine to threonine mutation is inside a primate-derived alternative exon that itself breaks the conserved
homeobox domain in two. This inserted exon is adjacent to the conserved asparagine and arginine residues
that bind the DNA (Figure 6), so the inserted exon itself is likely to eliminate DNA binding. This alternative
exon also has little or no evidence for expression [55].

Figure 6. The effect of the inserted exon in the NOBOX alternative isoform

The image shows the crystal structure of Drosophila melanogaster Aristaless and Clawless homeodomain proteins
bound to DNA (PDB:3A01). The Aristaless protein (chain F, yellow) has 57% identity to the NOBOX homeobox
domain. The residues where the 32 amino acid insert would break the NOBOX homeobox domain are highlighted in
red. The insertion is right next to the conserved DNA-binding residues of the homeobox domain and this primate
derived exon would almost certainly banish the NOBOX homeobox DNA-binding function. Mapping was carried out
using HHPRED and the image generated from PyMol.

Pathogenic mutations in some recently evolved alternative exons do appear to affect the alternative protein.
The alternative transcript in ERCC6 evolved in the primate lineage, though the alternative exon was co-opted
from a transposon with a last common ancestor in fish [32]. The alternative exon that houses the pathogenic
mutation in REEP6 evolved during the eutherian clade. However, it is quite clearly brain-specific [55] and is
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part of the main transcript variant in retina [4]. The mutation is predicted to cause autosomal-recessive
retinitis pigmentosa [60].

Pathogenic mutations in exons alternative to MANE Select and longest variants

We carried out the same analysis with the GENCODE v37 MANE Select transcripts and the longest
transcripts for each gene. MANE Select transcripts do not yet cover all coding genes, but genes with MANE
Select transcript do cover more than 95% of the pathogenic mutations in ClinVar. In genes with a defined
MANE Select transcript, MANE Select transcripts captured all but 67 of the 33,736 pathogenic mutations
with PubMed support. Just 0.2% of ClinVar pathogenic mutations with PubMed support map to transcripts
considered by MANE to be alternative. This result was highly similar to what we found in APPRIS, and
indeed many of the mutations overlapped in the two sets.

There was no significant difference between the proportion of pathogenic variants captured by APPRIS
principal splice variants and those captured by MANE Select transcripts. However, analysis of the longest
isoform of each coding gene did find significantly more pathogenic and likely pathogenic mutations mapping
to alternative shorter isoforms. A total of 160 of the 34,833 ClinVar pathogenic or likely pathogenic
mutations supported by PubMed publications (0.46%) were not captured by the longest isoform (Fisher exact
test, p < 0.00001).

We also carried out a manual curation of these pathogenic mutations. We validated 47 of the 67 pathogenic
mutations affecting MANE Select alternative exons, again similar to what we found using APPRIS to select
the main variants. We validated 144 of 160 pathogenic mutations that mapped to those (shorter) isoforms
that were alternative to the longest isoform. Three times as many validated pathogenic mutations map to
alternative exons when the longest isoform is used to determine the most important isoform instead of the
MANE Select or APPRIS principal splice variants, despite the fact that the longest variants include more
coding sequence. Pathogenic mutations in alternative exons from these two studies can be found in the
Supplementary materials.

Combining APPRIS principal and MANE Select variants

We looked at the combined power of APPRIS principal and MANE Select transcripts. For those genes where
both methods agreed on the main splice variant, 33,631 of 33,670 pathogenic mutations with PubMed
support (99.9%) mapped to exons from APPRIS principal and MANE Select transcripts. Just 39 pathogenic
mutations mapped to exons from transcripts designated as alternative both by APPRIS and the expert RefSeq
and GENCODE curators (0.11%). Just 22 of these pathogenic mutations (0.065%) are validated by their
PubMed references. These 22 pathogenic mutations map to exons in just 15 GENCODE v37 alternative
transcripts. When they agree, APPRIS principal variants and MANE Select transcripts capture almost all
annotated clinically important mutations.

Few alternative transcripts have pathogenic mutations in ClinVar

In order to quantify the number of alternative transcripts that have ClinVar pathogenic and likely pathogenic
mutations, we extended our analysis to include pathogenic mutations regardless of whether or not they were
supported by a publication. To guarantee that at least one of the pathogenic mutations maps to an alternative
isoform, we counted the number of genes in which pathogenic mutations mapped to more than one coding
sequence.

After we took into account mutations that affect intronic splice site motifs of principal exons, just 54 genes
had ClinVar pathogenic or likely pathogenic mutations in two or more distinct coding transcripts. Many of
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these predicted pathogenic mutations are without PubMed support, so are impossible to analyse manually.
However, we were able to evaluate the relative age of the exons with pathogenic mutations and determine
their experimental support. As we have already shown, recently evolved alternative exons with little
experimental support are unlikely candidates for pathogenic mutations that affect alternative proiteins.

Within the 54 genes there were pathogenic mutations in 59 alternative exons. The mutations mapped to three
or more exons in distinct coding sequences in four genes, GCNT2, SCN1A, PCDH15 and GNAS. We found
that 27 of the 59 exons were little expressed, primate-derived or both. Five of these exons would lead to
NMD, including all three alternative exons in SCN1A, and 11 derived from primate transposons. Eleven of
these 27 alternative exons were generated by alternative 3’ or 5” splice sites. This could be the result of the
ACMGC maxim that encourages the annotation of pathogenic mutations in exons that already have
pathogenic mutations [8], since all these splice events elongate the principal exon.

This left us with just 32 examples where both principal and alternative transcripts were annotated with
pathogenic mutations. The 32 alternative transcripts are annotated in 29 genes because there are pathogenic
mutations in three distinct coding transcripts in GCNT2, GNAS and PCDH15. We classed these 32
alternative transcripts with pathogenic mutations as “validated”. Even though we were not able to validate all
the annotations via PubMed publications, 12 of the 32 pathogenic mutations overlapped with the previous
sets, so were supported by experiments.

Distinguishing functionally important alternative isoforms

It is abundantly clear that APPRIS principal and/or MANE Select variants best represent the main functional
variant in the cell. They should be regarded as the main coding variant for each gene when annotating
clinical variants. But alternative variants can also be clinically important. How can researchers distinguish
clinically important alternative isoforms from those protein isoforms that are unlikely to be affected by
pathogenic mutations?

There are cues within the 32 validated alternative transcripts with pathogenic mutations. More than half of
the 32 splice events that generate the alternative transcripts involve the alternative splicing of tandem
duplicated exons [3, 61], even though tandem duplicated exon substitutions make up only a tiny fraction of
annotated splice events [3]. Four splice variants are generated by swapping one type of Pfam domain for
another, and these splice events are even more rare in the human genome. Most importantly, two thirds of the
32 examples of pathogenic mutations in alternative exons have support from both cross-species conservation
and expression; more than 90% of the alternative exons with validated pathogenic mutations can be traced
back prior to the evolution of mammals.

For example, the mutation in the alternative exon in SLC25A3 is predicted to cause mitochondrial phosphate
carrier deficiency, a fatal defect characterised by lactic acidosis, hypertrophic cardiomyopathy, and muscular
hypotonia [62]. This exon is not expressed outside or heart or muscle, but crucially it is part of the main
variant in muscle and heart [4, 55] and the exon is conserved in lamprey [3], so its evolution pre-dated the
earliest vertebrates. ClinVar records a pathogenic mutation in the alternative tandem duplicated exon of
TCF3 that is associated with agammaglobulinemia [63]. The tandem duplication that generated this event
occurred more than 560 million years ago and both exons have widespread expression, suggesting that both
principal and alternative isoforms are functionally important.

Ensembl/GENCODE and RefSeq manual annotators have started to annotate clinically important alternative
variants based on the annotations in ClinVar. Alternative transcripts in SLC25A3 and TCF3 are annotated as
MANE Plus Clinical transcripts, as are another 20 of the 32 alternative transcripts with validated pathogenic
mutations. Currently there are 64 MANE Plus Clinical transcripts with known clinically important variants.
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We developed TRIFID to predict likely functionally important alternative isoforms [32]. In order to
determine the usefulness of the TRIFID score in predicting the clinical importance of alternative exons, we
evaluated the TRIFID scores for alternative transcripts with pathogenic mutations. We combined the
alternative transcripts from the 32 pairs of principal and alternative transcripts with validated pathogenic
mutations and the 30 APPRIS alternative transcripts that had validated pathogenic mutations with PubMed.
In total, there were 51 alternative transcripts because 11 appeared in both lists. Just over half (26) had a
normalised TRIFID score of over 0.8, while just two had TRIFID scores of below 0.2.

As a control, we calculated the best TRIFID score for all alternative exons defined by APPRIS as alternative.
For each alternative exon, we took the best scoring coding variant that it was annotated in. We binned all
annotated alternative exons in the human reference set by their normalised TRIFID scores. Almost 85% of
the 76,134 alternative coding exons in GENCODE v37 had a TRIFID score of less than 0.2, while just 3.3%
scored more than 0.8.

The proportion of annotated alternative coding exons with validated pathogenic mutations in each bin are
shown in Figure 7. The higher the TRIFID score, the more likely an alternative variant was to harbour a
pathogenic mutation affecting protein function. Just 0.003% of alternative exons from transcripts with
TRIFID scores below 0.2 had validated pathogenic mutations. By contrast, validated pathogenic mutations
were found in more than 1% of those alternative exons that came from transcripts with TRIFID scores
between 0.8 and 1. Remarkably, exons from the highest scoring TRIFID alternative transcripts have 332
times as many validated pathogenic mutations as the 85% of exons in the lowest scoring bin.
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Figure 7. Percentage of alternative exons with pathogenic mutations binned by TRIFID score

We validated 51 pathogenic mutations in exons determined by APPRIS to be in alternative variants. We binned all
alternative coding exons in the human reference set by the TRIFID score of the best-scoring transcript in which they
were annotated, and calculated the percentage of exons with validated pathogenic mutations in each bin. Despite the
low numbers of validated pathogenic mutations, Fisher exact tests showed that the percentage of pathogenic mutations
with best TRIFID scores exceeding 0.8 was significantly higher than those in all other bins, and that the percentage of
pathogenic mutations among exons with TRIFID scores below 0.2 was significantly lower than all other bins.
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There are pathogenic mutations in two transcripts that score less than 0.2 in TRIFID. The mutation in GNAS
is in the huge 5° CDS. Much of the exon is conserved in fish, but other parts of the exon are not conserved
and produce a region of low complexity. Since TRIFID considers splice isoforms as a whole, this alternative
isoform scores poorly because of this hon-conserved region.

The other alternative variant (in BNC2) is interesting because it is part of an unfinished gene model in
GENCODE v37. At the moment the pathogenic mutation falls in an alternative 3> CDS that is also missing a
5’ CDS. The CDS in which the exon falls evolved during the mammalian clade and is almost 100%
conserved across mammalian species. In all these species the annotated exon is 66-bases long. In humans the
exon is just 62 bases long and the change of reading frame introduces a premature stop codon and leads to
the loss of the Zf-C2H2 domain. As a result, TRIFID gives this variant a poor score. The mammalian splice
site is conserved in humans, so when the 66-base, frame maintaining exon is annotated as part of a full-
length transcript, the transcript will get a much better TRIFID score.
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Conclusions

We find that peptide evidence and clinical variants support the hypothesis that most coding genes have single
main protein isoform. This main cellular isoform is best described by the MANE Select transcripts and the
APPRIS principal isoforms. Peptide evidence from proteomics experiments is the best available evidence for
the translation into protein of coding transcripts, and APPRIS principal isoforms and MANE Select variants
each agree with the main proteomics isoform over approximately 95% of the almost 7,000 genes for which
we were able to determine a main isoform. Where MANE Select and APPRIS P1 principal isoforms coincide
(5,888 genes), the agreement with the main proteomics isoform is 98.2%. Main isoforms from proteomics
experiments, APPRIS principal isoforms and MANE Select transcripts are three orthogonal means of
determining a main splice variant and the fact that they agree over such a high proportion of genes reaffirms
that most coding genes have a single main cellular isoform [2].

Data from the ClinVar database shows that pathogenic mutations map almost exclusively to a single
transcript variant per gene. The transcripts almost always coincide with the APPRIS principal isoforms and
the MANE Select transcripts. The number of pathogenic mutations in ClinVar that map to alternative exons
is much lower than would be expected. We also found that the vast majority of the pathogenic mutations that
initially mapped to alternative exons either affected the splicing of the main transcript [51], affected
conserved non-coding features, or were not supported by cross-species conservation or experimental data. In
fact, just 0.065% of all pathogenic mutations supported by PubMed publications affected protein isoforms
that APPRIS and MANE Select tag as alternative. This is further evidence to support the theory that most
protein coding genes have a single main protein isoform.

While most coding genes have one main isoform, some genes do have multiple functionally important splice
variants. This is also clear from the proteomics experiments here and in previous analyses [3, 4, 30], and it is
important to be able to identify these functionally important isoforms. We show that two related tools capture
clinical importance in alternative variants. MANE Plus Clinical transcripts are curated by
Ensembl/GENCODE and RefSeq annotators and capture most pathogenic mutations that are already
annotated in alternative exons. TRIFID, which forms part of the APPRIS database, predicts the functional
importance of protein isoforms.

We have already shown that higher scoring TRIFID isoforms are more likely to be functionally important
[32]. These results show that transcript variants with a higher associated TRIFID score are also much more
likely to be clinically relevant. Alternative exons in high scoring TRIFID transcripts are more than 300 times
more likely than those from low scoring transcripts.to harbour pathogenic mutations. APPRIS, TRIFID and
MANE are available for both the Ensembl/GENCODE and RefSeq annotations of the human gene set.
APPRIS principal isoforms and TRIFID functional importance scores are also available for further vertebrate
and invertebrate model species.

We believe that our work shows that the researchers should be more aware of the correct main isoform when
making predictions for pathogenicity. Mutations that fall in alternative variants are already treated with care
[8], but researchers ought to be aware of the likely main isoform of each coding gene. The longest isoform is
not a substitute for the main isoform and is a particular problem in the RefSeq gene set. Many RefSeq
transcripts are computational predictions and a lot of these are without supporting evidence. The longest
transcript in many RefSeq coding genes will be a computational prediction. We have shown that both MANE
Select transcripts and APPRIS principal isoforms are good predictors of the main cellular isoform and are
particularly powerful when they agree. MANE Select transcripts and APPRIS principal isoforms should be
incorporated into clinical variant interpretation.
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