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Alternative splicing plays a major role in shaping tissue-specific transcriptomes. Among the broad tissue types present in
metazoans, the central nervous system contains some of the highest levels of alternative splicing. Although many document-
ed examples of splicing differences between broad tissue types exist, there remains much to be understood about the splicing
factors and the cis sequence elements controlling tissue and neuron subtype-specific splicing patterns. By using translating
ribosome affinity purification coupled with deep-sequencing (TRAP-seq) in Caenorhabditis elegans, we have obtained high cov-
erage profiles of ribosome-associated mRNA for three broad tissue classes (nervous system, muscle, and intestine) and two
neuronal subtypes (dopaminergic and serotonergic neurons). We have identified hundreds of splice junctions that exhibit
distinct splicing patterns between tissue types or within the nervous system. Alternative splicing events differentially reg-
ulated between tissues are more often frame-preserving, are more highly conserved across Caenorhabditis species, and are en-
riched in specific cis regulatory motifs, when compared with other types of exons. By using this information, we have
identified a likely mechanism of splicing repression by the RNA-binding protein UNC-75/CELF via interactions with cis
elements that overlap a 5 splice site. Alternatively spliced exons also overlap more frequently with intrinsically disordered
peptide regions than constitutive exons. Moreover, regulated exons are often shorter than constitutive exons but are flanked
by longer intron sequences. Among these tissue-regulated exons are several highly conserved microexons <27 nt in length.
Collectively, our results indicate a rich layer of tissue-specific gene regulation at the level of alternative splicing in C. elegans

that parallels the evolutionary forces and constraints observed across metazoa.

[Supplemental material is available for this article.]

Alternative precursor mRNA (pre-mRNA) splicing is a critical layer
of gene expression in multicellular animals and plays a key role in
increasing the functional diversity of proteins within an organism.
Indeed, a significant fraction of multiexon genes undergo alterna-
tive splicing, with higher frequencies reported across vertebrates
(Pan et al. 2008; Wang et al. 2008; Barbosa-Morais et al. 2012;
Merkin et al. 2012) in comparison to invertebrate model organisms
such as the nematode Caenorhabditis elegans and the fruit fly
Drosophila melanogaster (Gerstein et al. 2010; Brown et al. 2014).
Splice isoforms are often differentially expressed across tissues
and/or during development (for select examples, see Pan et al.
2008; Wang et al. 2008; Gerstein et al. 2010; Ramani et al. 2011;
Brown et al. 2014). As such, it remains an important goal to iden-
tify the repertoire of splice variants that help define cell- and tis-
sue-specific functions in multicellular animals.

The relevance of alternative splicing in establishing proteo-
mic diversity is especially reflected in the nervous system.
Given its cellular complexity, the nervous system displays elevat-
ed levels of tissue-specific splicing that are also conserved
throughout vertebrate evolution (Xu et al. 2002; Yeo et al.
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2004; Barbosa-Morais et al. 2012; Merkin et al. 2012). More re-
cently, transcriptome profiling in specific neuronal subtypes
has revealed an even greater degree of transcript diversity gener-
ated by alternative splicing (Wamsley et al. 2018; Wang et al.
2018; Furlanis et al. 2019; Saito et al. 2019). Alternative splicing
in the nervous system regulates an array of physiological events
and properties, such as neurogenesis, neuronal migration, synap-
tic plasticity, and ion channel kinetics, and contributes to the
diversity needed to fine-tune the exact activity of neurons (Ule
and Darnell 2006; Norris and Calarco 2012; Raj and Blencowe
2015; Vuong et al. 2016). Alternative splicing must be tightly reg-
ulated, especially in coding sequences, to give rise to functional
proteins. Splice site selection and tissue/developmental specific-
ity are established by auxiliary trans-acting proteins and cis-acting
sequence elements, which are primarily RNA-binding proteins
(RBPs) and their cognate motifs, respectively (Lee and Rio
2015). Collectively, these elements direct the assembly and activ-
ity of the spliceosome and are often referred to as the “splicing
code” (Wang and Burge 2008).

Although significant progress has been made in understand-
ing the combinations of features enabling the accurate prediction
of splicing outcomes (Barash et al. 2010; Zhang et al. 2010; Xiong
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Tissue-specific alternative splicing in C. elegans

et al. 2015; Baeza-Centurion et al. 2019; Jaganathan et al. 2019),
our understanding of the splicing code remains incomplete. This
fact is not surprising given that alternative splicing is regulated
in a combinatorial manner, with multiple cis elements and/or mul-
tiple RBPs cooperating or antagonizing each other to generate
splicing outcomes (Fu and Ares 2014). Additionally, the inclusion
of tissue, cell, and developmental contexts is required in order to
accurately predict splicing outcomes, as a number of RBPs vary cor-
respondingly in expression patterns and as the majority of alterna-
tive splicing events are tissue and developmentally regulated
(Gerstberger et al. 2014).

Thenematode worm C. elegans possesses multiple tissue types,
including a well-differentiated nervous system estimated to con-
tain at least 118 distinct neuronal subtypes, including the major
neurotransmitter-releasing classes found in vertebrates (White

Results

Tissue-enriched transcript data identifies splice junctions not
identified in whole-animal profiling data

We have successfully adapted the TRAP technique (Heiman et al.
2008) for use in C. elegans and coupled it with deep-sequencing
(TRAP-seq) (Gracida and Calarco 2017). In this technique, a green
fluorescent protein (GFP) tagged ribosomal subunit protein, RPL-
1, is expressed under the control of tissue- or cell-specific promot-
ers (Fig. 1A). Whole-animal lysates are then prepared in the pres-
ence of cycloheximide, arresting ribosomes on mRNAs that are
being actively translated. Ribosomes and their associated mRNAs
are then immunoprecipitated from the lysate via the GFP tag,
thus enriching for transcripts present in the original cell types ex-
pressing the GFP-tagged ribosomal protein. We used TRAP-seq to

et al. 1986; Hobert 2010). Moreover, C.
elegans has served as an excellent model
system to study the mechanisms govern-
ing alternative splicing regulation (Zahler
2012; Gracida et al. 2016; Wani and
Kuroyanagi 2017). Recent investigations
harnessing the tractability of this organ-
ism have focused on whole-animal or tis-
sue-enriched transcriptome sequencing
approaches to explore changes in post-
transcriptional gene regulation during
development and aging (Barberan-Soler
and Zahler 2008; Barberan-Soler et al.
2009; Gerstein et al. 2010; Ramani et al.
2011; Blazie et al. 2015, 2017; Ragle et
al. 2015; Kaletsky et al. 2018; Kotagama
et al. 2019; Warner et al. 2019; Li et al.
2020; Roach et al. 2020). However, it still
remains unclear how splicing in C. ele-
gans is regulated at the level of tissues,
in particular at the resolution of
specific neuronal subtypes. A better un-
derstanding of these mechanisms will re-
quire the systematic search for features
of alternative splicing events, explora-
tion of the evolutionary dynamics of
splice isoform usage, and tools for
the unbiased identification of splicing
regulators.

To address these questions, we per-
formed a genome-wide analysis of alter-
native splicing in C. elegans using broad
tissue-specific and neuronal subtype-
specific ribosome-associated mMRNAs
obtained by the translating ribosome af-
finity purification (TRAP) approach cou-
pled with deep-sequencing (TRAP-seq)
(Gracida and Calarco 2017). By using
these data, we sought to determine the
extent to which TRAP enriched tissue-
specific and neuron subtype-specific
splice junctions are undetected in
whole-animal data. Additionally, we
aimed to examine these events for dis-
tinct sequence and conservation features
that may delineate mechanisms of splic-
ing regulation.
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Figure 1. TRAP-seq identifies tissue-enriched junctions not found in whole-animal data. (A)
Experimental outline for TRAP-seq approach. Animals expressing a GFP-tagged ribosomal protein are
lysed in the presence of cycloheximide, and lysates are immunoprecipitated with anti-GFP antibodies, en-
riching for ribosome-associated mRNAs. cDNA libraries are prepared and then sequenced. (B) TRAP strains
used in the present study, with reference gene listed from where promoters were cloned, as well as broad
tissues or neuron subtypes for which mRNA profiles were obtained using TRAP-seq. (C) Number of tissue-
specific splice junctions from each TRAP-seq IP sample that are absent from our whole-animal input con-
trol transcriptomes over increasing read count support thresholds. (D, left) Comparison of our whole-an-
imal input control transcriptome data and RNA compendium data curated by Tourasse et al. (2017). PSI
values for all input junctions and corresponding RNA compendium junctions are shown in the heatmap.
Pearson correlation coefficient, R=0.91, P<2.2 x 107'6. (Right) PSl values of alternatively spliced tissue-
specific junctions with at least 20 supporting reads, and corresponding PSI values in the RNA compendi-
um. White indicates cases in which no reads were detected in a particular sample.
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obtain high coverage mRNA repertoire measurements from C. ele-
gans fourth-larval-stage (L4) animals for three broad tissue classes
—neurons, muscle, and intestine—and two neuronal subtypes—
dopaminergic and serotonergic neurons (Fig. 1B). Two biological
replicates of TRAP-enriched mRNA and matched whole-animal
mRNA (represented by mRNA purified from our lysates before im-
munoprecipitation) were collected from each transgenic strain. In
total, over 2 billion uniquely mapped reads were aligned across all
data sets, with summed coverage for each tissue-enriched or cell
type—enriched transcriptome ranging from over 100 million to
over 300 million reads (Supplemental Fig. S1).

We first mapped our TRAP-seq reads to the C. elegans genome
and to existing gene models (for details, see Methods) and identi-
fied all aligned reads supporting annotated splice junctions, as well
as high-confidence unannotated splice junctions. In total, we de-
tected 145,811 splice junctions supported by at least five read
counts across all samples (Supplemental Table S1). We next inves-
tigated whether our tissue-enriched mRNA populations enabled
the detection of splice junctions that are absent owing to dilution
in our whole-animal transcriptome data. In each tissue or cell type,
we detected between approximately 1400 and over 6000 splice
junctions supported by at least five reads that were absent from
our whole-animal transcriptome data sets (Fig. 1C). Even when re-
quiring that tissue-enriched splice junctions be supported by more
than 20 reads, we still identified a total of 5577 nonredundant
splice junctions not detected in our whole-animal data, spanning
1396 genes (Fig. 1C).

We next asked whether our tissue-enriched splice junctions
were detected in whole-animal samples upon pooling a larger
number of transcriptome data sets. To perform this analysis, we
used a previously published RNA-seq compendium of reproduc-
ibly expressed splice junctions in C. elegans, assembled from
1682 publicly available RNA-seq experiments (Tourasse et al.
2017). Each splice junction has an associated percent spliced in
(PSI) value, which is a measure of the frequency of each splice junc-
tion relative to other junctions sharing the same splice donor or ac-
ceptor sites (for details, see Methods). This schema for calculating
the PSI value was applied to our data in order to compare our mea-
surements with the RNA-seq compendium.

Both our whole-animal splice junction PSI value measurements
and those of the RNA-seq compendium were strongly correlated, de-
spite being derived from different data sets (r=0.91, Pearson correla-
tion coefficient) (Fig. 1D; left panel). However, when comparing our
TRAP-seq tissue-enriched and cell type-enriched splice junctions
supported by at least 20 counts with the RNA-seq compendium,
we observed that ~45% of these splice junctions are not detected
in the RNA-seq compendium (Fig. 1D; right panel). We also asked
whether the tissue-enriched splice junctions show distinct splicing
patterns across tissues. We detected 2511 splice junctions with evi-
dence of alternative splicing (where a minor splice variant must
have a PSI value >5%) (Fig. 1D; right panel). Many of these splice
junctions are not rare variants owing to their high PSI values and
also display differentially regulated splicing patterns across tissues
(Fig. 1D; right panel). Taken together, these results show that our
TRAP-seq tissue-enriched mRNA profiles reveal splice junctions
that are difficult to detect in whole-animal transcriptomes.

Independent validation of TRAP-seq measurements using in vivo
two-color splicing reporters

We next sought to validate our TRAP-seq measurements through
the use of an independent approach. We used a new two-color

fluorescent splicing reporter based on previous design strategies
(Fig. 2A; Kuroyanagi et al. 2010; Norris et al. 2014). Specifically,
these two-color reporters are designed to include an alternative
exon of interest and its flanking introns and exons (referred to as
aminigene). Upstream of the minigene is the promoter that drives
the tissue-specific expression of the fluorescent markers.
Downstream from the minigene, we inserted sequences encoding
enhanced GFP (EGFP) or the red fluorescent protein mCherry,
each translated in separate reading frames. The alternative exon
in the minigene is then engineered to switch between both read-
ing frames, such that when the alternative exon is skipped, EGFP
is translated, and, when the exon is included, mCherry protein is
produced (Fig. 2A). A similar frame-shifting strategy is applied to
monitor alternative 5 and 3’ splice site selection events
(Supplemental Fig. S2A).

Additionally, our reporter included 2A peptide sequences up-
stream of each fluorescent protein to cleave away upstream pep-
tides translated from the minigene exons (Ahier and Jarriault
2014). Finally, two nuclear localization signals (SV40 and EGL-
13) (Lyssenko et al. 2007) were included at the N and C termini
of each fluorescent protein to concentrate signal in the nucleus
of each cell expressing the reporter. With this combined set of de-
sign features, these reporters enable the visualization of alternative
splicing patterns by fluorescence microscopy in vivo and at single-
cell resolution.

Our TRAP-seq data set was analyzed for splicing events that
showed switch-like splicing patterns (a change in PSI value, or
APSI, of >80%) between the broad tissue types. Four such events
were cloned into our two-color reporters (minigene sequences sur-
rounding hlb-1 exon 12, fhod-1 exon 8, zoo-1 exon 9, and ampd-1
exon 15), and expression of these reporters was driven under the
control of neuronal, body-wall muscle, or intestinal promoters
(for details, see Methods) (Fig. 2B,C; Supplemental Fig. S2; see
Fig. 7A). In all cases tested, we observed agreement between fluores-
cent reporter patterns in vivo and our TRAP-seq measurements
across tissues (Fig. 2B,C; Supplemental Fig. S2). We additionally
monitored the splicing patterns of exon 7 in the adr-1 gene and
exon 11 in mlk-1. These splicing events were identified by TRAP-
seq as differentially regulated between serotonergic and dopami-
nergic neurons or between the neuronal subtypes and the rest of
the nervous system, respectively. Again, our fluorescent reporter
signals agreed with the TRAP-seq measurements (Fig. 2D; Supple-
mental Fig. S2). Including these reporters, a total of 14 two-color re-
porters were tested, and 11 reporters displayed patterns consistent
with TRAP-seq measurements (Supplemental Table S2).

Taken together, although our TRAP-seq analysis and two-col-
or reporters assess splicing patterns through different means, their
general correlation strongly suggests that our TRAP-seq measure-
ments can detect regulated splicing patterns.

TRAP-seq identifies tissue-biased and neuronal subtype-biased
splicing patterns

We next used the MAJIQ software package (Vaquero-Garcia et al.
2016) to identify all the alternative splicing events (defined by
MAJIQ as local splicing variation) in each TRAP-seq tissue tran-
scriptome and all the tissue-differential splicing events within ev-
ery pair of broad tissue types (muscle, intestine, neurons) and
within the nervous system (neurons, dopaminergic neurons, sero-
tonergic neurons; for details, see Methods) (Fig. 3). In total, we
identified 2953 alternative splicing events in 2196 genes across
all tissues. These alternative splicing events are distributed across
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Figure 2. Validation of TRAP-seq measurements with two-color splicing reporters. (A) Schematic of the two-color splicing reporter architecture. A mini-
gene, comprising an alternatively spliced cassette exon (yellow) with flanking introns and flanking constitutive exons (blue), is cloned upstream of GFP and
mCherry (RFP) ORFs. The alternative exon is engineered to include an extra nucleotide (+1) to shift reading frame. The ORFs differ in reading frame resulting
in the expression of RFP upon inclusion of the cassette exon, whereas skipping of the exon leads to the expression of GFP. Cleavage at the 2A peptides and
nuclear localization sequences (NLSs) ultimately leads to free fluorescent reporter proteins to accumulate in the nucleus. (B) Fluorescence microscopy of
splicing reporter expressed in neurons and muscle cells monitoring a splicing event in the hlb-1 gene. Top labels indicate gene, alternatively spliced
exon, and splicing class; bottom labels indicate predominant color expected in reporter for a particular tissue (larger-size green or purple square) from mea-
sured PSI values from TRAP-seq data. Scale bar, 20 um. (C) Same as in B, with splicing reporter expressed in intestine and muscle cells monitoring splicing
event in fhod-1 gene. Scale bar, 20 um. (D) Same as in Band C, with splicing reporter expressed in dopaminergic (CEP and ADE) and serotonergic (NSM)
neurons monitoring splicing event in adr-1 gene. Scale bar, 20 um.
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five major classes: cassette type (exon skipping), alternative 3’ or
5’ splice site usage, alternative start or terminal exons, intron reten-
tion, and mutually exclusive splicing (Fig. 3A; Supplemental Fig.
S3; Supplemental Table S3). We also identified splicing events
that we classified as “complex” (Fig. 3A; Supplemental Fig. S3).
This latter class represents splice junctions making use of more
than one mode of splicing, as well as accounts for ~10%-15% of
all forms of alternative splicing in a particular tissue or cell type.
As described previously for whole-animal transcriptome data
(Ramani et al. 2011), the predominant class of alternative splicing

in any given tissue in C. elegans is alternative 3’ or 5’ splice site
usage (Fig. 3A).

Moreover, our analysis of tissue-biased alternative splicing
identified 871 differentially regulated splicing events in 689 genes
across tissues and the two neuronal subtypes (Fig. 3B;
Supplemental Table S4). Again, all major classes of splicing were
represented among the set of differentially regulated alternative
splicing events (Fig. 3B; Supplemental Table S3). However, com-
plex splicing events represent a much larger proportion of tissue-
differential splicing compared with the distribution of possible
splicing modes in a given tissue or
cell type (Fig. 3, cf. A and B). For exam-
ple, in the three broad tissue pairwise
comparisons, complex splicing events
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portions of high-confidence alternative splicing events separated into five canonical splicing classes (list-
ed in legend on the right), as well as the “complex” category comprising multiple splicing events
occurring within the same gene region. Proportions in each tissue are displayed. (B) Relative proportions
of alternative splicing events that show tissue-differential splicing outcomes between any two broad tis-
sue or neuronal-subtype comparisons. Splicing events are grouped and colored by their class of splicing
as in A. (C) Heatmaps displaying cassette, alternative 3'/5" splice site, or alternative start/terminal exon

splicing events that differ in PSI value by a minimum of 20%, between at

sues/cell types. (Left) Broad tissue-specific splicing differences; (right) neuron-specific and neuro-sub-
type-specific splicing differences. (D) Venn diagrams representing overlap and grouping of events
from heatmaps in C. Diagrams highlight splicing events that are differentially regulated between broad
tissues (top diagram) or between neurons and neuronal subtypes (bottom diagram). (E) Heatmaps show-
ing pairwise Pearson correlation values of PSI measurements for each of the broad tissue comparisons (top

panel) and nervous system versus subtype comparisons (bottom panel).

ences between these neuromodulatory
cells and the broad nervous system
samples (Fig. 3D). Accordingly, splicing
patterns were correlated between muscle
and intestinal cells (r=0.63) and be-
tween dopaminergic and serotonergic
neurons (r=0.65), but very little correla-
tion was observed between these tissues
and neuron subtypes with the broad ner-
vous system (r from -0.04 to 0.07)
(Fig. 3E).

least two of the three tis-

1770 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267328.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267328.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267328.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267328.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267328.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267328.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267328.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.267328.120/-/DC1

Tissue-specific alternative splicing in C. elegans

Taken together, these results indicate that tissue-regulated
splicing represents a substantial and complex layer of gene expres-
sion in C. elegans. Moreover, regulated splicing plays a particularly
important role in shaping the transcriptome of the nervous sys-
tem, including the fine-tuning of transcript variants expressed in
dopaminergic and serotonergic neurons.

Expression level differences and splicing pattern differences
between tissues involve largely distinct sets of genes

Splicing differences and steady-state mRNA differences between
cell and tissue types are thought to have evolved on largely distinct

sets of genes (Pan et al. 2004). To test this possibility in our tissue-
specific transcriptome data, we performed a reciprocal clustering
analysis of genes with differential expression or splicing patterns
(Fig. 4A,B).

First, we identified all genes that were both differentially ex-
pressed between pairs of tissues and contain one or more alterna-
tive splicing events (13% of all differentially expressed genes; see
Methods). After clustering genes by their differential expression
patterns, we observed no obvious trends with splicing differences
in the same genes (Spearman’s rho values between —0.01 and 0.04,
P>0.3) (Fig. 4A). Similarly, genes with tissue-differential splicing
events were clustered according to their PSI value (Fig. 4B).
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Figure 4. Tissue-regulated splicing and steady-state level differences are enriched in nonoverlapping
gene sets. (A, left) Genes with significant steady-state transcript level differences clustered by their
log,-transformed fold change over median ratios. (Right) PSI value measurements for alternative splicing
events in the same genes ordered according to panel on the left. (B, left) Genes with tissue-regulated splic-
ing patterns clustered by their respective PSI value measurements. (Right) The log,-transformed fold
change over median ratios for the same genes with splicing differences, ordered according to panel
on the left. (C) Gene Ontology (GO) enrichment analysis of genes with steady-state transcript level dif-
ferences from heatmap in A. Overrepresentation analysis was performed applying Bonferroni correction
for multiple testing. Significantly enriched biological processes with corrected P-values <0.05 are shown.
The enrichment ratio is the proportion of the number of genes in the sample set versus the number of
genes in the background set for each GO category. Top 25 GO terms are listed. Full list is available in
Supplemental Table S6. (D) GO enrichment analysis of genes with tissue-regulated splicing events

from heatmap in B. Analysis is as described in C.

Again, there was no obvious correlation
between splicing patterns and steady-
state RNA level differences (Spearman’s
rho values between -0.04 and -0.01,
P >0.3) (Fig. 4B). We observed similar
patterns in comparisons between the
nervous system and neuronal subtypes
(Supplemental Fig. $4).

Consistent with these analyses
above, the top overrepresented GO cate-
gories for genes with tissue-differential
splicing patterns and genes with tissue-
differential expression levels were some-
what distinct (Fig. 4C,D). A wide range
of biological processes are enriched in
differentially expressed genes within
the broad tissues, whereas differentially
spliced genes are enriched in vesicle
transport, actin kinetics, ion channel ac-
tivity, and muscle/neuron differentia-
tion (Fig. 4C,D; Supplemental Table S6).
Taken together, our results indicate that
regulated alternative splicing has con-
tributed to tissue and cell type diversifi-
cation by influencing a distinct set of
genes compared with those regulated at
the level of steady-state abundance.

Tissue-regulated exons and their
surrounding sequences are highly
conserved across Caenorhabditis species

Previous studies of tissue-regulated ex-
ons in vertebrates have shown that se-
quences flanking these exons tend to
be more highly conserved (Sugnet
et al. 2006; Fagnani et al. 2007). Thus,
we next assessed whether tissue-regulat-
ed exons and their flanking introns and
exons (exon triplets) were more likely to
be conserved across the phylogeny of
several Caenorhabditis species (Fig. 5A).
For this analysis, we focused on compar-
ing all cassette-type tissue-regulated ex-
ons with two other groups of exon
triplets (composed of three exons and
two introns). One group consisted of
constitutively spliced events, in which
three sequential exons are always
spliced into mRNA transcripts. The
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Figure 5. Alternative and tissue-regulated splicing are associated with increased conservation patterns.
(A, left) Phylogenetic tree of Caenorhabditis species used in alignments. (Right) Splicing events were
separated into three classes of exon triplets: constitutive exons, non-tissue-regulated alternative exons,
and tissue-regulated alternative exons. Table shows number of exon triplets in each group and their con-
servation across the phylogeny. (B) Graph of percentage of conserved exon triplets for non-tissue-differ-
ential alternative exons (light blue bars) and tissue-differential alternative exons (gold bars) between
C. elegans and other Caenorhabditis species of varying divergence. (*) P-value<0.02, Fisher’s exact
test. (C) Plot of average phyloP score (rolling 3-nt average) over first 23 nt (left) and last 23 nt (right)
of the upstream intron flanking the internal exon of the exon triplets described in panel A. (D) Same
as in C, but plots of the average phyloP score for the downstream intronic regions.

other group consisted of non-tissue-regulated alternative exons
and their flanking sequences, for which our TRAP-seq measure-
ments suggest the alternative exons show little or no tissue-spe-
cific splicing differences. Collectively, our analysis included 113
tissue-regulated exons, 277 non-tissue-regulated exons, and 467
constitutive exons for comparison (for details, see Methods)
(Fig. 5A).

Multiple sequence alignments of C. elegans exon triplets were
performed with syntenic sequences from six species in the Caeno-
rhabditis genus: Caenorhabditis briggsae, Caenorhabditis remanei,
Caenorhabditis tropicalis, Caenorhabditis brenneri, Caenorhabditis ja-
ponica, and Caenorhabditis angaria (Fig. 5A). First, we investigated
the degree of conservation of exon triplets from each group of
splicing events, defined by the presence of all three exons and
alignment of the splice sites surrounding these exons. As expected,
we see a decrease in the number of conserved exon triplets as evo-
lutionary divergence from C. elegans increases (Fig. 5A). We next
calculated the percentage of conservation of exon triplets between
C. elegans and the other species, excluding genes that had no clear

nucleotide position relative to exon
(center of 3-nt window)

Tissue-regulated alternative exons

sure to preserve these elements would in-
crease conservation in the intronic
regions surrounding alternative exons
compared with analogous regions flank-
ing constitutive exons. We investigated
this characteristic by measuring average
conservation in introns on an individual
nucleotide level across the seven species
described above using the program
phyloP (Pollard et al. 2010). We focused
on the 23 nt adjacent to each splice site,
because this length would still partition
our smallest introns (~40 nt in length)
into 8 and 3’ halves. By comparing
phyloP scores of 23 nt adjacent to each
splice site, we observed increased sequence conservation sur-
rounding alternative exons compared with constitutive exons
(Fig. 5C,D). This increased conservation was particularly apparent
in the splice sites and neighboring regions immediately adjacent
to the alternative exons (comparing constitutive exons with
both classes of alternative exons, at 3’ end of upstream intron or
5 end of downstream intron; P-values<2.2x107'¢, Wilcoxon
signed-rank test) (Fig. SC,D). Moreover, the intronic regions imme-
diately flanking tissue-regulated alternative exons were signifi-
cantly more conserved than the corresponding sequences
flanking non-tissue-regulated exons (3’ end of upstream intron,
P-value<2x107% 5 end of downstream intron, P-value<2.2 x
106 Wilcoxon signed-rank test) (Fig. 5C,D).

Taken together, these data suggest that the intronic regions
surrounding alternative exons are considerably more conserved
than analogous sequences in constitutive exons. Moreover, the ex-
tended conservation required for regulation of tissue-specific ex-
ons likely creates selection pressure to preserve neighboring
exon-intron architecture across evolutionary timescales.
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Alternative and tissue-regulated exons are enriched in motifs
recognized by RBPs

Previous studies in C. elegans have shown that sequence enrich-
ment search strategies can be effective at identifying candidate
splicing regulatory signals (Kabat et al. 2006; Ramani et al.
2011). We used hypergeometric optimization of motif enrichment
(HOMER) (Heinz et al. 2010), which can detect enriched motifs in
a given list of sequences relative to a background list of sequences.
We first compared sequences spanning alternative cassette exons
and flanking introns to equivalent sequences surrounding consti-
tutively included exons (Fig. 6A). The resulting enriched sequences
yield several expected motifs previously identified (Kabat et al.
2006; Ramani et al. 2011) and recognized by characterized RBPs,
including FOX-1/Rbfox and the muscle-specific regulator SUP-12
(an ortholog of Rbm24 and Rbm38),

which have both been implicated in al-

ternative splicing regulation in C. elegans

We identified conserved UNC-75 consensus sequences over-
lapping the 5’ splice site in the intron downstream from alter-
native exon 9 of the zoo-1 gene (Fig. 7; Supplemental Fig. S5).
This gene encodes an ortholog of the zonula occludens tight junc-
tional protein ZO-2, a key protein involved in cell adhesion and
cell proliferation (Gonzélez-Mariscal et al. 2019). Our TRAP-seq
data identified that zoo-1 exon 9 is primarily excluded in neurons
and mostly included in muscle cells (Fig. 7A). We further validated
these patterns by coexpressing neuron and muscle promoter driv-
en zoo-1 two-color splicing reporters (Fig. 7A). Consistent with our
TRAP-seq measurements, when signal from both cell types are
imaged together, we detected significantly preferential inclusion
of exon 9 (mCherry) in muscle cells and more biased skipping of
exon 9 (GFP) in neuronal cells (Fig. 7B).
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Both our conservation analysis (Fig. 5) Figure 6. Enriched cis elements surrounding alternative exons and tissue-regulated alternative exons.

and motif enrichment analysis (Fig. 6) in-
dicated that tissue-regulated exons are
flanked by conserved and overrepresent-
ed sequence features, likely reflecting the
presence of critical cis elements. As such,
we next assessed whether these analyses
could prove useful in uncovering novel

splicing regulatory mechanisms. D. melanogaster.

(A) Enriched motifs identified when comparing all cassette-type alternative exons with constitutive ex-
ons. Top panel displays the regions compared (highlighted in yellow) spanning internal exon and flank-
ing introns. Enrichment P-values are listed to the /eft of the motifs as —logqo-transformed values (yellow—
red scale). Motifs are presented as sequence logos derived from cis elements observed in the data. The
percentage of sequences in the target group versus the background group are displayed to the right
of the motif logos (blue—yellow-red scale). If a sequence motif overlaps with a known consensus motif
for an RBP identified, the RBP is labeled as well as the species the consensus was derived from. (Hs)
Homo sapiens. (B) Same as in A, except target sequences are tissue-regulated alternative splicing events
and background sequences are non-tissue-regulated alternative splicing events. (Hs) Homo sapiens, (Dm)
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Given that UNC-75 is broadly expressed in the nervous sys-
tem (Loria et al. 2003), we speculated that it has a direct role in
blocking exon 9 inclusion through interaction with its cognate
cis elements. To test this hypothesis, we expressed a zoo-1 exon 9
splicing reporter in the nervous system of wild-type animals, ani-
mals lacking unc-75, or animals lacking asd-1, an unrelated RBP
that is also expressed in the nervous system. RT-PCR assays ampli-
fying both zoo-1 isoforms were then performed on total RNA col-
lected from these animals (Fig. 7C). Consistent with our
prediction, exon 9 is more highly included in the neurons of
unc-75 loss-of-function mutants compared with wild-type animals

A B

Prgef-1 (pan-neuronal promoter)

A+

Exono T Y Eonio B Grp |
~ Excluded
) isoform

Pmyo-3 (body-wall muscle promoter)
A+ A
Exond_ we BT g Exonto g IINGER N Included

-~ isoform

zoo-1 splicing reporter expressed
in neurons and muscle

>
muscle cells

(Fig. 7C). Mutants lacking asd-1 had splicing patterns similar to
wild-type animals, suggesting that loss of unc-75 has a specific ef-
fect on zoo-1 exon 9 alternative splicing (Fig. 7C). We next gener-
ated two-color splicing reporters with mutations targeting one or
both UNC-75 consensus sequences (Fig. 7D,E) and drove expres-
sion of these reporters specifically in neurons (Fig. 7F). When im-
aging the neuron-expressed reporters in the absence of any muscle
signal, the included isoform can now be detected with imaging set-
tings that would otherwise saturate signal in muscle cells. We next
quantified the total fluorescence signal through the head regions
of animals expressing wild-type and mutant reporters (Fig. 7F,G).
These experiments showed that muta-
tions in the first or second cis elements
increased the relative proportion of the
included isoform in neurons (Fig. 7F,G).
However, mutations targeting both cis el-
ements led to the maximum effect on
splicing, in which exon 9 is significantly
more included in most neurons (P-value
<0.01, Kruskal-Wallis rank sum test)
(Fig. 7F,G).

Taken together, these results indi-
cate that CELF proteins can act as repres-

neuronal cells
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wild-type 4 et al. 2010; Barbosa-Morais et al. 2012).
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mutant 2 exons, constitutive exons, and their sur-
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Figure 7. UNC-75/CELF represses inclusion of an exon by binding to cis elements overlapping a 5’
splice site. (A) Schematic of two-color reporters used for experiments. (Prgef-1) Promoter driving pan-
neuronal expression; (Pmyo-3) promoter driving body-wall muscle expression. (B) Fluorescence micros-
copy images of zoo-1 two-color reporter monitoring splicing of exon 9 in both neurons and muscle cells.
Neurons display increased exon skipping (green), whereas muscle cells primarily include the alternative
exon (purple). Scale bar, 20 um. (C) RT-PCR assay monitoring zoo-1 two-color splicing reporter ex-
pressed only in neurons in wild-type animals (lane 7), asd-1 mutants (lane 2), and unc-75 mutants
(lane 3). Primers are designed to amplify both exon 9 included (top band) and excluded (bottom
band) isoforms. (D, left) UNC-75 consensus motif derived from RNAcompete data (Ray et al. 2013).
(E, top) Schematic of 3’ end of zoo-1 exon 9 (underlined) and flanking downstream intron sequence.
Two UNC-75 consensus sequences overlapping the 5’ splice site are highlighted in blue. (Bottom)
Reporters with mutated UNC-75 consensus sequences (substitutions in red). (F) Fluorescence microsco-
py images of wild-type and mutant two-color zoo-1 reporters as described in E. Scale bar, 20 um. (G) Bar
graph displaying mCherry/GFP fluorescence intensity ratios for each zoo-1 splicing reporter. Each bar
represents mean ratio from five individual animals. Error bars, + 1 SD from the mean value. (*) P-value

<0.01, Kruskal-Wallis rank sum test.

rounding sequences.

First, we tested the frequency of in-
% ternal constitutive or alternative exons
to preserve the open reading frame—
specifically, if the exon is a multiple of
3 nt (Fig. 8A). Tissue-regulated alterna-
tive exons have been shown to have in-
creased selection pressure to be frame-
preserving in order to be included or
skipped in transcripts without causing
a shift in reading frame (Modrek et al.
2001). Consistent with these observa-
tions, we observe an increase in the fre-
quency of alternative exons to preserve
reading frame relative to constitutive ex-
ons (Fig. 8A). Frame preservation fre-
quency is further increased among the
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Figure 8. Features associated with alternative exons and tissue-regulated alternative exons. For panels
A-E, comparisons were made between constitutively spliced exons (pink), alternative exons (light blue),
and tissue-regulated alternative exons (gold). (A) Comparison of frequency of frame preservation (per-
centage of exons that are a multiple of 3 nt). (B) Frequency of exons overlapping with a UniProt con-
served protein domains. (C) The frequency of exons overlapping with predicted disordered regions in
proteins. (D) Distributions of the lengths of introns flanking internal exons from same comparison
groups. (E) Distribution of the lengths of exons. (4,C) Pearson’s chi-squared test: (*) P<0.01; (**) P<1
x1073; (***) P<1x107"°. (D,E) Wilcoxon rank-sum test: (*) P<0.05; (**) P<1x 107>,

tissue-regulated splicing events, in which ~80% of exons are mul-
tiples of three.

We next tested the frequency with which internal constitu-
tive or alternative exons overlap with conserved protein domains
or intrinsically disordered regions (IDRs) (Fig. 8B,C). We found
that alternative exons overlap less frequently with annotated pro-
tein domains (Fig. 8B) but more frequently overlap with IDRs, with
tissue-regulated alternative exons having the highest degree of
overlap with IDRs (approaching 80% of all exons) (Fig. 8C).
Again, this trend is consistent with reports in vertebrates, where al-
ternatively spliced exons are known to modulate protein—protein
interactions and the formation of multivalent protein assemblies
through altering IDR sequence features (Romero et al. 2006;
Buljan et al. 2012; Ellis et al. 2012; Yang et al. 2016).

Finally, we measured the lengths of internal constitutive ex-
ons, alternative exons, and their flanking intronic regions (Fig.
8D,E). Consistent with previous observations (Fox-Walsh et al.
2005; Kabat et al. 2006; Kim et al. 2007), introns flanking both tis-
sue-differential and non-tissue-differential alternative exons are
significantly longer than introns flanking constitutively spliced

exons (<27 nt in length) among these
tissue-regulated exons (Fig. 9; Supple-
mental Table S7). Microexons have re-
cently been identified as an interesting
class of exons, with distinct mechanisms
controlling their splicing patterns, and
have shown roles in neuronal develop-
ment and physiology in vertebrates
(Scheckel and Darnell 2015). Moreover,
the aberrant regulation of these exons
has been associated with autism spec-
trum disorders (Irimia et al. 2014; Quesnel-Valliéres et al. 2016;
Gonatopoulos-Pournatzis et al. 2018).

Our identification of tissue-regulated microexons suggested
that there may be additional microexons in our transcriptome
data. We therefore slightly relaxed our filtering criteria and detect-
ed an additional 43 alternatively spliced microexons, for a total of
67 (Supplemental Table S7), indicating that this class of exons may
be difficult to comprehensively detect in typical transcriptome
analysis with short read data from whole-animal samples.
Roughly one-third (23/67) microexons were detected exclusively
in our tissue-enriched TRAP-seq data, suggesting that microexons
often undergo tissue-differential splicing.

We next assessed whether microexons possessed features that
distinguished them from larger alternative exons (=99 nt).
Microexons exhibit a high frequency of reading frame preserva-
tion (>80%) compared with larger exons (Fig. 9A). Additionally,
an examination of intronic regions revealed that sequences sur-
rounding microexons, particularly the 3’ end of the upstream in-
tron and 5’ end of the downstream intron, are considerably more
conserved than corresponding regions surrounding larger
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alternative exons (P-values all <1x 107/, Wilcoxon signed-rank
test) (Fig. 9B). Representative multiple sequence alignments pro-
vide another view of this conservation. For example, the 6-nt
microexon in the madd-4/punctin gene and the 15-nt microexon
in the spc-1 gene (a spectrin ortholog) were both found to show
high levels of conservation within the exon and flanking intronic
regions among all Caenorhabditis species examined (Fig. 9C,D).

Taken together, our analysis has shed light on an important
class of exons that are likely influencing aspects of protein func-
tion and diversity.

Discussion

In this study, we have highlighted the utility of the TRAP-seq ap-
proach for transcriptome-wide studies of features associated with

e TETITVTIT

Figure 9. Microexons <27 nt are highly conserved in Caenorhabditis species. (A) Comparison of frame
preservation frequency among microexons (pink) and larger exons (green). (***) P< 1 x 107'°, Pearson’s
chi-squared test. (B) Plot of average phyloP score (rolling 3-nt average) over last 23 nt (left panel) and first
23 nt (right panel) of the upstream and downstream introns flanking microexons (pink) or larger exons
(green), respectively. (C) A multiple sequence alignment displaying a highly conserved 6-nt microexon
and its surrounding splice sites in the madd-4 gene. (D) A multiple sequence alignment of a highly con-
served 15-nt microexon and its surrounding splice sites in the spc-1 gene.

alternative splicing across tissues and spe-

cific neuronal cell types. Our samples are

Downstream intron also sequenced to fairly high depths of

5'end coverage (Supplemental Fig. S1), which

- has facilitated our ability to detect splice

junctions with increased confidence.

Consistent with this point, we down-

sampled our short read data and showed

that, although we are approaching satura-

L tion in our ability to detect alternatively

spliced junctions (Supplemental Fig.

S7), our current results are likely underes-

timating the full complexity of splicing in

the isolated tissues of the organism. Our

method provides a robust and comple-

mentary avenue for obtaining mRNA

profiles along with other approaches

such as mRNA tagging (Spencer et al.

2011; Blazie et al. 2015) and fluores-

cence-activated cell sorting of labeled

cells (Spencer et al. 2014; Kaletsky et al.
2016).

Our results show that cells of the
nervous system had the highest numbers
of detected splice junctions (Fig. 1C),
mirroring findings in vertebrates indicat-
ing that the nervous system exhibits rela-
tively high levels of alternative splicing
compared with other tissues (Barbosa-
Morais et al. 2012; Tapial et al. 2017). It
is only recently that neuronal-subtype
differences in splicing have been interro-
gated and have revealed differences
in isoform expression (Wamsley et al.
2018; Wang et al. 2018; Furlanis et al.
2019; Saito et al. 2019). Taken together,
these observations and our own results
suggest that an expanded use of alterna-
tive splicing is a hallmark of metazoan
nervous systems, including the relatively
compact nervous system of C. elegans.

Our observation that tissue-regulat-
ed splicing is enriched in complex events
(Fig. 3A,B) in C. elegans is consistent with
a recent study indicating that complex
events account for a significant propor-
tion of conserved differential splicing variation across mammalian
tissues (Vaquero-Garcia et al. 2016). It is interesting to speculate
how complex splicing events may arise during evolution. One like-
ly model would involve complex events emerging from simpler
ancestral splicing events. Comparisons of genomic and transcript
sequences across multiple species may be able to provide some sup-
port of this model.

We identified highly conserved UNC-75/CELF binding sites
overlapping directly with the 5’ splice site flanking alternative
exon 9 of the zoo-1 gene. We speculate a mechanism in which
UNC-75 binds to these cis elements to repress inclusion of the al-
ternative exon in neurons (Fig. 7). This mechanism of repression
contrasts with the role of UNC-75 as an activator of exon inclusion
when bound to a cis element 30 bases downstream from the
5 splice site in the unc-16 gene (Norris et al. 2014). Recent studies
have revealed position-dependent regulation of splicing by
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UNC-75 (Kuroyanagi et al. 2013b). Thus, small differences in the
location and position of the UNC-75 cis elements can have distinct
consequences on splicing regulation even within the same
intronic region. It will be interesting to explore the biochemical
mechanisms of UNC-75 binding to target mRNAs and investigate
how prevalent this mode of CELF-mediated splicing repression is
in multicellular animals.

Our results suggest that there are shared constraints across
protein coding genes in multicellular animals that lead to the evo-
lution of regulated splicing patterns. In particular, the possibility
that tissue-regulated exons are more likely to be selected for influ-
encing disordered regions in proteins is intriguing. Several emerg-
ing roles for disordered protein sequences include shaping
protein—protein interactions and biophysical properties, as well
as serving as sites of post-translational modifications (Wright
and Dyson 2015). Given that tissue-regulated exons are highly
conserved, their influence on protein function is likely important.
An important goal will be to determine the molecular consequenc-
es of these splicing events on protein function in vivo.

Microexons have emerged as important modulators of pro-
tein function in vertebrates, particularly in the nervous system
(Irimia et al. 2014; Li et al. 2015). Our current analysis has expand-
ed the number of known microexons in C. elegans. Moreover, giv-
en that these microexons are highly conserved and often frame-
preserving (Fig. 9), it is highly likely that these exons will influence
protein function in different tissues, as recent studies in vertebrates
have confirmed (Parras et al. 2018; Gonatopoulos-Pournatzis et al.
2020). It was proposed in a recent study that the explosion of
microexons included in neuronal transcripts may have coincided
with the evolution of the enhancer of microexons (eMIC) domain
in the serine/arginine repetitive matrix (SRRM) protein family
(Torres-Méndez et al. 2019). Other studies have also identified ad-
ditional factors controlling the splicing of these exons (Li et al.
2015; Gonatopoulos-Pournatzis et al. 2018). However, SRRM pro-
teins in Caenorhabditis species lack the eMIC domain (Torres-
Méndez et al. 2019). Thus, C. elegans represents an interesting
model system to explore ancient mechanisms governing micro-
exon splicing.

Collectively, our work has revealed that alternative splicing
represents a rich layer of gene expression, contributing to the spe-
cialized functions of cell and tissue types in C. elegans, particularly
in the nervous system. As isoform-sensitive transcriptome profil-
ing approaches at single-cell resolution are starting to emerge, we
will likely gain an even deeper appreciation for the extent to which
transcript diversity will ultimately impact the proteome and cellu-
lar specialization.

Methods

C. elegans maintenance and strains used in this study

Animals were maintained at 21°C and grown on nematode growth
media plates seeded with OP50-1 bacteria under standard condi-
tions (Brenner 1974). In addition to the N2 wild-type strain, the
list of strains used in the current study is listed in Supplemental
Table S8.

TRAP-seq and read alignment

cDNA libraries from whole-animal input lysates and tissue-en-
riched data sets were created as described previously (Gracida
et al. 2017). FASTQ files from paired-end Illumina sequencing
data were used as input files, and reads were mapped using STAR

aligner (Dobin et al. 2013), an algorithm capable of high-speed
read alignment and splice junction detection. Genome index files
were generated using C. elegans genome annotation WS251 and
the default parameters. Two-pass read alignment was performed
to increase detection of novel splice junctions. SAM and sorted
BAM files were generated for subsequent analysis. For additional
analysis to identify tissue- and neuron-subtype unique junction
reads, see the Supplemental Material.

Predicting tissue-differential splicing, categorizing splicing events
into splicing classes, and characterization of splicing events

By using sorted BAM and BAM index files from our aligned reads,
the Majiq/Voila software pipeline (Vaquero-Garcia et al. 2016) was
applied to our TRAP-seq data to identify and visualize alternative
splicing events (reported as local splicing variations [LSVs], within
a single tissue) and differential splicing events (between two or
more tissues). By using the output files of the Majiq analysis,
more stringent filters were applied in order to obtain a set of
high-confidence alternative splicing and differential splicing
events for further computational analysis. All coding, statistical
tests, and graphing were performed using R 3.5.1 (R Core Team
2018). For additional details, see Supplemental Material.

Motif enrichment analysis

Motif analysis was performed using HOMER (Heinz et al. 2010) to
discover annotated or de novo motifs that were enriched in tissue-
regulated splicing events, using sets of constitutive splicing events
or non-tissue-regulated splicing events as background sets. For spe-
cific details, see Supplemental Material.

GO overrepresentation analysis

We used the online tool, WebGestalt (Liao et al. 2019) to perform
the overrepresentation analyses. Sample data sets were (1) genes
that are differentially spliced between any two tissues (APSI>
0.15), and (2) genes that are differentially expressed between any
two tissues (with a 5x up- or down-regulated). In all comparisons,
we search for enrichment against background gene sets in which
genes were filtered for expression (above 50 read counts) within
the tissue(s) involved. This filter controlled for simply enriching
for genes that were differentially expressed in particular tissues.
Overrepresentation analysis was performed to identify signifi-
cantly enriched biological processes (Bonferroni multiple testing
correction, corrected P-values<0.05). This analysis was performed
for differentially spliced/differentially expressed genes among the
broad tissues and within the nervous system.

Construction of two-color splicing reporter plasmids,
microinjection, microscopy, and quantification

Our two-color reporters were generated using standard molecular
biology approaches, integrated into animals, and visualized and
quantified by confocal microscopy. For a list of primers used in
the study, see Supplemental Table S9. For a list of plasmids used,
see Supplemental Table S8. For additional details, please see
Supplemental Material and Supplemental Figure S8.

Multiple sequence alignments and analysis of sequence
conservation

For multiple sequence alignments, we obtained coordinates of all
relevant splicing events from our TRAP-seq data (spanning three
exons and two introns, in which the internal exon is either an al-
ternative or constitutive exon). By using these coordinates, corre-
sponding BED files were generated and used to obtain multiple
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alignment format (MAF) files from the 26-way nematode align-
ment track on genome assembly cell (WBCel235) from the
University of California Santa Cruz (UCSC) Genome Browser.
We then extracted homologous sequences from seven species
(C. elegans, C. brenneri, C. briggsae, C. remanei, C. japonica, C. tropi-
calis, and C. angaria) and realigned relevant regions surrounding
alternative or constitutive exons using MUSCLE (Edgar 2004). To
measure conservation patterns in a base-by-base manner, we
used the program phyloP (Pollard et al. 2010), a part of the
“rphast” R package (Hubisz et al. 2011). For additional details,
see Supplemental Material.

Data access

All raw and processed sequencing data generated in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE106374.
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