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Abstract

Background. Changes in RNA splicing over the course of evolution have profoundly
diversified the functional landscape of the human genome. While DNA sequences
proximal to intron-exon junctions are known to be critical for RNA splicing, the impact of
distal intronic sequences remains underexplored. Emerging evidence suggests that
inverted pairs of intronic Alu elements can promote exon skipping by forming RNA
stem-loop structures. However, their prevalence and influence throughout evolution

remain unknown.

Results. Here, we present a systematic analysis of inverted Alu pairs across the human
genome to assess their impact on exon skipping through predicted RNA stem-loop
formation and their relevance to hominoid evolution. We found that inverted Alu pairs,
particularly pairs of AluY-AluSx1 and AluSz-AluSx, are enriched in the flanking regions
of skippable exons genome-wide and are predicted to form stable stem-loop structures.
Exons defined by weak 3' acceptor and strong 5' donor splice sites appear especially
prone to this skipping mechanism. Through comparative genome analysis across nine
primate species, we identified 67,126 hominoid-specific Alu insertions, primarily from
AluY and AluS subfamilies, which form inverted pairs enriched across skippable exons
in genes of ubiquitination-related pathways. Experimental validation of exon skipping
among several hominoid-specific inverted Alu pairs further reinforced their potential

evolutionary significance.

Conclusion. This work extends our current knowledge of the roles of RNA secondary

structure formed by inverted Alu pairs and details a newly emerging mechanism through
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which transposable elements have contributed to genomic innovation across hominoid
evolution at the transcriptomic level.
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Introduction

Acting on the vast majority of mammalian multi-exon genes, alternative splicing has
increased transcriptomic and proteomic diversity across species throughout evolution
[1-4]. Splice site determination is orchestrated by the assembly of the spliceosome,
mediated by core splicing signals, as well as splicing enhancer and silencer motifs and
their cognate binding factors [4,5]. Genomic and epigenomic changes influence
alternative splicing decisions by disrupting or creating splice sites and modulating splice
factor binding, together revealing the complex combinatorial nature underlying
alternative splicing regulatory networks [6—9]. The most common form of alternative
splicing in metazoans is exon skipping, which can be described as the exclusion of an
exon from a mature RNA transcript [10]. In primates, alternative splicing networks have
evolved to increase differential exon usage, positioning isoform regulation as a crucial
evolutionary mechanism that expands the cellular regulatory and functional repertoire,

likely contributing to phenotypic complexity [11-13].

While splicing outcomes associated with sequences proximal to intron-exon junctions
have been extensively studied, less is known about the importance of more distal
sequences. RNA secondary structure offers an avenue through which distal sequences
may impart their effects. Considering a large portion of splicing occurs
co-transcriptionally, the secondary structure of nascent RNA has the ability to influence
splice site usage by either sequestering motifs within base-paired double-stranded stem
regions, hindering access to splicing machinery, or conversely by facilitating the
recognition of these motifs by presenting them in more accessible, single-stranded loop

regions of the transcript [14—16]. While investigations into the impact of stem-loop
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structures on splicing have generally focused on structures modulating individual splice
regulatory site accessibility, evidence suggests that RNA secondary structure also
mediates an unconventional mechanism of exon skipping [17]. Coined as “jump
splicing” in the 1980s, loops encompassing exons within RNA transcripts were found to
be able to promote exon skipping under certain conditions [18,19]. More recent studies
have also correlated circular RNA (circRNA) biogenesis with exon skipping, further

supporting the existence of a related loop-out mechanism [20].

An overarching theme of the proposed loop-out exon skipping mechanism is the
presence of reverse complementary sequences flanking each side of such skippable
exons. Making up about half of the human genome, repetitive sequence elements called
transposons account for a large fraction of reverse complementary sequences found
genome-wide [21]. Retrotransposons form a distinct class of transposons that insert
copies of themselves into the genome through an RNA intermediate in a “copy and
paste” manner [22]. Among retrotransposons, only long interspersed element-1 (L1),
Alu, and SINE-R/VNTR/Alu (SVA) elements have remained active throughout primate
evolution up to present-day humans [23], together orchestrating an extensive fossil

record of genomic innovation.

Alu elements constitute a particular type of short (approximately 300 bp),
primate-specific retrotransposons that are prone to forming double-stranded RNA
stem-loop structures through base pairing interactions with neighboring Alus lying in
inverted orientation [24,25]. There are three main Alu subfamilies, differing based on the
mutations amassed in their underlying consensus sequences: AluJ elements form the

oldest dimeric subfamily of Alus, having appeared approximately 80 million years ago,
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while AluS elements are considered to be 30-50 million years old, and AluY elements
form the youngest subfamily at less than 15 million years old [26-28]. Alus have
accumulated in primate genomes over time largely through genetic drift [29-32], while
negative selection has acted to remove their deleterious effects. Beyond shaping
primate genomes through insertional mutagenesis, Alu elements have also driven
genome instability by serving as substrates for non-allelic homologous recombination
events and have increased isoform diversity through exonization [26,33,34]. Currently,
the human genome contains over 1.2 million fixed copies of Alus, with up to 75% of
genes containing at least one copy [35,36]. Alu insertions are also present as
polymorphisms across the human population [37,38], and have been implicated as

drivers of several genetic diseases [39—-42].

Due to their biased localization toward gene-rich regions, many Alus are clustered
closely together, with nearly half located in introns [24,43]. Their proximity and high
sequence similarity enable them to form inverted Alu pair RNA stem-loop structures,
which play crucial roles in a wide range of biological processes spanning from gene
regulation to immunology [44]. Inverted Alu stem-loops have also been causally linked
to disease, such as severe infantile isolated exocrine pancreatic insufficiency [45].
Recently, a new role for inverted Alus consisting of the mediation of loop-out exon
skipping has been discovered. Specifically, evidence suggests that a hominoid-specific
AluY insertion forms an inverted pair with a pre-existing Alu element in tail development
gene TBXT, arbitrating an exon skipping isoform that may underlie the loss of tails in

hominoid species [46]. This exciting discovery raises important questions about the
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prevalence of an inverted Alu-mediated exon skipping mechanism and its impact on

primate evolution.

In this work, we undertake the first systematic assessment of the contribution of fixed
Alu repeat pairs in mediating loop-out exon skipping across the human genome.
Through comparative genomic analysis, we further characterize the contributions of
hominoid-specific inverted Alu repeats in exon skipping to better understand the impact

of repeat pairs on hominoid evolution.

Results

Inverted repeat Alu pairs are enriched in the flanks of skippable exons

genome-wide

Given the potential abundance of inverted Alus lying across spliced exons that may
form base pair interactions, we first sought to characterize properties of such Alu
pairings genome-wide using a systematic and unbiased approach. For this, we
identified all possible pairs of Alu elements spanning skippable and constitutive exons
across the human reference genome using a maximum window size of 5,000 bp (Figure
1A). We defined skippable and constitutive exon sets according to HEXEvent [47] and
ExonSkipDB [48] databases. In total, we extracted 26,803 skippable and 23,540
constitutive exons, resulting in 347,816 and 232,493 Alu pairs respectively flanking each
exon type. Across all flanking window sizes ranging from 500 bp to 5,000 bp, we found
that inverted Alu pairs were significantly enriched in the flanks of skippable exons

compared to constitutive exons (adjusted p < 0.001, Fisher’s exact test; Figure 1B and
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Figure S1A). Inverted Alu pairs, however, were not significantly enriched within
adjacent, non-overlapping windows, indicating that symmetry of the paired Alu elements

relative to the exon boundaries is unlikely to be crucial for skipping (Figure S1B).
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Figure 1. Inverted repeat Alu pairs are enriched in the flanks of skippable exons
genome-wide. (A) Method to identify all possible fixed Alu pairs flanking skippable and
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constitutive exons in the human genome within windows of up to +/- 5000 bp
surrounding exons. S: skippable, C: constitutive. (B) Top: Number of Alu pairs (left) and
exons (right) per exon database: HEXEvent and ExonSkipDB. Middle: Enrichment of
inverted vs. non-inverted Alu pairs flanking skippable exons, compared to those flanking
constitutive exons. Fisher’s exact (FE) test on the number of Alu pairs (left) and exons
flanked by Alu pairs (right) across windows of size 500 bp to 5000 bp.
Bonferroni-corrected one-tailed FE test p-values. Bottom: Odds ratios with 95%
confidence intervals corresponding to the middle panel. (C) The distance of each Alu in
a pair to its flanked exon (bp). (D) The number of flanking Alu pairs per exon within
5000 bp flanking windows. (E) A comparison of distance and length features across
exon types and Alu pair inversion. 10-fold random subsampling of 1000 pairs of Alus
within 1000 bp flanking windows. Distances and lengths are measured in bp.
Bonferroni-corrected Kolmogorov—Smirnov test p-values. S: skippable, C: constitutive,
Inv: inverted, Non-inv: non-inverted. (F) Individual Alu (left) and pairs of Alu (right)
subfamilies enriched in inverted orientation flanking skippable exons.
Bonferroni-corrected one-tailed FE test p-values.

Fixed Alus were generally 300 bp in length, with a smaller peak of truncated elements at
around 150-160 bp, in accordance with previous reports (Figures S1C and S1D) [49,50].
The distance of Alu elements within pairs relative to exon boundaries recapitulated the
known trend of negative purifying selection occurring within ~100 bp of the exon
boundaries (Figure 1C and Figure S1E) [51,52]. To assess whether individual exons
may bias the enrichment tests, we confirmed that the number of Alu pairs per exon was

comparable across all exon types and pair inversion combinations (Figure 1D).

We next sought to understand whether individual length and distance features of the
underlying elements differed across exon types and Alu pair inversion. Using a 10-fold
downsampling scheme to adjust for high statistical power, we compared the upstream
and downstream Alu lengths, the distance of the upstream and downstream Alus to the

intervening exon boundaries, the distance between Alus, and the length of the exon for
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each sampled Alu pair (see Methods). Across all comparisons, we found that only the
exon length differed significantly between skippable and constitutive exon groups, which
we observed for both inverted and non-inverted pair configurations and across all tested
flanking windows of size 1,000bp, 2,000bp, and 5,000bp (average p < 0.05,
Bonferroni-adjusted Kolmogorov—Smirnov test; Figure 1E and Figure S1F). More
specifically, we observed that skippable exons tend to be shorter than constitutive

exons, a result that aligns with previous findings for alternative exons in general [53,54].

Since individual Alu subfamilies arose at different points throughout primate evolution,
their underlying sequences have diverged according to accumulated mutations.
Considering that the degree of homology determines the strength of base pairing
between adjacent repetitive sequences in the genome, we next examined the
enrichment of Alu subfamilies within pairs. Overall, we found that several subfamilies
across Alud, AluS, and AluY were significantly enriched as individual members within
inverted pairs flanking skippable exons (adjusted p < 0.05, Fisher’s exact test; Figure
1F). Most notably, AluSp elements were significantly enriched across nearly all flanking
windows spanning from 500 bp to 5,000 bp. In terms of specific Alu subfamily pairings,
we found two pairings that were significantly enriched: AluSz-AluSx in 1,000 bp windows
(adjusted p = 0.021), and AluY-AluSx1 in both 2,000 bp (adjusted p = 0.0092) and
3,500 bp (adjusted p = 0.0044) windows. Intriguingly, it was a pairing between a young
AluY element and an ancestral AluSx1 element that was identified in the
aforementioned study as a genetic driver of hominoid tail-loss through the proposed
loop-out exon skipping mechanism [46]. The underlying Alu element count for each

subfamily was comparable across groups, suggesting that these findings did not arise
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from inflated counts (Figure S1G). Taken together, our initial overview of the human Alu
pair landscape reveals that inverted Alu pairs across Alu lineages are enriched in the
flanks of skippable exons genome-wide suggesting their potential widespread

involvement in mediating exon skipping.

Inverted Alu pairs flanking skipped exons are predicted to form more stable RNA

secondary structures, especially among exons with weak exon definition

To understand how structure may play a role in exon skipping, we next studied the
predicted RNA secondary structure of Alu pairs. For this, we selected Alu pairs falling
within flanking windows of size 1,000 bp, which demonstrated significant enrichment of
inverted Alu pairs across skippable exons (Figure 1B). For pairs falling within this
window, we extracted sequences spanning from the start of the upstream Alu to the end
of the downstream Alu, through the intervening flanked exon (Figure 2A), using random
size-matched genic regions as controls. We predicted RNA secondary structures and
their associated minimum free energies (MFEs) for 49,891 Alu pair sequences using
RNAfold [55,56]. Of these, most pairs flanked skippable exons (n = 28,620) compared
to constitutive (n = 21,271) exons, while there were fewer inverted (n = 22,619)
compared to non-inverted (n = 27,272) pairs. To account for the known bias of longer
sequences forming more stable structures, we adjusted MFE scores by length (Figure
2B). Overall, we found that inverted Alu pairs were predicted to form much more stable
structures as compared to non-inverted Alu pairs (d = -1.25) as well as random genic
region controls (d = -2.18 and d = -2.08), suggesting their ability to form stem-loop
structures (Figure 2C). Non-inverted pairs were also predicted to form structures with

much lower MFE than random genic sequences (d = -0.98 and d = -0.88), although the
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magnitude of the effect was smaller than observed for inverted pairs. Surprisingly, we
observed only a small difference in MFE between skippable and constitutive exon sets
among inverted Alu pairs (d = -0.12), which was comparable to non-inverted pairs (d =
-0.13). While we did not expect to observe a large difference in MFE across the overall
sets of Alu pair sequences flanking skippable and constitutive exons, observing a small
effect size specifically among inverted Alu pairs suggests that loop-out exon skipping is
not the only major mechanism mediating exon skipping in the presence of inverted Alu
pairs. Rather, other genomic or epigenomic determinants may take precedence over
RNA secondary structure folding dictated by inverted Alu pairs and govern alternative

splicing outcomes.
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Figure 2. Inverted repeat Alus flanking skippable exons show a greater propensity to
form stable RNA secondary structures. (A) Method to extract sequences for RNA
secondary structure prediction. Strand-specific sequences spanning from the start of the
upstream Alu to the end of the downstream Alu of pairs lying within +/-1000 bp windows
are passed into RNAfold. (B) Raw minimum free energy (MFE) scores (left) are
adjusted according to their lengths (right) to remove length bias. (C) MFE distributions
across exon type and Alu inversion categories and their associated effect sizes as
measured by Cohen’s d. (D) Correlation between the median percent spliced-in (PSI)
reported across 56 tissues in the ASCOT database and the adjusted MFE across exons
of different strengths, among skippable exons flanked by inverted Alu pairs. SS: strong
3’ acceptor, strong 5 donor; WS: weak 3’ acceptor, strong 5’ donor; SW: strong 3’
acceptor, weak 5 donor; WW: weak 3’ acceptor, weak 5 donor. Bonferroni-adjusted
linear regression p-values. (E) RNA editing burden from the REDIportal across exon
definition categories among skippable exons flanked by inverted Alu pairs. Two-sided
Student’s t-test Bonferroni-adjusted p-values. *p < 0.001. (F) Motif enrichment analysis
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of inverted Alu pairs flanking skippable exons defined by a weak 3’ acceptor and a
strong 5’ donor splice site (WS). Differential motif analysis was performed using SEA
with either PSI < 50% (x-axis) or PSI > 50% (y-axis) sequences as primary input
sequences, and the other set as control sequences. P-values were calculated by SEA
using Fisher’s exact test and combined across multiple motif instances using Fisher’s
method. P-values were adjusted using the Benjamini—-Hochberg procedure. Blue
dashed lines indicate p_adj = 0.05.

To further investigate the loop-out mechanism in exon skipping, we next hypothesized
that loop-out exon skipping is employed by exons marked by a weak exon definition. It
has previously been established that exons marked by weak exon definition are
generally more likely to undergo alternative splicing than those marked by strong exon
definition [54]. Here, we similarly reasoned that in the absence of strong 3" acceptor or
5' donor splice sites, typical splice regulatory factors recognizing these sites would be
less likely to bind, thereby allowing other factors involved in the promotion of looping to
bind. To test this hypothesis, we split exons into groups according to their exon
definition, with weak (W) splice sites having a MaxEntScan score less than 6, and
strong (S) splice sites having a score greater than 8 [57,58]. We assigned combined
labels to each exon corresponding to the acceptor followed by the donor splice site
strengths (for example, “WS” corresponds to an exon with a weak 3’ acceptor site and a
strong 5' donor site). We further annotated each exon with the degree of exon skipping
as measured by percent spliced-in (PSI) values across 56 tissues from the ASCOT
catalog of alternative splicing events [59]. This left us with 3,405 Alu pairs flanking
skippable exons, among which 1,615 of these pairs were inverted. Among inverted pairs
flanking skippable exons, most sequences contained exons designated as SS (n = 639),
followed by SW (n = 184), WS (n = 177), and WW (n = 24), while the rest (n = 591) did

not fall within those categories. Under the expectation that stem-loop structures promote
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exon skipping, we postulated that exons making use of loop-out skipping should
demonstrate a positive correlation between their degree of exclusion and their structural
stability. Plotting MFE against PSI, we found that among inverted Alu pairs flanking
skippable exons, only those flanking WS exons demonstrated a statistically significant
positive correlation (slope = 0.08, R? = 0.06, adjusted p = 0.0033; Figure 2D and Figure
S2B). Although this correlation is weak, this could be explained by the involvement of

other layers of splicing regulation.

Since RNA stem-loops form the substrate for ADAR enzymes, we next assessed the
underlying RNA editing burden [60]. Comparing RNA editing burden across exon
definition groups of inverted Alus flanking skippable exons, we found that only WS
exons demonstrated a significantly higher RNA editing burden among exons that were
more frequently skipped (PSI < 50%) compared to exons that were more frequently
retained (PSI > 50%; adjusted p = 2.9e-6; Figure 2E). These findings corroborate the
relevance of loop-out exon skipping among exons with a weak 3’ acceptor site and a

strong 5' donor site.

To elucidate potential factors involved in mediating loop-out exon skipping, we next
performed motif enrichment analysis on inverted Alu pairs flanking skippable WS exons
that have a higher tendency to be skipped (median tissue PSI < 50%; n = 25) relative to
those that tend to be retained (median tissue PSI > 50%; n = 152). We observed an
enrichment of several-splicing related factors in the Alu pair sequence set of those
flanking exons with a higher tendency for skipping, including PTBP1, PCBP1,
hnRNPA2B1, and hnRNPA1 (Figure 2F) [61-64]. Additionally, some factors such as

PTBP1, hnRNPA2B1, hnRNPA1, and KHSRP are implicated in circRNA metabolism
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[64—-67]. Interestingly, hnRNPA1, which showed the most striking enrichment in
sequences with higher exon skipping tendency, has been previously linked to exon
skipping through a loop-out mechanism [64]. Collectively, our results suggest that
inverted Alus may play a role in mediating exon skipping in the absence of a strong 3'
acceptor splice site, facilitated by factors previously implicated in looping mechanisms

as well as factors that have not yet been explored in this context.

Skipped exons flanked by inverted hominoid-specific Alus show enrichment

among gene regulation processes

To understand the potential contribution of inverted Alu pairs in hominoid evolution, we
first identified hominoid-specific Alus using an approach inspired by Tang et al’s
human-specific mobile element detection pipeline [68]. In our approach, we used four
hominoid species (chimp, gorilla, orangutan, and gibbon) and five non-hominoid species
(rhesus monkey, crab-eating monkey, baboon, green monkey, and marmoset) (Figure
3A). Hominoid-specific Alus were defined as those present in at least one non-human
hominoid species and absent in all non-hominoid species (see Methods). We applied a
similar approach to identify hominoid-specific L1 and SVA insertions, which we provide
as a resource (Supplementary Table 1). Overall, we identified 67,126 hominoid-specific
Alus (Figure 3B). Most hominoid-specific Alus were from the AluY subfamily (46%; n =
30,817), followed closely by AluS (42%; n = 27,993), while a smaller fraction came from
the AluJ subfamily (10%; n = 6,826), which is consistent with their evolutionary timelines
[69]. Genome-wide maps aligned with previous findings on the distribution of Alu
elements, with chromosome 19 being the most Alu-dense chromosome, and

chromosome Y being the least (Figure 3C) [70]. Hominoid-specific Alu elements were
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found to be distributed relatively evenly across chromosomes, with no apparent
hotspots of insertion (Figure 3C and Figure S3). Chromosome 19 has accumulated an
exceptionally high number of ancestral Alus [71], which likely explains the lower ratio of
hominoid-specific to total Alu elements observed on this chromosome. The notable
depletion of hominoid-specific Alu elements on chromosome Y is likely attributable to its
rapid evolution and high sequence divergence [72], which may hinder the identification
through cross-species comparisons. At the subfamily level, we found that only
hominoid-specific AluSx1 elements were significantly enriched among inverted pairs
flanking skippable exons within 3,500 bp windows (adjusted p < 0.05, Fisher’s exact
test), compared to non-hominoid elements (Figure 3D). While several other AluS and
AluJ elements also appeared enriched in hominoid-specific inverted pairs, they did not
attain statistical significance after multiple-testing correction. In the case of subfamily
pairings, only AluSx-AluSz were enriched, reaching statistical significance at flanking

windows of size 2,500 bp and 3,500 bp (adjusted p < 0.05).
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Figure 3. Identifying hominoid-specific Alus and their potential roles in evolution. (A) A
comparative genomics approach to identify hominoid-specific Alus by comparing the
human genome (hg38) with four hominoid species (chimp, gorilla, orangutan, and
gibbon) and five non-hominoid species (rhesus monkey, crab-eating monkey, baboon,
green monkey, and marmoset). (B) The subfamily composition of hominoid-specific
Alus. (C) Top: The coverage of total Alus and hominoid-specific Alus across human
chromosomes. Bottom: The coverage ratio (hominoid-specific Alus / total Alus) across
human chromosomes. (D) Individual hominoid-specific Alu (left) and pairs of
hominoid-specific Alu (right) subfamilies enriched in inverted orientation flanking
skippable exons. Bonferroni-corrected one-tailed FE test p-values. (E) Exon ontology
analysis and gene ontology analysis of exons flanked by hominoid-specific
inverted-repeat Alu pairs.

To assess the potential roles of inverted Alus in hominoid evolution, we next performed
exon ontology and gene ontology analyses. Starting from flanking windows of size
1,000 bp, we extracted skippable exons flanked by hominoid-specific inverted Alu pairs
(n = 707 skippable exons). Exon ontology analysis revealed a statistically significant
enrichment of “ubiquitinylated lysine” among underlying exon domains. Ubiquitinylation,
more commonly referred to as ubiquitylation or ubiquitination, marks proteins for
degradation and other biological processes through the addition of ubiquitin tags.
Skipping these domains may lead to the removal of ubiquitination sites, potentially
increasing the lifespan of the corresponding proteins and enhancing their functions.
Selecting genes underlying ubiquitinated lysine (n = 57 genes), we further performed
gene ontology analysis and found statistically significant enrichment of “RNA Binding”
and “Exopeptidase Activity” molecular functions. Taken together, these findings suggest
that inverted Alus may play a role in hominoid evolution by modulating RNA binding and
exopeptidase activity through the alternative splicing of exons involved in
ubiquitination-related pathways, including but not limited to protein degradation and

signal transduction.
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Since circRNA biogenesis has been shown to involve the formation of RNA stem loops,
we further posited the relevance of hominoid-specific inverted Alu pairs in circRNA
biogenesis throughout evolution. To investigate this, we quantified the enrichment ratio
of circRNAs flanked by hominoid-specific inverted Alu pairs. We initially confirmed that
inverted Alus lie more frequently near circRNAs compared to random genic regions of
similar lengths (Figure S4A). Extending our analysis to include the hominoid specificities
of underlying Alus, we found significant enrichment of inverted Alu pairs near circRNAs
for all combinations of hominoid- and non-hominoid-specific Alu pairs (Figure S4B). This
enrichment of inverted pairs was more pronounced in 1,000 bp windows in the absence
of hominoid-specific Alus (average fold change = 2.07) compared to pairs containing a
single hominoid-specific Alu (average fold change = 1.92), or both Alus being
hominoid-specific (average fold change = 1.41). Given that hominoid-specific Alu
elements are relatively young in evolutionary terms, we suggest that Alu pairs in which
both elements are hominoid-specific may represent a baseline contribution of inverted
Alu repeats to circRNA generation. It follows that the greater enrichment observed
among inverted Alus lacking any hominoid specificity likely reflects an evolutionary
pressure for these inverted Alu repeats to localize near circRNAs. Taken together, our
findings suggest the potential selection for and widespread role of inverted Alu repeats

in hominoid evolution, both in exon skipping and in other loop-involved mechanisms.

Validation of inverted Alu pair candidates reveals hominoid-specific skipped exon

isoforms

To assess whether hominoid-specific inverted Alu pairs can potentially mediate exon

skipping, we selected 11 candidate exons for experimental validation. From a pool of
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614 exons flanked by hominoid-specific Alu pairs within £1000 bp windows, we initially
selected 20 exons at random, spanning a range of exon inclusion levels
(Supplementary Table 2). These candidates were then manually inspected in the UCSC
Genome Browser, and nine were confirmed to have transcript isoforms lacking the
candidate exons in the GENCODE V47 track (Figure 4A and Figure S5). We included
two additional exon candidates located in CEP290 that were not present in the original
stringent skippable exon sets, but were flanked by hominoid-specific Alu pairs and had
skipped isoform annotations in the UCSC Genome Browser. All 11 candidates were
predicted to form RNA secondary structures containing long stem loops as compared to
random genic regions (Figure 4B and Figure S6). Discriminating predicted candidate
structures at nucleotide resolution revealed that the stem portion of these structures
was formed by paired Alu elements (Figure 4C). We then performed RT-PCR validation
for each candidate using human fibroblasts (hominoid) and African green monkey Vero
cells (non-hominoid). Across all candidates, we observed the exon skipping isoform in
addition to the full-length transcript in the hominoid cells only, while we solely observed
the full-length transcript in non-hominoid cells (Figure 4D and Supplementary Table 3).
Notably, one of our candidate genes, CEP290, contains two hominoid-specific inverted
Alu pairs predicted to give rise to two separate skipped-exon isoforms. Excitingly, both
of these skipped-exon isoforms were successfully recovered in hominoid cells and were
absent in non-hominoid cells. Overall, our successful validation of all 11 putative
hominoid-specific exon skipping events suggests that adjacent inverted Alu repeats

likely mediate these exon skipping events during hominoid evolution.
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Figure 4. Inverted hominoid-specific Alu pairs flanking skippable exons generate splice
isoforms. (A) UCSC Genome Browser display of a hominoid-specific skippable exon
candidate that is flanked by a hominoid-specific AluY and an ancestral Aludb lying on
opposite strands. (B) RNA secondary structure predictions of a subset of
hominoid-specific validation candidates and random genic regions. (C) Mountain plot of
all validation candidates. Bold lines indicate Alu sequences. (D) RT-PCR validation of
hominoid-specific inverted Alu-mediated exon skipping in hominoid human HEK293T
(top) compared to non-hominoid African green monkey Vero (bottom) cells. Teal arrows
indicate full-length isoforms. Red arrow and stars indicate exon skipping isoforms.
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Discussion

In this work, we present an initial overview of the inverted Alu pair landscape across the
human genome, and further elucidate the involvement of inverted Alu pairs in hominoid
evolution. We find that inverted Alus formed by elements belonging to all major Alu
lineages are generally enriched in the flanks of skippable exons at least 5,000 bp away.
These inverted Alu pair sequences are predicted to form RNA stem-loops, potentially
leading to exon skipping, but such inverted Alu pairs are likely not a major contributor to
exon skipping overall. Rather, inverted Alu pairs may be more likely to impact exons
with weakly defined 3' acceptor splice sites. When restricting inverted Alu pairs to those
found in hominoids, we uncovered their potential widespread effects impacting
pathways of RNA binding and exopeptidase activity, and validated several
hominoid-specific pairings suggesting the relevance of loop-out exon skipping products

during evolution.

While we approached our investigation of inverted Alu pairs systematically, several key
limitations should be noted. First, we assigned each Alu to its nearest exon. Considering
that introns tend to be long [73], our assumption that most Alus lay close enough to form
loops across only a single exon seemed reasonable. However, Alus may still be able to
form pairs across multiple exons, especially in the case of short introns and exons.
Indeed, such interactions have been reported [46]. Further exploration of the dynamics

of Alu pairs across multiple exons, rather than the single nearest exon, is necessary.

We also emphasize that our analyses rely on the validity of underlying “skippable” and

“constitutive” exon classifications. HEXEvent annotations were derived from expressed
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sequence tags, whereas ExonSkipDB annotations were derived from GTEx RNA-seq
datasets. Neither database can truly be comprehensive in identifying skipped exon
transcripts, since biological and technical factors can confound the detection of such
transcripts. Alternative splicing events tend to be tissue-specific or temporal, and
oftentimes cause frameshift mutations triggering nonsense-mediated mRNA decay,
which render isoform detection difficult [34,74]. Therefore, improved methods with
higher sensitivity that account for these challenges in skipped isoform detection are

needed.

The idea that this mechanism may be more relevant for exons marked by a weak 3’
acceptor site is intriguing. Strikingly, one of the most enriched motifs among skippable
exons was hnRNPA1, which is a known regulator of splicing with relevance to several
cancers [75,76]. This factor is of particular interest because studies have suggested that
hnRNPA1 can form homodimers that bring together the flanking regions of exons,
effectively resulting in exon skipping through a loop-out mechanism [64]. Interestingly,
the ability of hnRNPA1 to mediate exon skipping also relies on the presence of a weak
3' acceptor site, and is abrogated by the introduction of a strong 3" acceptor splice site,
which could suggest the relevance of both inverted Alu pairs and hnRNPA1 in mediating
a shared exon skipping mechanism. Elucidating the potential interplay between

hnRNPA1 and Alu elements would benefit from follow-up studies.

While we tried to capture a variety of sequence determinants possibly involved in
loop-out exon skipping, other genomic and epigenomic factors most certainly play roles
in determining splicing outcomes. These factors are regulated by the cellular state and

include transcription kinetics, chromatin compaction, and expression of key RNA
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binding proteins, which can either promote exon skipping or inclusion [4]. Further
complicating these interactions are the changes to each of these components across
evolution, which we are only beginning to unravel. Future work will examine how these
different layers interact and change over time to regulate retrotransposon-mediated
loop-out exon skipping. Our work reveals the abundance and widespread impact of
inverted Alu pairs mediating exon skipping in the human genome and provides a
resource of hominoid-specific retrotransposon insertions, paving the way for future
exploration of the deep intronic transposon insertions and their RNA secondary

structures in splicing and evolution.

Methods

Identifying Alu repeat pairs

We downloaded RepeatMasker annotations for repetitive elements in the human
reference genome (version GRCh38.p12) and generated a BED Alu subfamily file (n=54
subfamilies) from sequences classified as “SINE_Alu” [77]. We downloaded skippable
exons from two databases: HEXEvent [47] and ExonSkipDB [48]. For HEXEvent, we
downloaded both cassette (skippable) and constitutive exons across all chromosomes.
We selected the default parameters for cassette exons (up to an inclusion level of less
than 100% of ESTs) and constitutive exons (spliced in at most 0% of ESTs) to get the
full set of exons from each group to which we could later apply additional filtering. For
ExonSkipDB, we selected all skippable exons derived from GTEx experiments. To
remove potential confounding factors, we defined stringent mutually exclusive skippable

and constitutive exon sets. Specifically, we refined the set of skippable exons by taking
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the union of HEXEvent and ExonSkipDB skippable exons and subtracting HEXEvent
constitutive exons. Reciprocally, to generate the set of constitutive exons, we took the
set of HEXEvent constitutive exons and subtracted HEXEvent and ExonSkipDB
skippable exons. The number of Alu elements and exons that underlie these stringent

sets are annotated in the Venn diagrams of Figure 1B.

The processing pipeline is depicted in Figure 1A. We ran BEDOPS [78] (v2.4.39)
sort-bed on the RepeatMasker Alu BED file and exon BED files, followed by
closest-features with the --dist flag, providing the RepeatMasker Alu BED file as file A,
and each database’s exon BED file as file B. This resulted in a per-Alu annotation of
each Alu element with its nearest exon, for each exon set. We grouped Alus by their
nearest exons, and generated all possible combinations of Alu pairs flanking each exon.
We applied a maximum flanking window cutoff of 5,000 bp measured from the start or
end of each Alu element to the start or end of each exon (taking the minimum distance)
with a minimum overlap of 1 bp. Inverted Alu pairs were defined as paired elements

lying on opposite strands.

Calculating enrichment of inverted repeats

We applied a flanking window cutoff ranging from 500bp to 5,000bp at 500 bp
increments, taken from each side of the exon, which we measured from the start or end
of each Alu element to the start or end of each exon (taking the minimum distance). We
used a minimum overlap of 1 bp therefore allowing Alu elements to fall partially outside
of flanking windows. We constructed 2 by 2 contingency tables with columns denoting

exon types: skippable and constitutive, and rows denoting Alu pairing types: inverted
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and non-inverted. For hominoid-specific Alus, we instead used rows indicating the
hominoid specificities within inverted Alu pairs (hominoid-specific and non-specific). In
the case of Alu subfamily enrichment, we further restricted rows to include at least one
member (Figure 1F and Figure 3D left) or both members (Figure 1F and Figure 3D
right) of the pair belonging to the specified Alu subfamily. We calculated p-values using
a one-tailed Fisher’s exact test and applied family-wise Bonferroni multiple-testing

correction.

Evaluating the importance of various exon and Alu features

We compared upstream and downstream Alu lengths, upstream and downstream Alu
distances to their flanked exon, intra-Alu distances, and exon lengths across exon type
and Alu inversion combinations. To account for overpowered comparisons, we adopted
a 10-fold randomized sampling of 1,000 pairs within each category, and compared
categories using scipy’s two-sample two-sided Kolmogorov—Smirnov (KS) test [79]

while adjusting p-values by applying the Bonferroni method.

Predicting RNA secondary structure and minimum free energy

We extracted strand-specific RNA sequences for Alu pairs (referred to as Alu 1 and Alu
2) spanning the start of Alu 1, through the intervening flanked exon, and extending until
the end of Alu 2 using bedtools getfasta -s with human reference genome hg38 (Figure
2A). We split the resulting FASTA file into files of 100 sequences each using split
--suffix-length=6 -d -l 200 to facilitate parallel processing. We ran RNAfold [55,56]
(v2.5.0) using default parameters on each file and extracted predicted MFE values for

each sequence. We generated a set of size-matched random genic sequences for each
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exon type and Alu pair inversion sequence set for an appropriate baseline. In other
words, for every Alu1-exon-Alu2 sequence in our sets of interest, we chose a region of
the same length within refGene gene regions [80] (vGCA_000001405.15) using
bedtools shuffle -incl <refGene_TXT> -g <hg38_FASTA> -i
<exon_type alu_inversion BED>. For 1kb windows, RNAfold processing of all
sequences of interest completed successfully, whereas for 2kb and 5 kb windows, a
small fraction (0.13%-0.21%) of sequence runs failed and did not produce MFE values.
Likewise, for the random sets of sequences, a small fraction (0.24%) of sequence runs
failed as well. To account for the increased structural stability observed for longer RNA

sequences, we scaled MFE scores according to sequence length (

S
- —£_* 100) [81]. Since these experiments were overpowered and all
length

p-values were extremely significant, we chose to report effect sizes as measured by

Cohen’s d instead.
Assigning tissue-specific PSI

We downloaded percent spliced-in annotations for human exons from the ASCOT
alternative splicing catalog which cover 563 GTEXx tissues and 3 additional retinal tissues
[59]. When plotting the minimum tissue PSI, we excluded exons with a minimum PSI <
10% across all 56 tissues and those with a minimum tissue PSI > 90% to remove exons

at the extremes of exclusion and inclusion within particular tissues.

Defining exon strength
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We computed exon definition scores for both 3’ acceptor and 5’ donor splice sites using
the maxentpy Python library implementation of MaxEntScan [82,83]. We labeled exons
according to their 3' acceptor splice site score followed by their 5' donor splice site
score, where a score greater than 8 was defined as strong (S) and a score < 6 was

defined as weak (W) in line with previous studies [57].

RNA editing burden

We downloaded hg38 RNA editing sites from REDIportal [84] which we converted to a
BED file. We overlapped editing sites with Alu pair sequences in Python using

pybedtools [85].

Motif enrichment analysis

We performed differential motif enrichment analysis using the Docker image of SEA [86]
(v5.5.5) on sequences of inverted Alu pairs flanking skippable exons defined by weak 3’
acceptor and strong 5' donor (WS) splice sites. Sequences containing exons with a
median PSI < 50% across all tissues in ASCOT were used as primary sequences,
whereas those with a median PSI > 50% across tissues were used as control
sequences (x-axis of Figure 2F). Enriched motifs were compared to those discovered in
median PSI > 50% primary sequences using median PSI < 50% sequences as controls
(y-axis). P-values were calculated by SEA using Fisher’s exact test and adjusted using
the Benjamini—-Hochberg procedure. When multiple motifs were reported for the same
RNA binding protein, p-values were combined using Fisher’'s method. Known motifs
were curated from the ATtRACT RNA binding protein motif database [87] by selecting

position weight matrices from Homo sapiens in which the target gene was not mutated.
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We used the chen2meme utility from the MEME Suite [88] to convert the motif database

file to a format that is compatible with MEME Suite tools.

Identifying hominoid-specific transposable elements

We identified hominoid-specific transposable elements using an approach inspired by
Tang et al.’s human-specific mobile element detection pipeline [68]. We extracted the
genomic coordinates of each transposable element’s insertion site annotated in the
human reference genome (version GRCh38.p12), mainly focusing on retrotransposons
including LINEs, Alus, and SVAs. We then compared these genomic regions to the
orthologous regions of the genomes of four hominoid species and six non-hominoid
primates, using the web version of UCSC LiftOver [89]. We opted to apply lenient
selection criteria to prioritize finding as many hominoid-specific transposable elements
as possible, rather than potentially filtering out candidates due to limitations in existing
annotations. Transposable elements were considered to be hominoid-specific if their
insertion sites were present in at least three hominoids but were absent in all
non-hominoid primates. We assigned the hominoid group to include human (hg38),
chimp (panTro6), gorilla (gorGor6), orangutan (ponAbe3), and gibbon (nomLeu3). The
non-hominoid group consisted of rhesus (rheMac10), crab-eating macaque (macFas5),
baboon (papAnu4), green monkey (chlSab2), marmoset (calJac4), and squirrel monkey
(saiBol1). We defined hominoid-specific Alu pairs as those pairs that include at least

one hominoid-specific Alu element.

Calculating Alu density across human chromosomes
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To determine the total and hominoid-specific Alu density across human chromosomes,
we calculated the length of each Alu element and summed these lengths to obtain the
total length of Alu sequences per chromosome. We then calculated the Alu density by
dividing the summed Alu length by the corresponding chromosome length. The
coverage ratio was subsequently obtained by dividing the hominoid-specific Alu density

by the total Alu density.

Exon ontology analysis and GO Molecular Function analysis

Exon ontology analysis was performed on the set of skippable exons flanked by
hominoid-specific inverted-repeat Alu pairs using the Exon Ontology database [90]. As
Exon Ontology relies on the hg19 genome build, genomic coordinates were converted
to human hg19 using the web version of UCSC LiftOver. Genes containing skippable
exons that were included in the exon ontology feature with statistical significance were
used to perform Gene Ontology Molecular Function analysis using the web-based tool,
EnrichR [90-93]. Significant results for the exon ontology analysis and the gene

ontology analysis were reported (Benjamini-Hochberg adjusted p-value < 0.05).

Selecting and validating candidate inverted Alu pairs

We selected twenty putative inverted Alu-mediated exon skipping events, spanning a
broad range of exon inclusion levels (50-99%) as reported in ASCOT [59]. Each event
was manually verified using the UCSC Genome Browser to confirm the presence of at
least one hominoid-specific Alu element flanking the skippable exon and the presence
of transcript isoforms lacking the candidate exons in the GENCODE V47 track (Figure

4A and Figure S5). From these, we selected nine exons for further experimental


https://paperpile.com/c/COPHaJ/fejfK
https://paperpile.com/c/COPHaJ/fejfK+uMm3K+ywxSH+qdSTU
https://paperpile.com/c/COPHaJ/QAPLC
https://doi.org/10.1101/2025.03.07.642063
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.07.642063; this version posted March 11, 2025. 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.

validation. We also included two additional exon candidates located in CEP290 that
were not present in the original stringent skippable exon sets, but were flanked by
hominoid-specific Alu pairs and had associated skipped isoform track annotations. In
total, ten genes encompassing 11 exon skipping events passed the selection criteria for

experimental validation (Supplementary Table 2).

Approximately 1x10*5 human fibroblasts and Vero cells (CCL-81, adult African green
monkey) were seeded in 12-well plates with DMEM medium (Gibco Laboratories,
Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum (Gibco) and 1X
MEM Non-Essential Amino Acids Solution (Thermo Fisher Scientific). To
comprehensively capture alternative splicing isoforms, cells were treated with the
nonsense-mediated decay inhibitor cycloheximide (CHX) at 100 ug/mL for 6 hours prior
to RNA extraction. Total RNA was isolated using the PureLink RNA Mini Kit (Invitrogen),
with concentration and quality assessed using a NanoDrop OneC (Thermo Fisher
Scientific). cDNA was generated via reverse transcription with SuperScript IV VILO
Mastermix (Thermo Fisher Scientific) following the manufacturer's protocol (25°C for 10

min, 50°C for 10 min, 85°C for 5 min).

RT-PCR validation of inverted Alu-mediated exon skipping was performed using
KAPA2G Robust HotStart ReadyMix (KK5702; KAPA Biosystems). The cycling program
consisted of: 95°C for 5 min; 35 cycles of 95°C for 30 sec, 60°C for 30 sec, and 72°C for
30 sec; a final 72°C extension for 30 sec; and hold at 4°C. RT-PCR products were
analyzed by 2% agarose gel electrophoresis. Exon skipping bands with the expected

size were excised, extracted (PureLink Quick Gel Extraction, Invitrogen), and confirmed
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by either Sanger sequencing or Amplicon-EZ (Azenta, Inc.). Validation primer

sequences can be found in Supplementary Table 3.

Enrichment of inverted Alus flanking circRNA

We tested for the enrichment of inverted Alu pairs within the flanks of circRNA using
known human circRNAs [94], reference Alus [77], and hominoid-specific Alus that we
identified in this study. Intergenic regions were extracted and randomized to match the
length distribution of the circRNA annotations, using the shuffling method implemented
in regioneR [95]. We assigned each Alu element to its closest randomized region
located either upstream or downstream. To identify regions containing inverted Alus, we
selected regions containing Alu elements in both their upstream and downstream flanks
lying on opposite strands within windows of size 1,000 bp, 2,000 bp, and 5,000 bp. This
process was repeated for 10,000 iterations to ensure robust randomization. The number

of randomized regions containing inverted Alu pairs was used for analyses.

Abbreviations

circRNA: circular RNA

W: weak

S: strong

SS: strong 3' acceptor splice site, strong 5’ donor splice site

SW: strong 3’ acceptor splice site, weak 5’ donor splice site
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WS: weak 3" acceptor splice site, strong 5’ donor splice site

WW: weak 3' acceptor splice site, weak 5’ donor splice site

PSI: percent spliced-in
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