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ABSTRACT

Despite many improvements over the years, the annotation of the human genome remains imperfect,
and even the best annotations of the human reference genome sometimes contradict one another.
Hence, refinement of the human genome annotation is an important challenge. The use of evolution-
arily conserved sequences provides a strategy for addressing this problem, and the rapidly growing
number of genomes from other species increases the power of an evolution-driven approach. Using
the latest large-scale whole genome alignment data, we found that splice sites from protein-coding
genes in the high-quality MANE annotation are consistently conserved across more than 400 species.
We also studied splice sites from the RefSeq, GENCODE, and CHESS databases that are not present
in MANE, from both protein-coding genes and IncRNAs. We trained a logistic regression classifier
to distinguish between the conservation patterns exhibited by splice sites from MANE versus sites
that were flanked by the standard GT-AG dinucleotides, but that were chosen randomly from a
sequence not under selection. We found that up to 70% of splice sites from annotated protein-coding
transcripts outside of MANE exhibit conservation patterns closer to random sequence as opposed to
highly-conserved splice sites from MANE. Our study highlights potentially erroneous splice sites

that might require further scrutiny.
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1 Introduction

The annotation of the human genome is a fundamental resource for a broad range of biomedical research and clinical
applications. However, more than two decades after the initial publication of the genome itself, its annotation remains
inaccurate and incomplete [[Amaral et al.,2023]. This is due to a variety of reasons, including the imperfect technologies
used to assemble RNA transcripts and the noise inherent in the transcription process itself [Raj et al., 2006]. One
consequence is that the leading gene annotation databases for the human reference genome often contain contradictory
information, and they do not agree even on basic statistics such as the number of protein-coding genes [Pertea et al.,
2018]]. Thus, quality assessment and improvement of human genome annotation remains an important challenge in

genomics.

One approach that has proven itself repeatedly is to use evolutionary conservation to identify genes and gene-related
elements, because most of them are constrained by negative or purifying selection. Thus, sequences from the human
genome (or any genome) that are conserved in multiple other species are likely to represent functional elements such
as protein-coding genes. Splice sites flanking introns are of particular interest for evolutionary analysis due to their
importance for the correct transcription of genes. Although multiple previous studies have suggested that conservation
data can be used to spot non-functional elements (e.g., [Lareau et al.,|2004]]), no comprehensive method yet exists to

spot annotation mistakes using large-scale, whole-genome alignment data.

In this study, we attempt to assess the quality of splice site annotation using conservation in a multiple-genome alignment
containing 470 mammalian species. First, we observed that the canonical dinucleotides GT/AT that flank introns are
very highly conserved in protein-coding genes in MANE [Morales et al.[2022]], with most of them being intact in more
than 400 species. We then investigated the patterns of conservation among splice sites that are not in MANE but that
are present in one or more of the leading gene catalogs RefSeq, GENCODE, and CHESS. We found that while many of
those splice sites closely follow the pattern of conservation found in MANE, others resemble randomly generated sites

from neutrally evolving sequences.

To compare the properties of these two groups of splice sites, we developed a logistic regression model that classifies
splice sites as either conserved or non-conserved. The model relies on a comparison of conservation patterns of splice
sites from MANE to neutrally evolving sequences. As we detail below, we found that sites predicted as non-conserved
by our classifier have higher rates of single nucleotide polymorphisms (SNPs) in the human population, and they are
less likely to appear in multiple isoforms of the same gene. Our findings suggest that some of the non-conserved sites

are likely to be mis-annotated and require further scrutiny.
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Figure 1: Distribution of the number of human splice sites with canonical dinucleotides (GT for donor and AG for
acceptor sites) conserved in 470 mammals, computed for donor (a) and acceptor (b) sites of protein-coding genes,
and donor (c¢) and acceptor (d) sites of IncRNAs. Each point shows a number of splice sites conserved (y-axis) in a
given number of species (x-axis). Numbers are normalized by the total number of sites in the corresponding dataset
in each category. The figure shows this statistic for annotations from GENCODE, RefSeq, CHESS 3 and MANE, as
well as artificial splice sites (“Random”) generated from internal sequences of introns which are assumed to evolve
neutrally. For protein-coding genes, we created subsets GENCODE, RefSeq and CHESS 3 from which we removed
MANE annotations, because each of these datasets are supersets of MANE; the resulting datasets are designated as
GENCODE#*, RefSeq* and CHESS 3* correspondingly.
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2 Results

2.1 Exploratory data analysis of splice site conservation

First, we evaluated the evolutionary conversation of splice sites from four different human genome annotation databases:
GENCODE [Frankish et al., 2021]] version 38, RefSeq [[O’Leary et al., 2016] release 110, CHESS 3 [Varabyou et al.,
2023]] v.3.0, and MANE [Morales et al.| [2022] v1.0. GENCODE, RefSeq, and CHESS all contain every gene and
transcript in MANE, which was created by GENCODE and RefSeq scientists with the goal of providing a single
high-confidence transcript for every human protein-coding gene. To take into account this confounding factor and
observe the differences between annotations more clearly, we removed the MANE splice sites from each of the other
catalogs and created reduced versions that we designate as GENCODE*, RefSeq*, and CHESS 3* respectively. This
procedure only affected protein-coding genes, because MANE does not currently contain noncoding genes or other

types of annotation. Table [I] shows the numbers of donor and acceptor sites in each dataset.

For every donor and acceptor splice site in the databases, we computed how many species preserve the consensus dinu-
cleotides (GT and AG) that appear at the beginning and end of most introns. We used a 470-species alignment available
at the UCSC Genome Browse website [Kent et al., 2002]] generated using MultiZ whole-genome aligner [[Blanchette
et al.|[2004] to assess this conservation. In addition, we created a set of "false" splice sites intended to capture a baseline
of neutrally evolving sequences. This annotation consists of 180,000 GT and AG dinucleotide sites randomly located

within human intronic regions outside of splice site consensus motifs.

Figure [ shows the pattern of conservation across species for each of these sets of donor and acceptor sites. First,
we note that splice sites from protein-coding genes in MANE yield a plot that is clearly distinct from the other gene
catalogs: most of the sites from MANE are conserved in >400 species. Second, protein-coding splice sites from the
other datasets (after removing the MANE splice sites) seem to fall into two distinct categories: (1) MANE-like, and
(2) neutral-like conservation. In contrast, IncRNAs from all datasets have very similar distributions and all of them
closely follow the conservation pattern of random GT/AG sites. Both donor and acceptor splice show similar patterns
of conservation. We note that randomly generated sites along with IncRNAs and some sites from coding genes exhibit
several peaks in conservation in fewer than 50 species. These species mostly constitute primates, which suggests that
their conservation is merely a result of having a relatively recent common ancestor with humans. These splice sites may

be clade-specific, or alternatively they might represent erroneous annotations.

Given the striking pattern of conservation of the canonical dinucleotides of splice sites from MANE, we investigated
conservation of different positions around splice sites. Figure [2] shows the pattern of conservation of bases as a function
of their distance from the GT/AG splice site. As expected, the canonical dinucleotides (GT for donor sites and AG for
acceptor sites) are the most conserved. On the other hand, upstream positions for donor sites and downstream positions
for acceptor sites show similar patterns of conservation. However, downstream positions for donor sites and upstream

ones for acceptor sites are much less conserved, which is expected because these positions are intronic.
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Figure 2: Distribution of the number of donor (a) and acceptor (b) splice sites with a certain position around splice site
motif conserved in a given number of species, for protein-coding genes from the MANE dataset. Each line represents
conservation of a position either down- or upstream of the “canonical” dinuncleotides. For example, for donor splice
sites +0 is usually “G”, +1 is “T”, and -1 is the first nucleotide upstream of the splice site. Numbers are normalized by
the total number of sites in the corresponding dataset in each category.

All sites “Conserved” sites
Dataset #Donor # Acceptor | # Donor # Acceptor
Protein-Coding
MANE 181,928 181,890 - -
GENCODE* 62,294 53,772 17,604 16,925
RefSeq* 46,500 38,089 13,552 12,351
CHESS 3* 51,802 46,791 24,839 23,809
IncRNA
GENCODE 47,312 48,232 5,142 6,107
RefSeq 45,172 45,294 4,082 5,246
CHESS 3 48,123 48,549 4,496 5,576
Synthetic data
Random 180,000 180,000 - -

Table 1: Number of unique donor and acceptor splice sites in each dataset. The second and the third columns represent
the total number of sites, while last two columns show the number of splice classified as “conserved” by our model as

per subsection

We further explored the question of whether poorly conserved splice sites might be be human-specific. Specifically, we
calculated the fraction of splice sites that have at least one single-nucleotide polymorphisms (SNP) that overlaps its
canonical dinucleotides GT or AG. To determine the presence of SNPs in the human population, we used the gnomAD
database version 4.0.0 [Karczewski et al.,[2020], focusing on loci that have at least one homozygous sample since a
homozygous SNP at a splice site is very likely to cause incorrect splicing. We then calculated the fraction of splice
sites having an SNP at a certain position, similarly to the cross-species conservation of different positions shown in
Figure[2] Figure[5]shows these fractions, which we call “SNP rates,” calculated for each of the different gene catalogs.
As expected, for protein-coding genes and their donor and acceptor splice sites, MANE has a much lower fraction
of SNP sites at the canonical dinucleotides compared to random GT/AT positions, 0.4% versus 1.2%. On the other

hand, splice sites in GENCODE* and RefSeq* have only slightly lower SNP rates than randomly evolving sequences;
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Figure 3: Rate of SNPs at positions near splice sites. Each point represents a proportion of splice sites from a
certain dataset that have an SNP from the gnomAD dataset at a position either down- or upstream of the “canonical”
dinuncleotides. For example, for donor splice sites +0 is usually “G”, +1 is “T”, and -1 is the first nucleotide upstream
of the splice site. We only considered SNPs that have at least one homozygous sample. Panels (a, b) show donor and
acceptor sites of protein-coding genes, while (c, d) show values for donor and acceptor sites of IncRNAs. For IncRNAs,
we included MANE sites from protein coding genes as a baseline for splice sites under strong selection as MANE does
not contain IncRNAs yet.
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Figure 4: Receiving operating characteristic (ROC) curve for logistic regression models trained to distinguish between
GT/AG sites chosen at random from intronic sequences and splice sites from MANE.

CHESS 3*’s rate is closer to MANE, but still somewhat higher. For IncRNAs from all of the catalogs, we observed that

the SNP rates are relatively close to those of neutrally evolving sequence.

Our analysis suggests that some protein-coding splice sites and many more IncRNA splice sites include a subset that
might represent non-functional and/or erroneous annotations; otherwise, their average SNP rates should have been more

similar to what we observed in splice sites from MANE.

2.2 C(lassifying splice sites based on their conservation

Above we showed that splice sites from the major gene catalogs exhibit two clearly distinct patterns of conservation:
MANE-like and random-like. For brevity, we refer to the former as “conserved” and the latter as “non-conserved.” We
next decided to cluster splice sites based on their conservation across species, and to compare their properties to see
whether non-conserved sites might be misannotated. To do so, we trained a binary classifier based on logistic regression
that uses the number of species in which a certain position around a splice site is conserved; we trained models for
donor and acceptor sites separately. We used the randomly generated sites as negative examples and the whole MANE
database as positive ones, with 20% of the data set aside for testing; the Methods section contains a detailed description
of the model. Figure ] shows the receiving operating characteristic (ROC) curve illustrating the tradeoff between true
positive and false positive rates for these models on the test data. The model shows high accuracy on the test data with
area under the ROC curve (AUROC) measuring 0.97 for donor and 0.98 for acceptor sites. For classification, we used a

threshold of 0.5 for the probability predicted by the regression model to classify sites as conserved and non-conserved.
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Figure 5: Rate of homozygous SNPs at positions near splice sites. Each point represents a proportion of splice from a
certain dataset that have an SNP at a position either down- or upstream of the “canonical” dinuncleotides. For example,
for donor splice sites +0 is usually “G”, +1 is “T”, and -1 is the first nucleotide upstream of the splice site. We only
considered SNPs from the gnomAD database that have at least one homozygous sample. Panels (a, b) show donor and
acceptor sites of protein-coding genes, while (c, d) show values for donor and acceptor sites of IncRNAs. Solid lines
represent subsets classified as “conserved” by our model, while dashed ones correspond to “non-conserved” splice sites.
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Figure 6: Box plots showing the distribution of the number of transcripts sharing a certain donor (a) and acceptor (b)
splice site, in GENCODE¥*, RefSeq*, and CHESS 3* datasets. The left part of each panel shows splice sites from
protein-coding genes, while the right represents IncRNAs. Each box plot shows the median (dashed red line), the
interquartile range (solid top and bottom borders of the box), and maximum values within 95% percentile (whiskers),
outliers are not shown.

We then applied the model to each dataset under consideration to label sites as conserved or non-conserved. Table/T]
(columns 4 and 5) contains the number of donor and acceptor splice sites in each of the annotation databases classified
by the model as conserved. For protein-coding genes, we observed that in GENCODE* and RefSeq*, only 28-32% of
splices sites were conserved according to the model, while for CHESS 3*, the proportion was substantially higher, at
48% for donor sites and 50% for acceptor sites, suggesting the CHESS 3 has somewhat more reliable annotations of

protein-coding transcripts.

For IncRNAs, no more than 12% splice sites were classified as conserved across all datasets, suggesting that many of

these are either non-functional or alternatively that they have a far higher likelihood of being species- or clade-specific.

We further compared SNP rates in the human population for conserved and non-conserved splice sites, again using
the gnomAD human variation database and focusing on sites where at least one individual had a homozygous SNP.
Figure 5] shows these rates for different datasets. For protein-coding genes, we observed that SNP rates for the canonical
dinucleotides (positions +0 and +1) were 2-3 times lower for the conserved subset (as predicted by our classifier)
compared to its non-conserved counterpart. We also note that the curves corresponding to non-conserved sites are
closer to the Random (neutrally evolving) sites, while conserved sites in all three databases have SNP rates similar to
MANE. However, for IncRNAs (Figure Sc-d) the separation is a little less clear: although the non-conserved sites have
SNP rate pattern close to the Random ones, the conserved sites have only 30-50% smaller SNP rates at the canonical

dinucleotides, and these rates are also much higher than the rates of protein-coding sites from MANE.

In addition, we explored how many isoforms of the same gene use conserved and non-conserved splice sites. In other

words, for each splice site we computed the number of isoforms that use that particular site. Figure [f] shows the
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distribution of these values in each gene catalog, for both donor and acceptor sites in protein-coding genes and IncRNAs.
For protein-coding genes, conserved splice sites are more likely to be shared between multiple isoforms. Notably,
71% of the non-conserved donor and acceptor sites from GENCODE* (leftmost plots in Figure 6a and 6b) were only
used in a single isoform. However, we did not observe a similar pattern in IncRNAs, except for donor sites from the
GENCODE annotation that also showed a notable difference between conserved and non-conserved sites. We note that
IncRNA genes have fewer isoforms overall, which might explain some of the disparity between protein-coding genes

and IncRNAs.

3 Discussion

In this study, we found that the canonical dinucleotides from both donor and acceptor splice sites of the consensus
MANE dataset exhibit a striking pattern of conservation: nearly all of them are conserved in more than 400 mammalian
species. In contrast, splice sites from the leading gene catalogs — GENCODE, RefSeq, and CHESS 3 — that are not
shared with MANE exhibit two different patterns of conservation. The first pattern resembles MANE, where the splice
sites are conserved in >400 species, while the second one resembles neutrally evolving sequences, at both the micro-
and macroevolutionary levels. To compare the properties of these two groups of splice sites, we trained a logistic
regression model using the MANE dataset as the source of positive examples and using randomly-chosen GT/AG sites
from within introns to represent (albeit imperfectly) neutrally evolving sequences. We then applied this model to the
rest of the GENCODE, RefSeq, and CHESS gene catalogs excluding MANE to classify splice sites as either conserved
or non-conserved. Splice sites classified as non-conserved had SNP rates in the human population that are consistent
with neutrally evolving sequences, while conserved ones had patterns of SNP rates similar to MANE. We also found
that non-conserved splice sites are less likely to be shared by different isoforms of the same gene. These findings

suggest that at least some of these splice sites are likely to be mis-annotated or to belong to non-functional isoforms.

Previous studies of splice site evolution [Denisov et al., 2014, Kurmangaliyev et al.|[2013}|Shimada et al.l 2010] have
largely assumed that the underlying genome annotation was correct. However, gene annotation is far from perfect,
and evolutionary data has great potential for highlighting potential errors. Our study is the first one to illustrate how
inconsistencies in conservation patterns of splice sites across a very large number of vertebrate species and be used to
identify possibly erroneous annotations. We note that previous studies also found a lack of conservation of some splice
sites using whole genome alignments [[Sharma et al.,|2016|[2017], but those studies assumed that these patterns arose
due to errors in alignment rather than the annotation itself. Using the large gnomAD collection of human variation, we
were able to examine SNP rates in the human population and show that splice sites that are poorly conserved across
species also have higher SNP rates. This finding suggests that at least a subset of splice sites lacking conservation is

likely to be mis-annotated as opposed to being poorly aligned.

This study has several limitations. First, we rely purely on the conservation of DNA sequences without taking into

account whether a conserved splice site in the other genome is actually functional (information that is usually not
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known). Unfortunately, the incomplete status of many other genome annotations prevented us from incorporating them
into our analysis. Second, although we characterized a set of splice sites whose pattern of conservation resembles
neutrally evolving sequences, we cannot resolve precisely which splice sites are mis-annotated. The fact that this group
has a higher rate of SNPs overlapping their canonical dinucleotides suggests that the group contains erroneous splice
sites. However, pinpointing exactly which ones are errors would require further study incorporating extra data. Third,
we realize that the training data we used for our model could introduce biases. For example, the MANE dataset was
constructed by choosing one “best” isoform per protein-coding gene, and conservation was one of the criteria. This
could potentially contribute to the stronger conservation signal we observed in that data. In addition, randomly chosen
GT/AG sequences from the interior of introns might not be the ideal choice for neutrally evolving sequences. These
biases might potentially make our model less accurate at distinguishing between conserved and non-conserved splice

sites.

We hope this study will help improve human genome annotation by demonstrating the utility of using large-scale
evolutionary conservation for functional annotation of splicing. We also highlighted a subset of splice sites in the
leading human annotation catalogues that might require further scrutiny and analysis. As higher-quality genomes
along with their alignments become available, conservation-based methods have the potential to be a powerful aid in
constructing functional annotations. Here we have focused on the human genome because it has the highest-quality

annotation, but in the future we hope to extend our analysis to the annotations of other species.

4 Methods

Our method for classifying splice sites is based on a logistic regression model designed to predict the probability of
a splice site having a MANE-like conservation pattern (conserved), or a conservation pattern similar to a neutrally
evolving sequence (not conserved). One of the primary features used by the regression model is the number of species
in which the canonical dinucleotides are conserved, computed from a large multiple genome alignment. In addition, it
takes into account several positions surrounding a splice site, as they appear to have similar conservation properties.
The training data includes randomly chosen GT/AG sites from intronic sequences as negative examples and the whole

MANE dataset as positive examples. Below, we give the necessary initial definitions and describe the model.

We are given a collection of genomes G = {gi, ..., gm }. where each genome is a string g; = b; 1 ... b; |g;| Over
the nucleotides of the DNA alphabet {A, C, G, T}, where |g;| is the length of the i-th genome. The genome g, is
called the reference, and any non-reference genome g;,t > 1 is called a target genome. For the reference genome, we
are also given a splice site annotation represented as two sets, donor sites D = {dy, ..., d|p|}, and acceptor sites
A ={ay, ..., aja|}. The origin of the site is the position of the nucleotide of the first of the canonical dinucleotides,
which we designate as o(s) where s is either a donor or splice site. Thus for most donor sites 91,0(d,) = G and

91,0(d,)+1 = T and for most acceptor sites g o(q,) = A and g1 o(a,)+1 = G-
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Figure 7: An example of mapping splice sites from a reference genome to another species using a whole-genome
alignment. The donor site d; of the human reference genome g¢; has both its canonical dinucleotides intact in the target
mouse genome, gs. However, this is not true for the acceptor site a; which is mutated in mouse. In this example, the
values of the conservation function for these two splice sites are C'(d;,0,2) = C(dy,1,2) =1, C(a1,0,2) = 0, and
C(a1,1,2) =1.

To find the corresponding sequence of each splice site of the reference in another species, we use a whole-genome
alignment of m species. Formally, we define an alignment function w(b; ;, g;) that maps each nucleotide b; ; of the
reference genome to its homologous nucleotide b; ; of the target genome ¢ included in the alignment if such nucleotide
exists, otherwise, it maps by ; to the character *-’. We also define the conservation function C'(s, ¢,t) as follows: it takes
the value of 1 if the nucleotide with the shift ¢ of splice site s matches its homologous nucleotide in the genome ¢ and
0 otherwise: C(s, £, t) = I[by o(s)4+¢ = W(b1 o(s)+¢, 1)]- Figureshows an example of mapping splice site sequence

using whole-genome alignment and computation of the alignment and conservation function.

Our model consists of two types of variables to classify a splice site as conserved or non-conserved: (1) number of
species in which the canonical dinucleotides are conserved jointly (2) number of species in which each nucleotide 15
position down- and up-stream of the canonical dinucleotide is conserved in, one variable per each position. This way,
the log-odds of an acceptor site a, being conserved are defined as:

p(a,)

T

)=ao+ar Y I[C(a;,0,t)=1AC(a,1,t)=1]+ > ap Yy Clai,t,t)

1<t<m —15<(<16,£#£0,1  1<t<m

Where « is the interceptor term, 1 corresponds to the conservation of canonical dinucleotides, and « is the coefficient
corresponding to the conservation of the position with the shift £ of the splice site. The log-odds of a donor splice being

conserved are defined analogously.

For fitting coefficients of the regression equations above, we used the logistic regression module from SciKit [Pedregosa
et al.,2011]]. To implement the alignment function w(-, -), we utilized the AlignIO library from BioPython module [Cock
et al.,[2009] version 1.79 in conjunction with the whole-genome alignment of 470 mammal species available at the

UCSC Genome Browser [Kent et al., 2002].

5 Data availability

The data and the code of the model is available via URL: ftp://ftp.ccb.jhu.edu/pub/iminkin2/splice-sites-pub-data.tar.gz.
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