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Adjacent alternative 3′ splice sites, those separated by ≤18 nucleotides, provide a unique problem in the study of alternative

splicing regulation; there is overlap of the cis-elements that define the adjacent sites. Identification of the intron’s 3′ end
depends upon sequence elements that define the branchpoint, polypyrimidine tract, and terminal AG dinucleotide.

Starting with RNA-seq data from germline-enriched and somatic cell-enriched Caenorhabditis elegans samples, we identify hun-

dreds of introns with adjacent alternative 3′ splice sites. We identify 203 events that undergo tissue-specific alternative splic-

ing. For these, the regulation is monodirectional, with somatic cells preferring to splice at the distal 3′ splice site (furthest
from the 5′ end of the intron) and germline cells showing a distinct shift toward usage of the adjacent proximal 3′ splice site
(closer to the 5′ end of the intron). Splicing patterns in somatic cells follow C. elegans consensus rules of 3′ splice site defini-
tion; a short stretch of pyrimidines preceding an AG dinucleotide. Splicing in germline cells occurs at proximal 3′ splice sites
that lack a preceding polypyrimidine tract, and in three instances the germline-specific site lacks the AG dinucleotide. We

provide evidence that use of germline-specific proximal 3′ splice sites is conserved across Caenorhabditis species. We propose

that there are differences between germline and somatic cells in the way that the basal splicing machinery functions to deter-

mine the intron terminus.

[Supplemental material is available for this article.]

Alternative splicing is a highly regulated process by which a cell
can produce multiple messenger RNAs, potentially encoding mul-
tiple proteins, from a common precursor transcript. The de novo
assemblyof a spliceosome on each intronof a pre-mRNA transcript
requires cis-elements within the intron that are recognized as sig-
nals marking the beginning, end, and branchpoint (Ares and
Weiser 1995). A cassette exon is a form of alternative splicing in
which an exon is either included or skipped in the mature
mRNA. Conserved enhancer or silencer elements within the
exon or the surrounding introns interact with an array of constitu-
tive and tissue-specific trans-factors that promote or inhibit assem-
bly of a functional spliceosome (Wang and Burge 2008). The use of
alternative 3′ or 5′ splice sites modifies gene expression by includ-
ing or skipping coding sequences at the ends of exons. Many ex-
amples of adjacent alternative 3′ splice sites, defined as being
separated by 18 nucleotides (nt) or less, have been observed. In
many species, a form of alternative 3′ splice site usage has been
identified in which the alternative splicing acceptors are only
3 nt apart. Except for the rare example of AC dinucleotides ob-
served for substrates of the minor spliceosome, introns end with
AG dinucleotides. Alternative 3′ splice sites separated by only 3
nt are referred to as NAGNAGs, as the end of the intron consists
of two AG splice acceptors separated by 3 nt. A recent report pro-
vided strong evidence that NAGNAG alternative splicing can be
regulated in a tissue-specific manner in mammals (Bradley et al.

2012). The close proximity of these sites to each other makes the
influence of enhancer or silencer elements on splicing to one
site or the other, as with cassette exons, unlikely. Therefore,
NAGNAGs provide an interesting model in which to understand
more about the regulation of alternative splicing and, more specif-
ically, the mechanisms by which a 3′ splice site is chosen.

3′ splice sites are determined by a combinatorial code that
consists of nucleotides foundwithin the site itself as well as within
the intron that precedes it. Typical 3′ splice sites consist of an AG
dinucleotide and a stretch of upstream, intronic pyrimidines that
bind to U2AF35 and U2AF65, respectively (Merendino et al. 1999;
Zorio and Blumenthal 1999; Wu et al. 2011). This complex associ-
ates with SF1/BBP, which binds to a conserved sequence surround-
ing an intronic adenosine nucleotide as the branchpoint for that
intron (Berglund et al. 1997). Together, SF1 and the U2AF35/
U2AF65 complex recruit the U2 snRNP to the branchpoint region
and promote spliceosome assembly (Zhang et al. 1992; Berglund
et al. 1998). The scanning model proposes that the 3′ splice site
is determined by identification of the first AG dinucleotide down-
stream from the branchpoint, irrespective of sequence context or
distance from the branchpoint (Smith et al. 1989). A modified
scanning model allows for some variability in 3′ splice site choice
in a small range of nucleotides within the reach of the spliceosome
(Smith et al. 1993) but still suggests that themechanismof 3′ splice
site choice, even at NAGNAGs, is stochastic and common to every
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tissue. Refuting this model, a global analysis of gene expression in
16 human and eight mouse tissues revealed that splicing patterns
at individual NAGNAGs are tissue-specific, regulated, and con-
served (Bradley et al. 2012). This work highlighted splicing pat-
terns at adjacent 3′ splice sites that suggest a role for the
polypyrimidine tract, the location of the branchpoint, and the
identity of the N within each NAGNAG in designating a site as
the end of an intron (Bradley et al. 2012). It is still unclear, though,
if these contributions apply equally to splicing patterns at adjacent
3′ splice sites in every cell type and to what extent these factors in-
fluence splice site choice in other organisms.

C. elegans is an excellent model organism in which to study
developmental and tissue-specific alternative splicing. The devel-
opmental lineages of all 959 somatic cells have been traced
(Sulston andHorvitz 1977), and theC. elegans genomewas the first
among animals to be fully sequenced (The C. elegans Sequencing
Consortium 1998). Intergenic regions as well as typical introns
are relatively small (Spieth and Lawson 2006). Roughly 25%of pro-
tein-coding genes inC. elegans havemultiple isoform annotations,
with each gene producing 2.2 isoforms on average (Ramani et al.
2011). In addition, many C. elegans trans-acting alternative splic-
ing factors and their targeted cis-elements are conserved in mam-
mals, making these worms an excellent model organism to study
human diseases related to splicing factors (Kabat et al. 2006;
Zahler 2012; Barberan-Soler and Ragle 2013). The 5′ splice site con-
sensus sequence in C. elegans is similar to other eukaryotes. In
nematodes, introns end in AG and are preceded by a short polypyr-
imidine tract yielding the consensus sequence YYYNAG/R
(Blumenthal and Steward 1997). This short polypyrimidine tract
differs from other animals in that it is much shorter and located
closer to the AGdinucleotide. The YYYNAG/R consensus sequence
is a direct binding site for the C. elegans U2AF subunits UAF-1 and
UAF-2 (Zorio and Blumenthal 1999; Hollins et al. 2005). The phe-
nomenon of NAGNAG alternative 3′ splice sites separated by 3 nt
is rare in C. elegans, presumably due to the strong nematode 3′

splice site consensus with its adjacent pyrimidines precluding a
3-nt separation of two AG dinucleotide splice acceptors. A recent
example of tissue-specific use of adjacent alternative 3′ splice sites
separated by 9 nt has been uncovered in the C. elegans let-363 gene
(Barberan-Soler et al. 2014). The splice acceptor site closer to the 5′

end of the intron (proximal) is favored in the germline, while the
site further from the 5′ end (distal) is preferred in somatic tissue.
Regulation of this splicing in the male germline was shown to be
dependent on antisense transcription of a gene located within
an intron of let-363, which is controlled by the piRNA pathway.
The extent towhich adjacent 3′ splice sites inC. elegansmaybe uti-
lized, conserved, or regulated on a tissue-specific level is unknown.
Further study of these adjacent 3′ splice sitesmay contribute to our
understanding of the mechanisms of 3′ splice site choice by the
spliceosome and spliceosome-associated factors. In this study, we
uncover and characterize tissue-specific use of 203 alternative ad-
jacent 3′ splice sites. In all cases, there is tissue-specific usage of
the proximal splice site in the germline relative to somatic tissue.

Results

Alternative splicing regulation of top-1 and establishing a method

for detecting germline-specific splicing

We set out to study the regulation of alternative splicing in C. ele-
gans in a specific tissue, the germline, which develops fully during
the transition to adulthood. Previous studies in C. elegans have fo-

cused on the developmental timing and regulation of alternative
splicing (Kuroyanagi et al. 2000; Barberan-Soler and Zahler 2008;
Barberan-Soler et al. 2009; Ramani et al. 2011). For example, top-
1 alternative cassette exon splicing patterns change during devel-
opment (Lee et al. 1998), and RNAi knockdown of the develop-
mentally regulated splicing factor gene hrpf-1 leads to a change
in cassette exon inclusion in top-1 isoforms (Barberan-Soler and
Zahler 2008). A recent study used immunostaining with antipep-
tide antibodies specific to the alternative cassette exon of top-1 to
demonstrate detection of the skipping isoform of top-1 in almost
all cells and the inclusion isoform of top-1 in neuronal cells, excre-
tory cells, and the germline (Cha et al. 2012). We set out to test
whether alternative splicing of top-1 pre-mRNA changes with the
onset of development of the mature gonad, which corresponds
with developmental expansion of the germline. Total RNAwas ex-
tracted fromwild-type L3 and L4 larval stageworms prior to the es-
tablishment of amature germline, as well as wild-type young adult
worms following establishment of the mature germline. Reverse
transcription with random hexamers followed by polymerase
chain reaction (RT-PCR) with primers that anneal to sequences
in exons that flank the alternative cassette exon reveals a shift to
inclusion of the top-1 cassette exon upon development of amature
germline (Fig. 1A). Because RNAwas extracted fromwhole worms,
inclusion of the top-1 alternative exon in mature adults could be a
result of overall changes in alternative splicing in the worm as it
ages or, more specifically, to growth and maturity of a new organ,
the gonad, containing an expanded germline.

To address whether changes in top-1 alternative splicing in
adults were due to tissue-specific splicing in the germline, young
adult worms 20–24 h past L4 were dissected to isolate gonads
and heads. Total RNA was extracted from these tissues as well as
from whole worms from the same developmental stage. In addi-
tion, RNA was extracted from glp-4(bn2ts) mutant young adult

Figure 1. Developmental and tissue-specific changes in alternative splic-
ing of the top-1 gene. (A) Exon inclusion of top-1 alternative cassette exon
occurs with the onset of germline development. A 1% agarose gel of re-
verse-transcription-polymerase chain reaction (RT-PCR) products of RNA
extracted from handpicked C. elegans whole worms at indicated develop-
mental stages. Exon inclusion and skipping products are indicated at right.
(B) A 2100 Bioanalyzer image of top-1 RT-PCR products of RNA extracted
from L4+1 day C. elegans dissected wild-type gonads, adult whole worms,
and dissected heads, alongwith glp-4(bn2ts)mutant wholeworms that fail
to develop a germline.
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worms. These glp-4 mutant adults con-
tain somatic cells that form a sheath sur-
rounding the gonad, but their germlines
are developmentally restricted to just
12 cells stalled in prophase of mitosis
when grown at restrictive temperature
(Beanan and Strome 1992). This strain
has been used extensively as a tool
to identify changes in gene expression
between germline and somatic tissues
(Roussell and Bennett 1993; Shim 1999;
Aoki et al. 2000; Higashitani et al. 2000;
TeKippe and Aballay 2010). RT-PCR re-
vealed a dramatic shift in top-1 pre-
mRNA splicing from complete inclusion
of the alternative exon in dissected go-
nads to partial inclusion in whole worms
to almost complete skipping in dissected
heads and in glp-4(bn2ts)worms grown at
restrictive temperature (Fig. 1B). These
data suggest top-1 cassette exon alterna-
tive splicing is strongly subject to tissue-
specific regulation. This experiment also
demonstrates a useful approach toward
identifying germline-specific splicing
events throughcomparisonof alternative
splicing between isolated gonad and
whole glp-4(bn2ts)worms that lack an ex-
panded germline.

Genome-wide identification of tissue-

specific alternative splicing events

To identify tissue-specific alternative splicing events in the germ-
line, we used high-throughput RNA sequencing and bioinfor-
matics analysis of the resulting data. Total RNA was isolated from
dissected wild-type gonads, as well as wild-type whole worms
and glp-4(bn2ts) mutant whole worms 24 h past L4 stage (Fig.
2A). cDNA libraries were prepared and high-throughput sequenc-
ing was performed to obtain strand-specific, 50-bp paired-end
reads. These reads were mapped to the C. elegans genome (ce6)
with TopHat (Trapnell et al. 2009) and splicing changes were iden-
tified using SpliceTrap (Wu et al. 2011), which utilizes paired-end
reads to quantify inclusion levels in alternative splicing events.We
detected 23 events involving cassette exons with a minimum
change in inclusion ratio (IR) of 0.3 between dissected gonad
and glp-4 samples (Supplemental Table S1). The majority of alter-
native cassette exons we identified (19/23) are highly expressed
in the glp-4mutant, with some cassette exons nearly undetectable
in gonad samples (Fig. 2B,C). Conversely, cassette exons from only
a few genes (4/23) are included more often in RNA isolated from
gonads when compared to glp-4 mutant RNA (Fig. 2D).
Additionally, one gene contains an intron inclusion event en-
riched in RNA isolated from glp-4 adults that is only slightly detect-
able in wild-type dissected gonads.

A shift from distal to proximal alternative 3′ splice site usage
between the soma and the germline

Surprisingly, the majority of changes in alternative splicing we
identified between germline-enriched and somatic-enriched sam-
pleswere at adjacent alternative 3′ splice sites. Using SpliceTrap,we
found 65 splice junctions in which adjacent 3′ splice sites (≤18 nt

apart) are used in a tissue-specific manner (Supplemental Table
S2). The threshold for tissue specificity was determined by identi-
fying known adjacent 3′ splice sites with a minimum inclusion ra-
tio difference of 0.3 between glp-4 and dissected wild-type gonads
and aminimumof 15 junction-spanning reads in both libraries. In
all of these 65 cases of adjacent alternative 3′ splice sites with tis-
sue-specific usage, we observed a striking correlation: alternative
splicing shifts from the distal 3′ splice site (furthest from the 5′

splice site) in the somatic (glp-4 whole worm) library toward a
proximal 3′ splice site (closer to the 5′ splice site) in the germline
library (Fig. 3A). As expected, RNA derived from wild-type whole
worms, which contain both germline and somatic tissues, reveals
an intermediate splicing pattern that uses a combination of prox-
imal and distal 3′ splice sites. To verify the tissue-specific splicing
patterns at 3′ splice sites seen in RNA-seq data, we isolated RNA
from glp-4 adult whole worms, wild-type adult dissected heads,
wild-type adult whole worms, and wild-type adult dissected go-
nads. We made cDNA via reverse transcription with random hex-
amers and then PCR-amplified with 32P-radiolabeled gene-specific
primers that bind to sequences in exons flanking the alternative 3′

splice sites (Fig. 3B). The products were run on denaturing poly-
acrylamide gels and visualized with a PhosphorImager to verify
the tissue-specific splicing at adjacent 3′ splice sites. Consistent
with the RNA-seq data, glp-4 adult whole worm and wild-type
adult dissected head samples showed a strong preference for the
distal 3′ splice site. Wild-type adult whole worms produced iso-
forms that use a combination of proximal and distal 3′ splice sites,
and wild-type adult germlines overwhelmingly produce isoforms
that utilize the proximal 3′ splice site. Figure 3C shows the

Figure 2. Cassette exon alternative splicing changes between C. elegans germline and somatic tissues.
(A) Flowchart depicting the process of RNA isolation, high-throughput sequencing, and computational
analysis. (B) RT-PCR products from primers that flank alternative cassette exons highlighting tissue-spe-
cific inclusion/skipping. Products were separated on an Agilent 2100 Bioanalyzer. PSI was calculated by
dividing the molarity of the inclusion product by the sum of the molarities of the inclusion and skipping
products. (C) Representation of the WormBase gene annotation for rgr-1 alternative isoforms and nor-
malized RNA sequencing coverage tracks for the indicated libraries. This demonstrates skipping of the
alternative cassette exon in gonad. (D) Representation of the WormBase gene annotation for C06A6.4
showing alternative isoforms and RNA sequencing coverage. This demonstrates an example of a cassette
exon that is specifically included in the germline.
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sequences of 15 representative adjacent alternative 3′ splice sites
that show a shift to usage of the proximal site in the germline.
Unlike NAGNAGs seen in mammals, in which the two adjacent
3′ splice sites are separated by 3 nt, the adjacent 3′ splice sites in
C. elegans are separated by a short stretch of nucleotides enriched
for pyrimidines (NAGYYYNAGs) (Fig. 3C). This is not surprising,
given that nematodes differ from other eukaryotes in that they
have a short intronic polypyrimidine tract immediately adjacent
to the 3′ splice site with the consensus sequence YYYNAG
(Aroian et al. 1993; Zhang and Blumenthal 1996). This require-
ment for immediately adjacent pyrimidinesmay preclude the abil-
ity of NAGNAGadjacent splice sites that are common inmammals
to also function in worms.

Identification of additional introns with tissue-specific

3′ splice sites in the germline

Because current genome annotations of alternative splicing are
constantly evolving toward completion, we assumed that our
identification of tissue-specific alternative 3′ splice sites using the
SpliceTrap program, which depends on pre-annotation of alterna-
tive splicing, would be incomplete. Analysis that does not rely
upon pre-annotation would allow us to identify novel tissue-spe-
cific splicing events from our sequencing data. When we measure
alternative splicing by high-throughput sequencing or RT-PCR,we
are measuring the steady-state levels of the alternative isoforms,
which are influenced both by the splicing machinery and the rel-
ative stability of the different isoforms. Alternative isoforms with
differing stabilities are seen in the phenomenon of alternative
splicing coupled to nonsense-mediated decay (AS-NMD) (Hamid
and Makeyev 2014). NMD is triggered when a message contains
a premature termination codon (PTC), and in AS-NMD, a change
in reading frame at the alternative splice junction generates a
PTC. In C. elegans, unlike in other animals, worms bearing loss-
of-function mutations in genes essential for the NMD pathway
are viable (Hodgkin et al. 1989; Pulak and Anderson 1993), and
this system offers us an opportunity to look for alternative adja-
cent 3′ splice sites that are not a multiple of 3 nt apart and would
otherwise be destabilized by NMD because they disrupt reading
frame. To understand the extent of adjacent tissue-specific 3′ splice
sites genome-wide, and to understand if the NMD pathway is spe-
cifically involved in regulation of out-of-frame isoforms produced
by adjacent 3′ splice sites, we dissected gonads from adult smg-2
(e2008) worms defective in NMD (smg-2 is the C. elegans homolog
of the essential NMD factorUPF1).We extracted total RNA andpre-
pared cDNA libraries for high-throughput sequencing. We rea-
soned that smg-2 germline RNA would be enriched in NMD-
target RNAs produced by alternative splicing (these would be pref-
erentially degraded in wild-type germ cells), and by analyzing this
sample we would maximize our chances of discovery of the differ-
ent mRNA products produced by the spliceosome. RNA-seq reads
were mapped to the C. elegans genome with TopHat (Trapnell
et al. 2009) and introns with a common 5′ splice site but divergent
3′ splice sites ≤18 nt apart were identified (Fig. 4A).

In analyzing smg-2 mutant RNA-seq data, we uncovered 487
unique introns with evidence of alternative 3′ splice sites ≤18 nt
from each other (Supplemental Table S3). Of these alternative in-
trons, 315 (64.7%) produced multiple isoforms in the same trans-
lational frame, while 172 (35.3%) resulted in alternative isoforms
with a PTC-causing frameshift (Fig. 4B). This is consistentwith pre-
vious studies that estimated that roughly 1/3 of alternative splicing
events in C. elegans produce a PTC-containing isoform (Barberan-
Soler et al. 2009). Cross-referencing these adjacent 3′ splice site
introns detected in this smg-2mutant germline analysis with splic-
ing patterns in wild-type germline and glp-4mutant wholeworms,
we identified 58 out of the 65 tissue-specific adjacent 3′ splice sites
previously identified in the SpliceTrap analysis. In addition, we
found 118 more introns that exhibit tissue specificity at adjacent
3′ splice sites using the same expression and splicing change
thresholds as the previous analysis (Supplemental Table S2). Fifty
three of 118 of these hadno previously annotated alternative splic-
ing, and these represent novel isoforms. We expect this to be an
underestimation of alternative adjacent 3′ splice sites due to the re-
quirement in our analysis that at least one read be detectable for
each isoform in the smg-2 germline RNA-seq library; this require-
ment may have excluded tissue-specific alternative 3′ splice sites

Figure 3. The major class of splicing changes between germline and
somatic cells consists of adjacent alternative 3′ splice sites. (A) taf-10 alter-
native isoforms and RNA sequencing coverage tracks showing a tissue-spe-
cific alternative 3′ splicing event. Germline reads primarily cross the 3′
splice site closer to the 5′ splice site (proximal) while reads in somatic cells
primarily use the 3′ splice site further from the 5′ splice site (distal). (B)
Cartoon depicting the proximal and distal 3′ splice sites, the tissue-type
in which each 3′ splice site is primarily used (in parentheses), and the loca-
tion of the 32P-labeled oligos used to validate the tissue-specific enrich-
ment of each isoform by RT-PCR. 32P RT-PCR products from three
sample genes were separated on a 6% polyacrylamide denaturing gel
and visualized with a PhosphorImager. (C) Nucleotides preceding and
within tissue-specific 3′ splice sites in a representative set of genes. The
proximal and distal 3′ splice sites are in bold for each sequence (left and
right, respectively). Nucleotides are spaced to show the 3-nt periodicity
and maintenance of frame between the 3′ splice sites.
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in which all reads that map to an intron in this library cross only
the proximal splice site.

To ensure that it is, in fact, the presence of a mature germline
that is leading to the production of proximal isoforms and not the
mere lack of NMD, RNA-seq data fromNMD-defective L1 (somatic
tissue-enriched) larval worms from Kuroyanagi et al. (2013) were
analyzed and compared to our NMD-deficient gonad sample
data (Kuroyanagi et al. 2013). L1 smg-2 mutant splicing patterns
for all 118 introns identified in our smg-2 gonad analysis mirrored
that of glp-4 whole worms with the distal AG dinucleotide as the
dominant 3′ splice site. Furthermore, a reciprocal analysis of com-
mon5′ splice siteswith alternative 3′ splice sites≤18nt apart in the
smg-2 mutant L1 worm library failed to identify a single intron
with adjacent 3′ splice sites that differed significantly in splicing
pattern from glp-4. This suggests that it is an innate characteristic
of the tissue, and not simply the lack of NMD, that contributes
to the production and/or stability of the proximal isoforms in
the smg-2 mutant animals.

Nonsense-mediated decay regulation of out-of-frame isoforms

produced by adjacent 3′ splice sites

Manyof the tissue-specific, out-of-frame proximal 3′ splice site iso-
formsexpressed in thewild-typegermlineare found in the terminal
exon (Supplemental Table S2), a situation not predicted to elicit an
NMDresponse (Nagy andMaquat 1998). To determine if NMDreg-
ulation plays an extensive role in the degradation of germline-en-
riched proximal isoforms, we compared the relative expression
and proximal 3′ splice site usage of all 487 smg-2 adjacent 3′ splice
site introns to wild-type germline sequencing data (Fig. 4B).
We note that a higher percentage of introns with out-of-frame

proximal 3′ splice sites either drop belowoverall expression thresh-
olds (minimum 10 junction-spanning reads) or decrease usage of
the proximal 3′ splice site (minimum 0.3 PSI change) when com-
pared to introns with in-frame proximal 3′ splice sites, suggesting
that they are regulated by NMD. Figure 4D shows an example of
this phenomenonwith alternative adjacent 3′ splice sites separated
by 7nt in an intron of the trxr-1 gene.We conclude that even in the
absence of NMD, themajority of alternative adjacent 3′ splice sites
(54.0%) are found to be 6 nt or 9 nt from each other (Fig. 4C).
Interestingly, out-of-frame adjacent 3′ splice sites are most com-
monly 7 nt or 8 nt apart, indicating that alternative adjacent 3′

splice sites are separated within a preferred range of 6–9 nt.

Proximal alternative 3′ splice site usage is favored in the germline

To better understand the characteristics of introns capable of tis-
sue-specific alternative adjacent 3′ splice site usage in C. elegans,
we further explored intronswith anAGdinucleotide 6 nt upstream
of a known 3′ splice site (NAGYYYNAGs). We used the UCSC
Genome Browser Table Browser tool (Karolchik et al. 2004) to iden-
tify 106,891 annotated introns that terminate in an AG dinucleo-
tide. From that set we then identified 1880 introns containing an
AG dinucleotide 6 nt upstream of the terminal AG. We looked by
hand at 1245 (66.2%) of these introns (Supplemental Table S4) to
determine if these represent a rich source of adjacent alternative
3′ splice sites. By requiring a minimum expression threshold of
10 junction-spanning reads for an intron in both the wild-type
germline and glp-4wholeworm libraries, we identified 192 introns
for further study (Fig. 5A). Tissue-specific variation of proximal AG
usage is evident when we arranged the 192 introns with sufficient
expression in this study (>10 junction-spanning reads) according

Figure 4. Themajority of adjacent alternative 3′ splice sites aremaintained in frame in the absence of nonsense-mediated decay (NMD). (A) Approach for
identificationof alternative 3′ splice site isoforms in the absence ofNMD. Total RNA from smg-2mutant gonadswas extracted,made into a cDNA library, and
subjected to high-throughput sequencing. Intronswith common 5′ splice sites and adjacent alternative 3′ splice sites≤18 nt apart were identified. (B) Table
showing the number of alternative 3′ splice sites ≤18 nt apart in the smg-2 germline that maintain reading frame and those that cause a frameshift. This is
further subdivided to show the corresponding change in expression or proximal splice site usage in the wild type relative to the smg-2 germline. (C) Graph
depicting the percentageof introns (y-axis) identified in the smg-2germline that have specified numbers of nucleotides separating the adjacent 3′ splice sites
(x-axis). (D) Representation of theWormBase gene annotation for trxr-1. Note that alternative splicing is not annotated for this intron. The sequencing tracks
show a frameshift-causing alternative 3′ ss 7 nt upstream with germline-specific isoform enrichment that is enhanced in the smg-2 mutant germline.
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to increasing percentage of proximal 3′ splice site usage in thewild-
type germline from0% to 100% (Fig. 5B, black line) and then iden-
tified the corresponding percentage of proximal 3′ splice site usage
for each intron in the somatic glp-4 library (Fig. 5B, gray line).
Strikingly, 120 (62.5%) of these introns showed >10% usage of
the upstream AG dinucleotide in either the soma or the germline.
This indicates that the presence of an AG dinucleotide 6 nt up-
stream of the distal 3′ splice site, in a gene that is well expressed
in the germline, is a strong indicator of potential adjacent alterna-
tive 3′ splice site usage. Conversely, of the 192 introns with suffi-
cient expression, 72 used the proximal 3′ splice site minimally or
not at all (<10% of junction-spanning reads) in glp-4, as expected,
but also in the wild-type germline. This is despite the presence of
an AG dinucleotide 6 nt upstream of the distal 3′ splice site.

Of the 120/192 with >10% proximal 3′ splice site usage,
80 showed tissue specificity (minimum0.3 PSI change), with prox-
imal isoform expression in the wild-type germline and distal iso-
form expression in glp-4. Sixty of these were previously identified
in this study through SpliceTrap or smg-2 germline analysis, but
20 were novel discoveries of tissue-specific alternative 3′ splice

sites. Using three methods (SpliceTrap, smg-2 gonad analysis,
and this 6-nt Shift analysis), we have identified 203 alternative ad-
jacent 3′ splice sites in total that show tissue-specific alternative
splicing (Supplemental Table S2), all with a shift to the proximal
splice site in the germline. It is important to note that for only a
few cases did we detect proximal 3′ splice site usage in glp-4 rough-
ly equivalent to the level of usage we observed in the wild-type
germline. In fact, we have yet to identify a single intron in which
there is a significant splicing change in the opposite direction
(30% higher proximal splice site usage in glp-4 whole worm sam-
ples than in the wild-type germline).

Distance between the 5′ and 3′ splice sites correlates
with the ability to detect splicing to the proximal 3′ splice
site in the germline

In order to better understand why some introns with an AG dinu-
cleotide 6 nt upstream of the annotated 3′ splice site do not splice
to the proximal site in the germline while others do, we analyzed
the lengths of introns in these two classes. C. elegans introns tend
to be smaller on average thanmammalian introns, though the fac-
tors that comprise the spliceosome tend to be well conserved. We
compared the median length of introns that contain an AG dinu-
cleotide 6 nt upstream that are either used or not used as a 3′ splice
site in the germline (as previously defined in Fig. 5A). The class of
introns that do not allow for proximal 3′ splice site usage in the
germline have a median length of 49 nt, compared to a median
length of 95 nt for introns with proximal 3′ splice site usage and
a median length of 67 nt for 108,604 C. elegans introns identified
in the UCSC Genome Browser (Fig. 6). This suggests that intron

Figure 5. Proximal alternative 3′ splice site usage is favored in the germ-
line. (A) Breakdown of annotated introns with a terminal AG dinucleotide
and an AG dinucleotide 6 nt upstream. Introns separated according to
the total number of reads crossing the splice junction, the presence of splic-
ing at theproximal 3′ splice site, the change in percentageof isoforms using
the proximal 3′ ss between glp-4whole worm and wild-type germline, and
themethod used to identify the tissue-specific 3′ ss. (B) Graph of alternative
adjacent proximal 3′ ss usage for the 192 intronswith an AGdinucleotide 6
nt upstreamof an annotated 3′ splice site and >10 junction-spanning reads
in both germline and somatic libraries. Introns are arranged in order of in-
creasing proximal 3′ splice site use percentage in the wild-type germline
(black line, left to right) and the corresponding proximal 3′ splice site usage
of each intron in the somatic glp-4 whole worm library (gray line).

Figure 6. Introns that utilize the proximal AG dinucleotide as a 3′ splice
site in the germline are longer than those that do not. Length of introns
that utilize the proximal AG in <10% and >10%of junction-spanning reads
as well as total C. elegans introns identified in the UCSC Genome Browser.
The bottom and top of the boxes are the beginning of the second and
fourth quartiles, respectively, with the median represented by the line in
the center of the boxes.
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lengthmay have influence over 3′ splice site choice, particularly in
the context of adjacent 3′ splice sites. This is consistent with a
model in which introns below a threshold length may not allow
for splicing to a 6-nt proximal AG dinucleotide, even when ex-
pressed in the germline.

Nucleotide content requirements for 3′ splice site selection differ

between germline and somatic tissues

A largenumberof intronswithanAGdinucleotide6ntupstreamof
the splice acceptor showadjacent alternative3′ splice site usage in a
tissue-specific manner. To understand the requirement for specific
nucleotides in identifying a 3′ splice site in the context of these tis-
sue-specific alternative adjacent 3′ splicing events, multiple se-
quence alignments of various intron classes (Supplemental Table
S5) from the 3′ splice site to 40 nt upstreamwere analyzed through
the onlineWebLogo program (Crooks et al. 2004). A random set of
typical introns revealed the previously identifiedC. elegans3′ splice
site consensusmotif TTTCAG(ZhangandBlumenthal 1996),while
the consensus motif at tissue-specific alternative adjacent 3′ splice
sites separated by 6 nt added only an AG dinucleotide consensus
immediately upstream of the typical splice site motif (Fig. 7A,B, re-
spectively). Surprisingly, the short stretch of pyrimidines that ac-
company the AG dinucleotide in the typical 3′ splice site motif
are absent in the region upstream of the proximal AG dinucleotide
preferred in the germline. Similarly, in consensus sequences from
introns with 9 nt or 12 nt between tissue-specific alternative adja-
cent 3′ splice sites, the proximal AG dinucleotide is pushed 3 nt
and 6 nt further upstream, respectively, with no further accompa-
nying sequence consensus (Fig. 7C,D). Consensus sequence align-
ment motifs of introns in which the AG dinucleotide at the

proximal 3′ splice site is minimally or not at all used in wild-type
germline (Fig. 7E) donot reveal anymajor differences innucleotide
contentwhen compared to introns inwhich usage of the proximal
AG is enriched in the wild-type germline (Fig. 7B). This suggests
that the proximal AG dinucleotide is not sufficient for germline
3′ splice site selection at adjacent 3′ splice sites and supports the in-
fluence of other factors such as intron length (Fig. 6). On the other
hand, a consensus sequence alignmentmotif derived from introns
with significant usage of the proximal AG in glp-4 whole worms
(non-tissue-specific adjacent 3′ splice sites) shows the decreased
presence of pyrimidines preceding the distal 3′ splice site AG dinu-
cleotides with a concurrent increase preceding the proximal AG
dinucleotide (Fig. 7F). Somatic cell-derived tissues may generally
depend on nucleotide composition leading to U2AF binding up-
stream for alternative adjacent 3′ splice site decisions, while germ-
line-specific use of upstream alternative 3′ splice sites correlates
with a poor consensus sequence for the proximal site and a strong
consensus for the distal site.

An intron with a single branchpoint used in both soma

and germline exhibits tissue-specific alternative adjacent

3′ splice site usage

One hypothesis to explain tissue-specific alternative 3′ splice site
choice is that distinct intronic branchpoints are used in the tissues.
Expansion or contraction of the distance between the branchpoint
and NAGNAG 3′ splice sites in transgenes expressed in HEK293T
cells was previously reported to enrich splice site selection at the
proximal or distal 3′ splice site, respectively (Bradley et al. 2012).
Conserved sequence motifs that typically mark intronic branch-
point locations in other eukaryotes have not been identified in

Figure 7. Sequence comparison and branchpoint analysis of introns with tissue-specific adjacent alternative 3′ splice sites. (A) WebLogo sequence com-
parison of regions upstream of a randomly selected set of 3′ splice sites. Upstream frequencies weremeasured from the distal splice site to 40 nt upstream. A
logo displays the frequencies of bases at each position as the relative heights of letters, alongwith the degree of sequence conservation as the total height of
a stack of letters, measured in bits of information. (B–D)WebLogo sequence comparisons of regions upstream of tissue-specific alternative 3′ splice sites that
are 6 nt, 9 nt, and 12 nt apart. (E) WebLogo sequence comparison of tissue-specific alternative 3′ splice sites 6 nt apart in which the proximal AG dinucleo-
tide is used <10% in the germline. Note the similarity of this sequence logo to that in which the dominant 3′ splice site in the germline is the proximal AG
dinucleotide (Fig. 7B). (F) WebLogo sequence comparison of the 25 most used AG dinucleotide proximal 3′ splice sites in glp-4(bn2ts) when found 6 nt
upstream of an intron-terminating AG dinucleotide. Note the signature of TTTCAG at the proximal 3′ splice site that is lacking in the tissue-specific proximal
3′ splice site (Fig. 7B). (G) Tissue-specific alternative 3′ splice site usage in the cdk-12 gene. (H) Orientation of divergent primers used to map branchpoints
within an intron. (I) Lariat structure with alternative 3′ splice sites, the convergent orientation of the primers within the structure, and the branchpoint
through which reverse transcriptase passes. Reverse transcription was first performed using the A1 primer, amplified with A1/B1 primers, purified using
a Qiagen PCR clean-up kit, amplified a second time using the A2/B2 primers, and gel-purified. (J) Terminal 27 nt of the cdk-12 intron containing the tis-
sue-specific alternative 3′ splice site with the proximal and distal 3′ splice sites and the location of the only branchpoint identified in our analysis. Also shown
are the distances from this branchpoint to the proximal and distal 3′ splice sites.
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C. elegans, making their identification more elusive. To assess
whether a single branchpoint may be sufficient to allow for splic-
ing at multiple adjacent 3′ splice sites, we set out to map the
branchpoint(s) from an intron of cdk-12, which contains strongly
tissue-regulated adjacent 3′ splice sites (Fig. 7G). RNAwas extracted
from glp-4 adults and wild-type gonads as previously described. A
single, gene-specific primer complementary to the intron was
used to reverse-transcribe through the branchpoint. cDNA from
this reaction was amplified using divergent, nested primers within
the intron (Fig. 7H). The PCR products were then ligated into plas-
mids, and 10–20 plasmid inserts were sequenced for each tissue
type. A single branchpoint, 14 nt from the proximal 3′ splice site
and 20 nt from the distal 3′ splice site, was observed for this intron
of cdk-12 for both tissues examined (Fig. 7I). While an exhaustive,
globalmapping ofC. elegans branchpoints has yet to be performed,
these data provide evidence that the determination of the tissue-
specific 3′ splice site for this intron occurs independently of the
step in splicing at which the branchpoint is determined.

Adjacent alternative 3′ splice sites are conserved
in related Caenorhabditis species

To test the evolutionary importance of alternative proximal 3′

splice site usage in the germline, we tested whether this tissue-spe-
cific phenomenon is conserved in related nematodes. The proxi-
mal AG dinucleotide is the only identifiable common sequence
element in proximal 3′ splice sites in the C. elegans germline.
Retention of this dinucleotide at these adjacent 3′ splice sites
over evolutionary time in related nematode species C. briggsae,
C. remanei, and C. brenneri would be indicative of conserved alter-
native splicing in these species. If alternative splicing is not con-
served between the species, we would expect the proximal AG
dinucleotide intronic sequence to change over evolutionary
time, as intron sequences have been observed to change rapidly
between Caenorhabditis species, with the exception of splicing reg-
ulatory regions (Kabat et al. 2006). Because evolutionary conserva-
tion typically suggests functional relevance, we compared the
conservation of the proximal AG dinucleotide in species related
to C. elegans to the degree of proximal AG dinucleotide usage as
a 3′ splice site in the germline (Fig. 8A). For this, we evaluated
the 192 introns with AG dinucleotides spaced 6 nt apart (Fig.
5A) that are sufficiently expressed in both the wild-type germline
and glp-4 whole worm libraries. The vast majority of introns
with low (0%–19%) proximal 3′ splice site usage in the germline
do not exhibit proximal AG dinucleotide conservation in species
related to C. elegans; 64% of the proximal AG dinucleotides from
this class are only found in C. elegans, while only 15% are con-
served across all four Caenorhabditis species. In contrast, introns
with intermediate (20%–59%) and high (60%–100%) usage of
the proximal 3′ splice site in the germline contain proximal AG
dinucleotides more frequently in multiple nematodes species
(34% and 43% are conserved in all four Caenorhabditis species, re-
spectively). This shows that tissue-specific use of the AG dinucleo-
tide in the germline inC. elegans is correlatedwith its conservation.
Tissue specificity of splicing at adjacent 3′ splice sites may exist in
these related nematode species.

To understand if splicing patterns at tissue-specific alternative
3′ splice sites in C. elegans are conserved among related species, we
extracted total RNA fromC. briggsae dissectedheads, wholeworms,
anddissectedgonadsas inprevious experiments.C.briggsae is a spe-
cies of nematode that diverged fromC. elegans roughly 50–100mil-
lion years ago (Coghlan and Wolfe 2002). The two species have

maintained similar genome sizes and structure, but evolutionary
changes in the number of genes and the amount of repetitive se-
quence exist (Stein et al. 2003). Comparative genomics approaches
havemore recently identified intronic sequence elements associat-
edwithalternativecassetteexonsplicingevents conservedbetween
C. elegans and C. briggsae (Kabat et al. 2006). RT-PCR with radiola-
beled primers that anneal to flanking exons in atx-2 and daf-15 re-
vealed conservation of tissue specificity at adjacent 3′ splice sites
(Fig. 8B). As inC. elegans, splice site selection at theseC. briggsae ad-
jacent 3′ splice sites is directed to the proximal 3′ splice site in the
germlineandto thedistal3′ splicesite in theheads, suggestingthese
tissue-specific splicing patterns are evolutionarily conserved.

Conservation across species of the amino acids added by alter-
native splicing is an important test of protein functionality.
However, this is difficult to determine in the case ofmany adjacent
alternative 3′ splice sites because the 6 nt upstream of the distal
splice site match the C. elegans 3′ splice site consensus motif
TTTCAG.While thesenucleotideswill likely be translated into ami-
no acids if included by splicing at the proximal splice site in the
germline, they already have evolutionary constraints on them to
promote splicing at the distal site in somatic tissues. It is, therefore,
difficult to determine if the amino acids added to the protein
through alternative splicing to a proximal 3′ splice site 6 nt up-
stream in the gonad is important for protein function. However,
for alternative adjacent 3′ splice sites that are separated by 9 nt,
only the 6 nt immediately upstream of the proximal site would
have these sequence constraints. This lack of positional nucleotide
conservation can be observed in theWebLogo alignment of 53 tis-
sue-specific alternative 3′ splice sites separated by 9 nt detailed in
Supplemental Table S2 (Fig. 8C). The 3 nt upstream of the consen-
susmotif (−7 through−9) do not have this evolutionary constraint
for splicing.Of the 53 intronswith adjacent 3′ splice sites separated
by 9 nt, 24 show conservation of the proximal AG in all four nem-
atode species analyzed, suggesting that the splicingpattern to these
3′ splice sites may also be conserved. Furthermore, the majority of
amino acids derived from the−7 to−9 nucleotides within these 24
are either fully conserved among all four nematode species, con-
served between two or more species, or the charge/polarity of the
residues is conserved (Fig. 8C). The conservationof these amino ac-
ids suggests that the use of tissue-specific alternative adjacent 3′

splice sites correspondswith conservation of changes in the prima-
ry structure of the alternative protein isoforms produced.

Noncanonical alternative adjacent 3′ splice acceptor dinucleotides
are used in the wild-type germline

Previously, the TTTC polypyrimidine tract was found to be suffi-
cient to induce splicing following mutation of a TTTCAG 3′ splice
site to TTTCAA (Zhang and Blumenthal 1996), indicating that
cryptic splicing could occur at non-AG dinucleotide acceptors. In
our analyses of tissue-specific adjacent 3′ splice sites, we identified
three introns in C. elegans in which the germline-preferred proxi-
mal 3′ splice site does not end in the canonical AG (Fig. 9A–C;
Supplemental Table S2). Previous EST evidence demonstrates splic-
ing to these sites, but this work provides the first evidence that this
splicing is done tissue-specifically in germline cells and is not a re-
sult of cryptic splicing from mutation of a native AG acceptor. In
these examples, splicing at TG, AT, and GG dinucleotide acceptors
(par-4, ubxn-6, and icd-2, respectively) is observed and strongly pre-
ferred in the germline, despite the apposition of 3′ splice sites used
heavily in somatic cells containing strong consensus sequencemo-
tifs. This small number of cases further delineates the deviation of
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3′ splice site choice in germline cells from canonical 3′ splice site
dinucleotide composition requirements found in somatic tissues.

Discussion

Adjacent alternative 3′ splice sites have been identified in several
organisms and tissues. Studies in humans and mice as well as
plants have inspired debate concerning how these tandem splice
sites are chosen. Statistical and predictive computational models
trained on human data sets propose splicing between adjacent
3′ splice sites is randomly distributed or relies strictly on the con-
tent of nucleotides within the sites (Sinha et al. 2009). These mod-
els struggled with the unique structure of the 3′ splice site-
determining cis-elements in C. elegans introns. It was also per-
ceived that the lack of a clear branchpoint consensus sequence
and long polypyrimidine tract in C. eleganswould not allow for al-
ternative splicing at tandem acceptor sites (Hiller et al. 2004).

Our work shows that adjacent alternative 3′ splice sites are
present and functional in C. elegans as well as in its nematode rel-

ative C. briggsae. Furthermore, we show that splicing patterns to
these sites are regulated and tissue-specific. In this study, we iden-
tify alternative splicing differences between C. elegans somatic and
germline tissues. Through RNA sequencing of isolated gonads as
well as glp-4(bn2ts)mutantworms that fail to produce a functional,
expanded germline, we used pre-annotated and de novo transcrip-
tomes to identify 23 cassette exons, one intron retention, and 203
adjacent 3′ splice sites that are differentially spliced between the
two tissue types. A large portion of these tissue-regulated alterna-
tive 3′ splice sites differ by 6 or 9 nt, even in an NMD abrogated
background. There is evidence that this preservation of frame is
not by chance, as mutations that favor frame preservation at
Drosophila NAGNAGs allows splicing regulation divergence to be
more easily tolerated (McManus et al. 2014).

The distal splice site used in somatic tissues mirrors a consen-
sus 3′ splice site in C. eleganswith an AG dinucleotide preceded by
a short stretch of pyrimidines. The frequency of splicing to the
proximal site, which is normally preferred in germline samples, in-
creases in somatic samples when a proximal AG dinucleotide is

Figure 8. Adjacent alternative 3′ splice sites are conserved in related Caenorhabditis species. (A) Bar graph depicting conservation of the proximal AG
dinucleotide in tissue-specific alternative 3′ splice sites. Introns were separated according to percent of proximal 3′ splice site usage in the wild-type germ-
line (0%–19% in black, 20%–59% in dark gray, and 60%–100% in light gray). The comparison is made with three species related to C. elegans: C. remanei,
C. briggsae, and C. brenneri. Displayed is a bar graph depicting the percentage of events in each category in which the upstream AG dinucleotide is con-
served in only C. elegans (1) or in C. elegans plus one, two, or three other related species (2, 3, and 4). (B) 32P-labeled RT-PCR products made from primers
that flank introns in daf-15 and atx-2with tissue-specific alternative adjacent 3′ splice sites. Enrichment in C. elegans or C. briggsae for somatic cells (glp-4 or
dissected heads, respectively) and germline cells (dissected gonads) shows a shift in abundance from the distal site isoform to the proximal site isoform in
the germline of both species. (C ) WebLogo consensus sequence motif of the 9 nt preceding the distal 3′ splice site of the 53 introns with tissue-specific
3′ splice sites separated by 9 nt (from Supplemental Table S2). Note the lack of conserved nucleotides at positions −7 to −9 from the distal 3′ splice site.
On the right, a table depicting the 24 intronswith theAGdinucleotide at theproximal site 9nt upstreamof thedistal splice site conserved in all four nematode
species analyzed. Shown is the gene name, common name, the frame of translation, and the identity of the amino acid(s) derived from the −7 to −9 nt.
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preceded by a stretch of pyrimidines (i.e., when the proximal site is
composed of nucleotides that make up a traditional 3′ splice site).
This indicates that 3′ splice site selection in somatic tissues relies
on the TTTCAG 3′ splice site consensus. In an effort to identify if
there are sequence clues that drive splicing to the proximal site
in germline cells, we compared the frequency of 4-nt, 5-nt, and
6-nt DNA words in introns containing tissue-specific alternative
adjacent 3′ splicing against total introns (data not shown). We
did this with either the 50 nt closest to the 3′ end of the introns
(the region upstream of the proximal AG) or with total introns.
We could find no evidence of consensus sequence motifs that
were enriched in introns undergoing tissue-specific alternative ad-
jacent 3′ splicing. This differed markedly from our previous analy-
sis of intron sequences flanking alternative cassette exons, where
words enhanced in these introns relative to total introns matched
known components of the splicing code and allowed for identifi-
cation of new ones (Kabat et al. 2006).

Introns in C. elegans tend to be relatively small with a median
length of 67 nt (Fig. 6). At some minimal distance, spatial con-
straints of the spliceosome will likely dictate limits on the branch-
points and splice sites used in the excision of the intron. The
contribution to 3′ splice site choice that the physical distance
from the alternative 3′ splice site to the branchpoint makes has
been explored in other organisms (Akerman and Mandel-
Gutfreund 2006; Tsai et al. 2007, 2010; Bradley et al. 2012).
Expression analysis of a PTBminigene with 4-nt or 7-nt insertions
between the branchpoint and tandem acceptor set caused an in-
crease in splicing to the proximal site, suggesting that the choice
of branchpoint may influence the choice of 3′ splice site at
NAGNAGs (Tsai et al. 2010). Conversely, tissue-specific branch-
point mapping in this study revealed no alternative branchpoint
usage in an intron with adjacent tissue-specific 3′ splice sites
(Fig. 7). Instead, introns with activated proximal AG dinucleotides
in the germline tend to be significantly longer overall (Fig. 6) and

possiblymore permissive of spliceosomal
spatial modulations that lead to 3′ splice
site choice fluctuations. If alternative
branchpoints do not lead to alternative
3′ splice sites, perhaps the scanning
mechanism from branchpoint to splice
acceptor differs between the germline
and somatic splicing machineries.

The discovery of somany tissue-spe-
cific alternative adjacent 3′ splice sites, in
which the proximity to the 5′ splice site
is the main determinant of alternative
splicing in the germline, suggests that
there is an overall difference in 3′ splice
site selection in the germline relative to
other tissues. Differential expression of
splicing trans-factors between germline
and somatic tissues that are part of the
U2 snRNP or are interactors with the
U2AF subunit homologs UAF-1 and
UAF-2 could explain this phenomenon.
To begin to address this, we used a data-
base of 494 spliceosome-associated com-
ponents (Cvitkovic and Jurica 2013) to
identify spliceosomal proteins and RNA
binding proteins in C. elegans. Cross-ref-
erencing our tissue-specific RNA-seq
data using the DESeq analysis software

(Anders andHuber 2010), we identified candidate factors enriched
or depleted in the germline relative to somatic cells (Supplemental
Table S6; Supplemental Fig. 1). Two candidates to look at, UAF-1
and UAF-2, did not yield expression changes of significance in
this analysis, and no detectable change in splicing pattern at adja-
cent 3′ splice sites was observed in amutant allele (uaf-1) or follow-
ing RNAi knockdown (uaf-2) (Supplemental Fig. 2). Similarly, we
tested other candidate splicing regulators, including C. elegans
mog-2 (mammalian U2A′ homolog), ptb-1 (SAP49; polypyrimidine
tract-binding protein), hrpf-1 and sym-2 (hnRNP H/F homologs),
and sfa-1 (branchpoint-binding protein homolog), and detected
no change in splicing patterns at tissue-specific 3′ splice sites.
One possibility is that splicing fidelity is lower in the germline
and proofreadingmechanismsmaynot be as robust. This could ex-
plain the use of proximal sites that lack the YYYNAG consensus
and even proximal sites that lack the AG dinucleotide.

Our data indicate that the presence of an AG dinucleotide 6–9
nt upstream of a strong consensus 3′ splice site will likely lead to
proximal alternative splice site usage if the pre-mRNA is expressed
in the germline and the intron is above a minimal length.
Importantly, our data indicate that these tissue-specific alternative
splicing events, their component nucleotides, and the resulting
amino acids within the exonic extensions are conserved in related
nematode species. No matter the mechanism by which germline-
specific splicing is established at adjacent 3′ splice sites, this mech-
anism has been adapted to drive conserved alternative splicing
events.

Methods

Strain maintenance and dissections

Strains: glp-4(bn2ts), smg-2(e2008), and wild-type (Bristol N2
strain) worms were obtained from the Caenorhabditis Genetics

Figure 9. 3′ splice sites in dissected gonad samples that deviate from the canonical AG dinucleotide.
32P RT-PCR and RNA sequencing coverage tracks of handpicked glp-4 whole worm, wild-type whole
worm, and wild-type germline RNA showing tissue-specific expression of isoforms with alternative
3′ splice sites. Analysis of par-4 (A), ubxn-6 (B), and icd-2 (C ) RNA sequencing reveals significant usage
of noncanonical 3′ splice sites primarily in germline-containing samples. Sequences above each set of
coverage tracks show the dinucleotide set found at the somatic site preceded by the dinucleotide set
found at the germline site (underlined) and the accompanying sequence immediately upstream.
Genomic and mRNA sequences in these regions were validated.

C. elegans alternative adjacent 3 ′ splice sites

Genome Research 991
www.genome.org



Center. Synchronized worm populations were obtained by axeni-
zation of a mixed population of worms cultured on liquid media
at 20°C to isolate embryos (Lewis and Fleming 1995). After syn-
chronization, all worms were cultured at 25°C, the restrictive
temperature for glp-4(bn2ts), and the developmental stage was
confirmed by microscopy of vulva development (white-crescent
stage).

RNA extraction for RT-PCRs

Gonads were dissected on slides in 50 µL dissection buffer (110 µL
10× Egg Buffer [1 M HEPES, 5 MNaCl, 1 MMgCl2, 1 M CaCl2, 1 M
KCl], 25 µL 20% TWEEN, 100 µL 10 mM levamisole, 865 µL
ddH2O)with 30-gauge needles. One hundred to 150 headswere re-
moved by cutting below the pharynx. Seventy-five to 100 extrud-
ed gonads were isolated by removing the heads and cutting at the
spermatheca. One hundred to 200 adult worms 20–24 h past
L4 were used for whole worm samples. Tissues were placed into
300 µL TRIzol (Invitrogen) on ice. Sixty microliters chloroform
were added to the TRIzol/tissue samples, and phases were separat-
ed using pre-spunPhase LockGel-Heavy tubes (5 Prime). The aque-
ous phase was transferred to a new tube and mixed with 125–175
µL isopropanol and 1 µLGlycoBlue (Ambion). RNAwas precipitat-
ed overnight at −20°C and pelleted at 13,000g at 4°C for 30 min.
The pellet was washed with 75% ethanol, dried, and resuspended
in 10–20 µL ddH2O.

Reverse transcription

One to 10 µL of RNA was mixed with 1 µL 10 mM dNTPs, 1 µL
50 µM random hexamers, and ddH2O to 13 µL. The solution
was incubated at 65°C for 5 min and then for 1 min on ice.
Four microliters first-strand buffer, 2 µL DTT, and 1 µL
SuperScript III (Invitrogen) were added, and the following incu-
bation protocol was followed: 4°C 10 min, 15°C 10 min, 42°C
20 min, 70°C 15 min.

Polymerase chain reaction

For cassette exons, gene-specific primers (10 µM) that anneal to se-
quences in exons that flank an alternative exonwere used in a PCR
reaction with 1–2 µL cDNA from RT reactions. The annealing tem-
perature was 50°C and the elongation time was 30 sec with 25–28
cycles of amplification. Primer sequences are available in
Supplemental Table S8. One microliter of product was run on an
Agilent 2100 Bioanalyzer with a DNA 1000 kit and/or separated
on a 2%agarose gel. Dividing themolarity of the inclusion isoform
by the sum of molarities of inclusion and skipping isoforms deter-
mined the percent spliced in (PSI). For alternative 3′ splice sites,
PCR reactions were run similar to cassette exons, but the elonga-
tion time was 15 sec and the reactions were run in the presence
of 32P-labeled reverse primer. Radiolabeled PCR products from al-
ternative 3′ splice sites were phenol, then chloroform extracted
and ethanol precipitated at −20°C overnight. After microcentrifu-
gation, the pellets were resuspended in 10 µL formamide dye, heat-
ed to 95°C, and run on a long 6% polyacrylamide urea denaturing
gel at 1700V/45W for 3.5–4 h. This gel was exposed to a
PhosphorImager screen overnight and bands were imaged on a
Typhoon scanner.

RNA-seq

RNA extractions were performed with TRIzol (Invitrogen) and fur-
ther purifiedusing theRNeasy PlusMicro kit (Qiagen). Gonad sam-

ples were depleted of rRNA with a RiboZero kit (Epicentre), and
whole worm samples were poly(A) selected. mRNA sequencing li-
braries were sequenced according to manufacturer recommenda-
tions with the TruSeq Stranded mRNA Sample kit (Illumina) at
the Centre for Genomic Regulation sequencing facility in
Barcelona, Spain. A total of 50-bp paired-end reads were mapped
to the C. elegans reference genome (ce6) with TopHat (Trapnell
et al. 2009), and PCR duplicates were removed. SpliceTrap (Wu
et al. 2011) was used to detect pre-annotated splicing changes be-
tween tissues that met the threshold of a 0.3-minimum inclusion
ratio change and aminimum count of 15 junction-spanning reads
(either skipping or inclusion on each side). Identification of smg-2
(e2008) alternative 3′ splice siteswas performed on dissected gonad
sample libraries. Splice junctionswere extracted fromTopHatmap-
pings and codewas written to identify introns thatwere filtered ac-
cording to (1) intronswithmore than one 3′ splice site for the same
5′ splice site, and (2) among the 3′ splice sites for a given 5′ splice
site, the distance between 3′ splice sites is ≤18 nt. The resulting in-
trons were hand-curated to detect tissue-specific splicing changes
at adjacent 3′ splice sites.

Consensus motifs

Typical nonalternatively spliced introns were selected by random
gene and intron selection in the UCSC Genome Browser. Intron
sequences contain the previously annotated 3′ splice site through
40 nt upstream. A consensus motif was created online with
WebLogo (http://weblogo.threeplusone.com/create.cgi). Twenty-
five introns from the following classes—(1) 6-nt, 9-nt, and
12-nt shifted alternative 3′ splice sites, (2) 3′ splice sites in
which the proximal AG is unused in gonad samples, and (3)
often used 3′ splice sites in glp-4(bn2ts)—were chosen, and con-
sensus motifs were created in the same manner as typical 3′ splice
sites.

Branchpoint identification

RNA was extracted from glp-4 whole worms or dissected wild-type
gonads. Divergent nested primer sets (A1/B1 and A2/B2) were
designed to anneal to an intron within cdk-12 that contains a
tissue-specific alternative 3′ splice site. Reverse transcription was
performed as previously stated substituting the A1 primer for
random hexamers. cDNA from this reaction was amplified in a
primary PCR reaction with primers A1 and B1 (28 cycles),
purified in a PCR Clean-up kit (Qiagen), and reamplified in a
secondary PCR reaction using primers A2 and B2 (25 cycles).
Primer sequences are available in Supplemental Table S8. The re-
sulting amplicon was gel purified, cloned into pCR2.1 TOPO
(Invitrogen), and transformed into DH5alpha chemically compe-
tent cells. A minimum of 12 colonies were selected for sequenc-
ing each from the samples representing glp-4 adult RNA and
wild-type gonad RNA.

Intron length analysis

Nucleotide lengths were measured for introns with >10 junction-
spanning reads and <10% (n = 72) or >10% (n = 120) proximal
3′ ss usage in the germline (Fig. 5). In addition, introns were iden-
tified in the UCSCGenome Table Browser (ce6 release), and nucle-
otide lengths were measured. The minimum, first quartile,
median, third quartile, and maximum lengths were determined
from each set and compared.
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Data access

FASTQ files of raw reads from five high-throughput RNA-seq librar-
ies and a table of geneswith tissue-specific alternative 3′ splice sites
have been submitted to the NCBI Gene Expression Omnibus
(GEO; http://www.ncbi.nlm.nih.gov/geo) under accession num-
ber GSE64672.
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