SR proteins control a complex network
of RNA-processing events
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ABSTRACT

SR proteins are a well-conserved class of RNA-binding proteins that are essential for regulation of splice-site selection, and have
also been implicated as key regulators during other stages of RNA metabolism. For many SR proteins, the complexity of the RNA
targets and specificity of RNA-binding location are poorly understood. It is also unclear if general rules governing SR protein
alternative pre-mRNA splicing (AS) regulation uncovered for individual SR proteins on few model genes, apply to the activity
of all SR proteins on endogenous targets. Using RNA-seq, we characterize the global AS regulation of the eight Drosophila SR
protein family members. We find that a majority of AS events are regulated by multiple SR proteins, and that all SR proteins
can promote exon inclusion, but also exon skipping. Most coregulated targets exhibit cooperative regulation, but some AS
events are antagonistically regulated. Additionally, we found that SR protein levels can affect alternative promoter choices and
polyadenylation site selection, as well as overall transcript levels. Cross-linking and immunoprecipitation coupled with high-
throughput sequencing (iCLIP-seq), reveals that SR proteins bind a distinct and functionally diverse class of RNAs, which
includes several classes of noncoding RNAs, uncovering possible novel functions of the SR protein family. Finally, we find that
SR proteins exhibit positional RNA binding around regulated AS events. Therefore, regulation of AS by the SR proteins is the
result of combinatorial regulation by multiple SR protein family members on most endogenous targets, and SR proteins have a
broader role in integrating multiple layers of gene expression regulation.
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INTRODUCTION cause of several genetic diseases (e.g., spinal muscular atro-
phy) (Cartegni and Krainer 2002; Kashima and Manley
2003). Similarly, mutations that affect AS of tumor suppres-
sors, leading to their inactivation, are responsible for some
inherited and sporadic cancers (Venables 2004; Karni et al.
2007; Misquitta-Ali et al. 2011).

The splicing reaction is carried out by the spliceosome—a
complex of five small nuclear ribonucleoprotein particles
(snRNPs) and hundreds of accessory proteins. The spliceo-
some promotes precise excision of introns, by recognizing
pre-mRNA sequence elements that define intron boundaries.
The sequence elements are highly degenerate, and occur
frequently within the genome (Kramer 1996; Will and
Lithrmann 2001).

Proper splicing outcome is ensured by multiple factors.
First, accurate splice-site recognition by the spliceosome is fa-
cilitated by auxiliary proteins that bind cis-acting elements in
pre-mRNA, and recruit and stabilize the spliceosome. Splice-
site recognition is also determined by the specific combina-
tions of cis-acting elements, their proximity to splice sites,

Gene expression in higher eukaryotes requires proper forma-
tion of mRNA from immature, pre-mRNA. This process en-
tails removal of noncoding (intron) sequences by pre-mRNA
splicing, so that coding (exon) sequences can be spliced to-
gether. Alternative splicing (AS) is the process of generating
multiple mRNA isoforms from a single pre-mRNA by join-
ing the exons together in different combinations. AS signifi-
cantly expands the diversity of the proteome, with recent
estimates suggesting that 90%—-95% of human multiexon
transcripts undergo AS (Wang et al. 2008). Proteome diver-
sity is further increased by the fact that many mRNA variants
are expressed differentially in different cell types and during
different developmental stages (Pan et al. 2008). Given that
AS is both pervasive and essential for tissue development
and homeostasis, it is critical that we understand how it is
regulated. Indeed, misregulation of specific AS events is the
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and specific splicing factors’ expression levels. Lastly, splicing
at a particular site can be activated or repressed when these
auxiliary proteins bind nearby enhancer or silencer regions
—to recruit or inhibit assembly/stability of spliceosomal
components, respectively (Black 2003; Pagani and Baralle
2004; House and Lynch 2006; Chen and Manley 2009).

An essential class of splicing regulators is the serine/argi-
nine (SR) family of proteins. SR proteins are a highly con-
served family of splicing regulators—with one or two N-
terminal RNA-recognition motifs (RRM), and a C-terminal
(RS) domain enriched in arginine and serine dipeptides. SR
proteins have primarily been shown to be regulators of
splice-site selection, but have also been implicated in all cru-
cial aspects of mRNA metabolism—including export, locali-
zation, translation, and nonsense-mediated decay (NMD)
(Krainer et al. 1990; Long and Caceres 2009; Shepard and
Hertel 2009). In AS, SR proteins appear to function as general
activators—by RRM-domain-dependent binding of exonic-
splicing enhancers (ESEs) in pre-mRNA and by recruiting
the splicing machinery, via RS-domain—protein interactions,
to the splice site (e.g., Ul snRNP to the 5’ splice site or U2AF
to the 3’ site) (Graveley 2000; Lam and Hertel 2002; Matlin
et al. 2005). Binding sites on pre-mRNA for SR proteins
and other splicing regulators (e.g., hnRNP family) are typi-
cally in close proximity, thus suggesting that interplay be-
tween activation and repression modulates the frequency of
exon inclusion (Zhu et al. 2001; Zahler et al. 2004).

While most SR protein family members have been impli-
cated in AS regulation, many of the studies were performed
in vitro, or based on single-gene analyses. A more compre-
hensive analysis is now possible due to recent advances in
the ability to rapidly characterize AS. For example, RNA se-
quencing can identify genome-wide AS events (Brooks
etal. 2011; Huelga et al. 2012), and immunoprecipitation ap-
proaches can identify precise binding sites for RNA-binding
proteins across the transcriptome (Konig et al. 2010; Anko et
al. 2012; Huelga et al. 2012). A study mapping SRSF3 and
SRSF4 binding sites revealed that these two SR proteins
bind a small, but distinct, subset of genes with very little over-
lap of endogenous targets (Anko et al. 2012). This implies
that individual SR proteins bind distinct endogenous tran-
scripts—with little cooperativity between family members.
In contrast, another recent study mapped the in vivo, endog-
enous binding targets of SRSF1 and SRSF2, and found exten-
sive overlap (Pandit et al. 2013). Furthermore, the study
found SRSF1 and SRSF2 coordinated with and compensated
for one another to regulate exon inclusion and skipping.
Thus, while these studies suggest that SR proteins control
AS through position-dependent pre-mRNA binding, it is un-
clear to what extent SR proteins cooperate with each other to
regulate AS in a combinatorial fashion.

In this study, we identified AS events regulated by individ-
ual SR proteins, by utilizing RNAIi of each of the eight iden-
tified SR proteins in Drosophila (SC35, SF2, SRp54, XL6,
Rbpl, B52, Rsfl, and Rbp1-like), followed by RNA-seq anal-
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ysis. This global approach revealed that a majority of SR-reg-
ulated AS events are controlled in a combinatorial manner by
multiple SR proteins. In addition, all SR proteins can pro-
mote exon inclusion, and exon skipping. Utilizing SR pro-
tein-domain mutants, we show that in vivo AS regulation
by the SR proteins requires an RS-domain, and that target
specificity is dictated by the RRM-domain. Indicating that
the binding location on the target RNA is responsible for
the SR protein’s positive or negative effect on AS. Using
iCLIP-seq, we identified direct RNA-binding sites that con-
tribute to regulation of AS, and produced RNA-splicing
maps for the SR protein family. We find that multiple SR pro-
teins associate with most transcripts, but can bind to specific
locations. This suggests that AS is generally regulated by the
collective contribution of multiple SR proteins, and presum-
ably other splicing regulators, on most endogenous targets.
Finally, beyond AS, we characterized the roles of the eight
SR proteins in RNA metabolism—including transcript ex-
pression, and alternative promoter and polyadenylation se-
lection—suggesting a role for SR proteins in the integration
of multiple levels of gene expression regulation.

RESULTS

Identification of genome-wide SR-dependent AS events

To identify the SR protein network regulating AS, we first re-
duced levels of each of the eight known SR proteins in
Drosophila S2 cells, and then performed RNA-seq on RNA
isolated from control (GFP)—and SR-RNAi-treated cells—
to detect altered AS events (Fig. 1). Each protein was knocked
down to <10% by RNAI. Individual SR proteins were re-
duced specifically with no appreciable changes in other SR
protein family members (Fig. 1A); the only exception was
up-regulation of Rbpl-like when Rbpl was reduced, which
has been previously noted (Kumar and Lopez 2005).

To facilitate the RNA-seq analysis, we focused on the five
simplest types of AS: cassette exons, competing donor or ac-
ceptor sites, mutually exclusive exons, and intron retention.
In the eight SR protein-depleted S2 cells, we identified a total
of 561 altered simple AS events, representing 405 genes
(Supplemental Fig. S1A). This represents >10% of the 5472
reliably detected simple AS events in S2 cells, indicating
that the SR protein family is important for extensive AS reg-
ulation. Many of the changes observed may be due to indirect
or secondary effects of RN A, since SR proteins alter the AS of
many transcription and splicing factors. However, these
changes are part of a large regulatory network where SR pro-
teins are key regulators. Each SR protein alters different num-
bers of AS events (Fig. 1B; Supplemental Fig. S1A)—ranging
from 253 for B52 to 24 for Rbpl. Previous studies of SR pro-
teins focused only on their regulation of cassette exons or
competing 5 and 3’ splice sites. To determine whether SR
proteins are important for only one versus a few types of sim-
ple AS events, we subdivided the affected events into the five
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FIGURE 1. Genome-wide analysis of SR-dependent AS events. Drosophila melanogaster S2 cells were treated with SR-RNAIi. (A) Western blot analysis
of S2 cells treated with two nonoverlapping SR-specific dsSRNAs versus S2 cells treated with nonspecific dsSRNA (GFP); loading control, a-tubulin. (B)
RNA-seq analysis showing the total number of simple AS events regulated by each SR protein; each bar shows the proportion of events that are less

included (SR-activated, red) or more included (SR-repressed, dark gray)

. (C) RT-PCR validation of putative SR-regulated AS events identified by

RNA-seq analysis (significantly changed events [*] P <0.05, [**] P <0.01, [***] P <0.001 Fisher’s exact test); events separated into activator, repres-
sor, or antagonistic. PSI values calculated from the RT-PCR and RNA-seq experiments are shown for comparison below each lane. Gene model is

displayed below each gel with arrows indicating primer locations for PCR

of the alternative region (red). (D) Heatmap reveals hierarchical clustering

of PSI-switch scores for SR-regulated AS events (y-axis) for each SR protein (x-axis).

types of simple AS, and found that SR proteins affect all types
in similar proportions (Supplemental Fig. S1A,B).

In Drosophila, SR proteins are essential for tissue develop-
ment and sex determination (Lynch and Maniatis 1996;
Hoffman and Lis 2000; Gabut et al. 2007). Gene ontology

analysis of SR-dependent targets revealed overrepresented
terms corresponding to cell growth and proliferation, cell sig-
naling, tissue and organ development, and neuronal process-
es (generation and differentiation of neurons and behavior)
(Supplemental Table S2). Thus, SR proteins affect targets
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important in many physiological processes, but especially
developmental.

SR proteins both activate and repress splicing events

SR proteins function as general activators of exon definition
by binding cis-elements in pre-mRNA, known as exonic-
splicing enhancer elements (ESEs), and thereby facilitate re-
cruitment and/or stabilization of components of the core
spliceosome. To determine whether SR proteins also repress
AS events, we analyzed the proportion of events showing
increased inclusion versus exclusion, when individual SR
proteins are depleted. We found that all eight SR proteins
function as both activators and repressors of AS events
(Fig. 1B). Surprisingly, six of the eight SR proteins repressed
more than half of their regulated events (ranging from 58.3%
for Rbp1 to 71.4% for Rbp1-like); on the other hand, SRp54
and XL6 activated 54.8% and 77.7% of events, respectively.

To determine if SR proteins preferentially activate or re-
press a specific AS type, we separated the included or exclud-
ed events by AS type (Supplemental Fig. S2A—E). Seven of the
eight SR proteins activated more cassette exons than other
types of AS; the exception was B52, which repressed 53.1%
of cassette exon events. Additionally, SR proteins were im-
portant for repression of most intron-retention splicing
events—except for XL6, which activated 84.4% of its regulat-
ed intron-retention events. Since SR proteins repress a ma-
jority of intron-retention events, and intron-retention
events are the largest class of SR-regulated AS, these events
contribute significantly to the overall repression of AS ob-
served. These observations of cassette exon activation and in-
tron-retention repression are consistent with reports that SR
proteins activate exon recognition (Lam and Hertel 2002).
However, there are many examples where SR proteins silence
inclusion of AS regions, and to different extents.

Multiple SR proteins can affect the same AS event

Semiquantitative RT-PCR of predicted targets demonstrated
that multiple SR proteins can activate (Su(z)12 and CG12090)
and repress (Pep and Syb) the same splicing event (Fig. 1C).
Surprisingly, we also identified events where some SR pro-
teins activate inclusion, while others repress inclusion: for ex-
ample, enhanced skipping of a cassette exon in the Dre4
transcript when XL6 or Rsfl are depleted, versus increased
inclusion when SC35 or B52 are depleted. Such antagonism
suggests that SR protein regulation is not always redundant,
but different SR proteins can affect an AS region differently.

SR proteins collaborate to regulate a majority
of AS events

Many AS events are regulated by multiple RNA-splicing fac-
tors in a combinatorial manner (Blanchette et al. 2005). For
example, in Drosophila, SR proteins Rbp1 and SF2 cooperate
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with sex-specific splicing regulators Tra and Tra-2 to regulate
AS in Doublesex (Lynch and Maniatis 1996). In addition, in
Drosophila and mammals, AS is cooperatively regulated ge-
nome wide by another well-characterized splicing regulator
family, hnRNPs (Blanchette et al. 2009; Huelga et al. 2012).
Comparing affected AS events across all eight SR proteins re-
vealed clustering of SR protein-dependent AS events (Fig. 1D).
Similarly, when we compared the number of unique and
shared AS events of each SR protein, we found that while indi-
vidual SR proteins affect unique AS events, the majority of AS
events were affected by more than one of the eight SR pro-
teins (Fig. 2A). The one exception was B52, which regulated
only 36% of its targets with other SR protein family members
(Fig. 2A). To determine the extent of SR protein cooperative
or antagonistic coregulation, we noted the direction of change
(increased inclusion or increased exclusion) for each coregu-
lated AS event, and clustered them accordingly. The vast ma-
jority of these events were regulated similarly by multiple SR
proteins (Fig. 2B)—greater than 87.7% of coregulated events
demonstrated cooperative regulation for each SR protein.
Also, while individual events can be regulated by specific sets
of SR proteins, there were no distinct pair-wise relationships
between individual SR protein family members (Fig. 2B).

One of the more surprising findings was for Rsfl, which
coregulated 81.4% of its AS events with other SR proteins
(Fig. 2A), and 97.9% of those events were regulated in the
same direction. Therefore, Rsfl acts, almost exclusively, to
cooperatively coregulate AS events with the other SR pro-
teins. This finding is in contrast to a previous study, suggest-
ing that Rsfl acts as an antagonist of other SR proteins for
splice-site recognition through protein interactions via its
GRS domain (Labourier et al. 1999).

The extensive overlap of affected AS transcripts suggests
that SR proteins control specific AS events either redundantly
or combinatorially. To test these hypotheses, we reduced the
expression of two pairs of SR proteins, simultaneously, in S2
cells and then performed RNA-seq to monitor changes in AS.
To first demonstrate that individual and pair-wise SR protein
expression is specifically reduced by RNAI treatment, we used
Western blot analysis of the three SR proteins in S2 cell lysates
(Fig. 2C). As expected, individual and pair-wise SR protein
expression were reduced specifically. When we examined
changes in AS, we found that in addition to the affected AS
events identified when individual SR proteins were reduced,
there were new events significantly changed when the SR
pairs SC35:B52 and XL6:B52 protein levels are reduced to-
gether, 205 and 195 new events, respectively (Fig. 2D,E).
Also, the overall magnitude of AS changes seemed to be great-
er for some AS events when two SR protein levels were re-
duced (Fig. 2D), supporting the combinatorial hypothesis.
To determine if there is, indeed, an increase in the magnitude
of AS change when two SR proteins are knocked down, we
compared the PSI (# Inclusive reads/[# Inclusive reads + #
Exclusive reads]) switch scores (PSI SR RNAi—PSI control)
of the 23 and 26 coregulated AS events between SC35 and
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B52 and XL6 and B52, respectively. In 14 of the 23 events cor-
egulated by SC35 and B52, and 12 of the 26 events coregu-
lated by XL6 and B52, the PSI-switch score was increased
(enhanced) when both SR proteins were knocked down
simultaneously (Fig. 2F). One event coregulated by SC35
and B52 displayed a greater splicing change in the opposite
direction (compensatory), and all of the other coregulated
events for SC35, XL6, and B52 had PSI-switch scores remain
the same or decrease in the simultaneous knockdown dem-
onstrating cooperative regulation (Fig. 2F).

As a final test of combinatorial regulation, we performed
semiquantitative RT-PCR on coregulated AS events. The
AS cassette exon in Su(Z)I12 exhibits less inclusion when ei-
ther SC35 or B52 proteins are reduced, and a further decrease
in inclusion when both proteins are reduced (Fig. 2G).
Similarly, when XL6 and B52 are acting as repressors of the
cassette exon in CG31638, an increase in magnitude of re-
pression is observed when both proteins are knocked down
(Fig. 2G). Surprisingly, this effect is even observed when
the two SR proteins have antagonistic functions. XL6 acts
as an activator, and B52 as a repressor of the cassette exon
in the Dre4 transcript. When both XL6 and B52 are knocked
down together the result is a splicing change that is near wild-
type levels (Fig. 2G), suggesting that these two SR opposing
proteins cancel each other out, and providing further support
for combinatorial coregulation by SR proteins.

SR proteins regulate promoter selection and 3’ end
processing of target transcripts

Many eukaryotic genes contain multiple promoters that
determine a different start site/first exon of a transcript,
thereby modulating expression at the transcriptional level.
To investigate if SR proteins could affect promoter selection,
we analyzed transcripts that were altered when an individual
SR protein’s expression was reduced that had annotated alter-
native start sites by RNA-seq (Fig. 1). Surprisingly, SR pro-
teins affected the frequency of inclusion of many alternative
first exons (Fig. 3A). We found that, of the eight SR proteins,
RbplL affected the fewest first exons (71 in 41 genes) and
SRp54 affected the most (278 in 133 genes). Two striking ex-
amples of differential promoter selection when XL6 or B52
was reduced were the usage of the distal promoter of the
Nfat gene was decreased and usage of the two proximal pro-
moters of the Indy gene was increased (Fig. 3B).

In addition to regulating the location of transcript initia-
tion, transcripts can have alternative termination sites. Such
alternative 3’ processing results from a dynamic interplay be-
tween cleavage/polyadenylation machineries and splicing
regulators (Kyburz et al. 2006; Blechingberg et al. 2007). In
some cases, alternative polyadenylation (APA) sites in pro-
tein-coding regions (CR-APA), yield different protein iso-
forms. To test whether SR proteins could affect transcript
termination, we analyzed transcripts with annotated alterna-
tive termination from the RNA-seq results (Fig. 1). When SR
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proteins were depleted, APA sites were significantly changed.
XL6 affected the largest number of CR-APA events (53), and
Rbpl the smallest number (6) (Fig. 3C). These large numbers
indicate that regulation of CR-APA sites is an important
function of SR proteins.

An example of CR-APA regulation was the Pnuts gene with
two APA sites; use of the proximal site results in a transcript
that is truncated by 2000 nt, and a protein that is half as large
as when the distal site is used (Fig. 3D). When XL6 or B52
were reduced, use of the proximal APA site was reduced.
The CG34439 gene, which also has two APA sites, provided
a second example of CR-APA regulation; use of the proximal
site yields a protein that is 74 amino acids, instead of 123.
When B52 was reduced, use of the distal APA site was re-
duced (Fig. 3D), indicating that B52 is required for ensuring
production of the longer protein isoform.

In addition to APA sites in the coding region, there are
APA sites in the 3’ untranslated region (3" UTR). These 3'-
UTR alternative polyadenylation (UTR-APA) do not alter
protein composition, but can affect protein expression. For
example, using a more distal UTR-APA can introduce
microRNA (miRNA)-binding sites, or other regulatory se-
quences such as AU-rich elements (AREs) and RNA localiza-
tion signals (Sandberg et al. 2008). To determine whether SR
proteins affect the use of UTR-APA sites, we analyzed tran-
scripts in our RNA-seq results (Fig. 1) that had annotated
APA sites within the 3" UTR that were altered when individ-
ual SR proteins were knocked down. Surprisingly, SR pro-
teins affected many UTR-APA events (Fig. 3C). Similar to
CR-APA regulated events, in the majority of cases, we ob-
served a shift toward usage of the proximal UTR-APA site
(Fig. 3C,E). The two exceptions are B52 and SC35, for which
many more events result in use of the distal site. Rbp1 affects
the smallest number (4 events), and XL6 controls the largest
(65 events). An example of SR protein regulation of UTR-
APA is provided by Fabl (Fig. 3F). Reduction in B52 in-
creased use of the distal site, suggesting that B52 is required
to produce a shorter 3’ UTR that excludes 1000 nt of poten-
tial regulatory sequences. A second example of SR protein
regulation of UTR-APA is provided by CG6700. When XL6
is reduced there is a switch to use of the proximal poly(A)
site (Fig. 3F). Therefore, XL6 is responsible for maintaining
the long 3’ UTR of this transcript. Both SR proteins bind
near regulated poly(A) sites, indicating a potential direct
role in poly(A) selection (Supplemental Fig. S9). These data
suggest that SR proteins affect UTR-APA selection—in the
vast majority of cases, ensuring that longer transcripts are
produced. The differences in proximal or distal poly(A) site
regulation by the SR proteins could be a result of cell or tissue
specific expression regulation. One striking difference be-
tween CR-APA and UTR-APA is the mechanism that may
be used by SR proteins to regulate APA site choice. CR-
APA could be the result of differential selection of splice sites,
by the SR proteins, that include or remove poly(A) selection
regulatory sequences from the transcript, and ultimately
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FIGURE 3. SR proteins regulate promoter choice and 3’ end processing. Transcripts with alternative promoter and polyadenylation sites were an-
alyzed for changes when individual SR proteins are depleted (Fig. 1). (A) Total number of transcripts with differential promoter selection when in-
dividual SR proteins are knocked down. (B) RNA-seq tracks for representative transcripts with altered promoters. Shaded gray regions above the gene
model correspond to the density of mapped RNA-seq reads from each sample. Charts on the right indicate the relative frequency of proximal promoter
usage (PSI; significantly changed events [*] P <0.05, [**] P <0.01, [***] P <0.001 Fisher’s exact test). (C,E) Number of altered events within tran-
scripts with CR-APA sites (C) and UTR-APA sites (E), subdivided into shifts to proximal or distal polyadenylation sites. (D,F) RNA-seq tracks for
representative transcripts with CR-APA (D) and UTR-APA (F) (blue boxes, constitutive regions; red boxes, alternative regions and poly(A) sites; thin
lines, 3" UTR). Shaded gray regions above the gene model correspond to the density of mapped RNA-seq reads from each sample. Charts on the right

indicate the relative frequency of proximal APA usage (PSI; significantly changed events [***] P <0.001 Fisher’s exact test).

change where the transcript is polyadenylated. However,
UTR-APA involves differential selection of poly(A) sites
independent of splice-site selection. Many RNA-binding
proteins have been implicated in UTR-APA control by en-
hancing or antagonizing the action of the formation of the

3’ processing complex, but SR proteins have only been impli-
cated in CR-APA (Lou et al. 1998). These results support the
notion that SR proteins might play a role in UTR-APA regu-
lation, and also may suggest SR protein interaction with the 3’
end processing machineries.
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SR proteins are required for maintaining proper
transcript expression levels

In addition to regulating transcript length and sequence
composition, SR proteins modulate gene expression levels
at other stages of RNA metabolism—such as mRNA export,
stability, and translation (Long and Caceres 2009; Zhong
et al. 2009). They also affect transcriptional elongation and
associate with sites of active chromatin (Champlin et al.
1991; Lin et al. 2008); for example, SRSF2 activates tran-
scription by mediating both release of P-TEFb from the
7SK complex, and then recruitment of P-TEFb and other
transcriptional factors to the gene promoter (Ji et al. 2013).
To examine genome-wide effects of SR proteins on gene ex-
pression, we examined the RNA-seq data for changes in over-
all transcript abundance in the absence of individual SR
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proteins (Fig. 1). We found that expression of a large number
of genes underwent a greater than twofold change (Fig. 4A)
—ranging from 539 genes for XL6 to 1230 for B52 (i.e.,
6.1% and 13.8%, respectively, of the 8891 reliably detected
genes). Expression of 2283 genes was either up-regulated
(1661) or down-regulated (722). Thus, SR proteins can affect
expression of 25.7% of expressed genes in S2 cells. Hierarchal
clustering revealed that transcripts whose expression in-
creased in the absence of SR proteins play key roles in cell
growth and signaling, and transcripts whose expression de-
creased are important for reacting to external stimuli and
tissue development (Fig. 4B; Supplemental Table S3). SR
proteins did not affect the expression levels of many common
housekeeping genes (HSP90, Act5C, RPL23; data not shown).

The number of genes whose expression was affected by SR
protein knockdown (2283) exceeds the number that exhibited

Regulated genes

-04 02 00 02 04
Log,FC

FIGURE 4. SR proteins regulate RNA transcript levels. Transcript abundance was calculated and normalized for control and SR-depleted RNA-seq
samples (Fig. 1). (A) Number of genes with differential expression (red, increased; dark gray, decreased). (B) Heatmap showing hierarchical clustering
of calculated fold-change (log,) for genes with significantly altered transcript levels. (C) Heatmaps comparing identified AS-regulated events (Fig. 1D)
(left) and their corresponding gene expression changes (fold-change [log,]) (right).
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changes in simple AS events (405). This suggests that these two
functions of SR proteins are independent. To test this hypoth-
esis, we analyzed regulated AS events (Fig. 1D) to determine if
there were significant changes in expression levels of those
genes. The vast majority of genes (>62.5% for Rbpl and
>80% for all other SR proteins) affected at the level of AS ex-
hibited no significant change in transcript abundance (Fig.
4C; Supplemental Fig. S3). This result suggests that SR pro-
tein-regulation of transcript expression is downstream from
direct AS targets (e.g., regulation of transcription factor AS),
or is independently regulated by a mechanism other than AS.

SR protein AS specificity is dictated by RRM domain,
and requires an RS domain

We have shown that SR proteins regulate AS events in a com-
binatorial manner, in vivo. However, there are differences in
the magnitude of splicing change observed depending on
which SR protein is reduced. Additionally, there are examples
of AS events where SR proteins can act antagonistically. RS
domains from different SR proteins differ in sequence com-
position and length, but were found to functionally substitute
for one another, in vitro. However, there are differences in po-
tency of RS domains when tethered to a similar ESE (Graveley
et al. 1998). We next wished to determine which SR protein
domains are required for regulation of AS targets in vivo.
To determine whether the RS domain is required, and wheth-
er different RS domains can functionally substitute for antag-
onistic and specific XL6 AS targets, we engineered stably
transfected S2 cells that can be induced by a metallothionein
promoter to express one of three constructs: Flag-HA-tagged
XL6 that is full length (XL6-FL), lacks the RS domain
(XL6ARS), or has the RS domain of B52 (XL6-B52RS) (Fig.
5A). To eliminate effects of endogenous XL6, we reduced
its expression with dsRNA that specifically targets the 3’
UTR of the endogenous copy (XL6) (Fig. 5B, lanes 1-12),
without affecting expression of XL6-FL (Fig. 5B, lanes 1-4).

We next performed RT-PCR on RNA from the transfected
S2 cells—examining 2 AS events, Dre4 and Vps35, which are
antagonistically regulated by XL6 and B52; XL6 activates the
Dre4 cassette exon and represses Vps35 AS events; B52 has
the opposite effects (Fig. 5C, cf. lanes 1,2 and Fig. 5D).
Overexpression of XL6-FL enhanced activation and repres-
sion of Dre4 and Vps35 AS events, respectively, even when
endogenous XL6 protein was reduced (Fig. 5C, cf. lanes 3,4
and 1,2). However, when XL6ARS was overexpressed this en-
hancement was not seen and AS regulation was still sensitive
to endogenous XL6 protein (Fig. 5C, cf. lanes 7,8 and lanes
5,6). Surprisingly, overexpression of XL6-B52RS yielded
RT-PCR AS data that was indistinguishable from XL6-FL
(Fig. 5C, cf. lanes 1-4 and 9-12), even though endogenous
B52 affects Dre4 and Vps35 AS events antagonistically of
XL6. Finally, the cassette exon in Dpplll is regulated by
XL6 but is insensitive to the B52 protein level (Fig. 5C, cf.
lanes 1,2 and Fig. 5D). Overexpression of XL6-FL or XL6-

B52RS, but not XL6ARS, enhanced DppIll AS events.
Demonstrating that the specificity for SR-regulated AS targets
is determined by the RRM domain, since XL6 with a B52 RS
domain can still regulate DppIII AS, which in insensitive to
B52. Furthermore, overexpression of XL6-FL, XL6ARS, and
XL6-B52RS have smaller effects on AS targets that are not
sensitive to XL6 protein levels, but are regulated by B52
(Fig. 5C,D; CG12065 and Syb).

Thus, XL6 activation and repression of Dre4 and Vps35 AS
events, respectively, requires (1) an RS domain, (2) that RS
domains from at least some different SR proteins be func-
tionally interchangeable, (3) that SR proteins are not redun-
dant splicing regulators, but can independently contribute to
regulation of shared and independent AS events, and (4) that
SR protein specificity is dictated by the RRM domain, not the
RS domain.

iCLIP seq reveals distribution of genome-wide
SR protein—-RNA binding

SR proteins have been shown to bind near splice sites in order
to regulate AS. To determine if the observed combinatorial
regulation of AS by SR proteins requires direct binding of
SR proteins to a given transcript, we identified the precise ge-
nome-wide binding sites for all SR proteins, using iCLIP-seq.
SR proteins were encoded on stable transgenes, transfected in
S2 cells, FLAG-tag immunopurified, and the bound RNA pu-
rified and subjected to RNA-seq (Supplemental Fig. S4). The
resulting reads (CLIP tags) were aligned to the Drosophila ge-
nome and generated 38,695-5,900,000 unique CLIP tags for
each SR-protein replicate (Supplemental Table S4). From
clusters of CLIP tags, we identified 16,004—102,040 significant
CLIP clusters (i.e., SR-protein-binding sites) for each SR pro-
tein (Supplemental Table S4), using a cluster-finding algo-
rithm; our conservative threshold (P <0.01) limited our
analysis to the most significantly bound regions, but may
have removed some true binding sites. Examination of the
SR-protein CLIP clusters revealed SR proteins binding to
multiple locations, and cross-linking by different SR proteins
on the same transcript (Supplemental Fig. S5). For example,
the SR-regulated transcript Dre4 displays CLIP clusters for
four SR proteins (B52, Rbpl, SRp54, and XL6) (Fig. 6A);
while some of these CLIP clusters overlap, many map to dis-
tinct regions. In addition, B52 and XL6 have many more clus-
ters than Rbp1 and SRp54 (Fig. 6A). These data demonstrate
that SR proteins bind overlapping as well as distinct sites on
target RNAs, and do so with different specificities.

Global landscape of RNA transcripts bound
by SR proteins

To further study SR protein binding genome-wide, we pro-
filed binding on all annotated transcripts for each SR protein.
CLIP clusters were detected on 5679 (SF2) to 9952 (XL6)
genes (Fig. 6B)—representing >90% of genes that are AS
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FIGURE 5. SR protein regulation of AS depends on RRM-domain and requires RS-domain. (A) Schematic showing relevant domains of three cop-
per-inducible proteins—all tagged with 2x Flag and 2x HA: RRM, RNA-binding; Zn, zinc knuckle; RS, C-terminal arginine/serine. (B) Western blot of
endogenous and recombinant XL6 in Drosophila S2 cells assayed in the presence or absence of dsRNA against endogenous XL6 and induction or
recombinant XL6 isoforms; loading control, histone H3. (C) Semiquantitative RT-PCR of XL6-regulated targets (Dre4, Vps35, DpplIll) and B52-reg-
ulated controls (CG12065 and Syb) in transfected S2 cells expressing wild-type or mutant XL6 (Expressed) and cultured in the presence or absence of
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region, red). PSI values are displayed below each lane. (D) Semiquantitative RT-PCR of AS targets in untransfected S2 cells cultured in the presence
of dsRNA to either nonspecific sequence (control) or B52. PSI values are displayed below each lane.

regulated by SR proteins (data not shown). To test whether
iCLIP captured binding on only highly expressed genes, we
compared bound genes with our S2-cell RNA-seq/expression
data. SR protein CLIP clusters were identified in genes at all
four quartiles of expression, in addition to genes expressed
below RNA-seq detection levels (Fig. 6B).

Mapping analysis revealed that >98% of CLIP clusters bind
protein-coding genes, and >53% bind exonic sequences (Fig.
6C); this represents a significant enrichment (P <0.001 X2
test), given that 62.5% of the genic region is intronic, and
is consistent with the fact that SR proteins bind ESE elements
in pre-mRNA. Within exonic sequences, SR proteins mostly
bind exons in the coding region, with a slight enrichment for
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the 5'-UTR region (Fig. 6C; P <0.001 x° test). SR protein
CLIP clusters were also found in all major classes of noncod-
ing RNAs (Fig. 6C,D); the most abundant were snoRNAs and
tRNAs.

Consensus in vivo binding motifs for the SR proteins

SR protein-binding motifs identified using different experi-
mental methods (mostly SELEX-based techniques) are
degenerate purine-rich sequences that resemble identified
ESEs or 5’ splice sites. However, most SR protein motifs are
derived in vitro, using artificial constructs, and can differ in
specificity depending on the experimental method used.
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We set out to identify the in vivo binding motifs for the eight
Drosophila SR proteins using the CLIP clusters (Fig. 6A). To
do this, we used the MEME-CHIP suite, which allows for
identification of short binding motifs from large data sets,
to identify enriched binding motifs from SR protein CLIP
clusters. This will determine if individual SR proteins bind
to specific or shared binding motifs.

XL6, Rbpl, and SRp54 bind CU-rich motifs that lack Gs
(Fig. 6E), similar to the binding motif of their mammalian

homolog, SRSF3 (Anko et al. 2012). Interestingly, Rbp1 has
a different binding motif than RbplL, even though their
RRM domains are 99% similar (differ by only two amino ac-
ids) (Fig. 6E). Rbp1L’s motif includes Gs, but is very similar
to the ESE motif (GAAGAA) that enhances splicing in vivo
(Fairbrother et al. 2002).

Mammalian SF2/ASF (SRSF1) binds a purine-rich motif in
vivo (Sanford et al. 2008), and Drosophila SF2 does as well
(Fig. 6E). Binding motifs for the mammalian homologs of
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Drosophila SC35, B52, and Rsfl have not been determined in
vivo. However, SC35 and B52 bind a similar motif that was
determined using SELEX (Shi et al. 1997; Cavaloc et al.
1999). The binding motif for Rsfl is very similar to XL6’s,
and resembles an ESE (Fig. 6E).

We next examined iCLIP-identified SR-protein binding
motifs in the subset of genes that exhibit differential AS
when individual SR proteins are depleted. Most genes had
at least one occurrence of the SR protein-binding motif
(Supplemental Fig. S6, blue line). We compared the distribu-
tion of this fraction with the distribution of the fraction of
genes that had an enriched motif score in the genes that are
not AS regulated by the given SR protein, and found that as
the motif score increased there was a smaller fraction of genes
that contained the motif in the unregulated genes (Supple-
mental Fig. S6, red line). This indicates that there is a slight
enrichment of identified SR-protein motifs in AS-regulated
genes, compared with genes that are not AS regulated.

This analysis reveals that SR proteins bind to elements that
resemble ESE motifs and are similar to previously identified
binding motifs for their mammalian homologs. In addition,
most SR proteins have a unique binding motif, but have a se-
quence motif that is closely related to other SR proteins.

Position-dependent regulation of AS
by the SR proteins

In order to regulate pre-mRNA splicing, previous studies
suggest that SR proteins bind to pre-mRNAs, primarily with-
in exons. Indeed, we observe a higher percentage of CLIP
clusters in exonic regions of annotated transcripts (Fig. 6C).
To determine SR protein-binding positions in pre-mRNAs,
looking for a possible exon bias (Fig. 6C), we mapped the rel-
ative density of SR protein CLIP tags within 300 nt of all 3" and
5’ splice sites. SR protein CLIP tags showed a very strong pref-
erence for exonic regions, as expected—with the highest den-
sity of tags within 75 nt of 3’ and 5’ splice sites (Fig. 7A).

To determine whether there is a relationship between SR
protein binding pattern and AS regulation, we mapped the
relative density of the iCLIP tags in a 400-nt region around
the splice sites for the AS events that were activated, re-
pressed, or unaffected and tested the robustness of the pat-
tern using bootstrapping analysis (Fig. 7B). We focused our
attention on the four SR proteins with the largest number
of bound and regulated cassette exon events. Although the
differences in binding patterns from the affected AS were
not robustly different from the pattern of the unaffected
events, this analysis suggests features of binding that inform
SR protein function. Binding density was higher on activated
cassette exons compared with repressed (Fig. 7B). When SR
proteins repressed the alternative exon, there was a higher
density of binding to introns and flanking constitutive exons
compared with when the SR protein activated the inclusion
of the alternative exon (Fig. 7B). Similar to our previous anal-
ysis of the binding density around 3’ and 5 splice sites (Fig.
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7A), SR protein binding was clustered near the splice sites.
In addition to these common patterns, SR protein binding
exhibited unique features. For example, while SRp54 binding
on the alternative exon was diffuse—B52, XL6, and SF2 ex-
hibited more focal binding patterns (Fig. 7B). When we ex-
amined SR protein binding patterns on competing donor
AS events, our findings were similar (Supplemental Fig.
S7). Specifically, SRp54, XL6, and SF2 binding densities
were higher near the distal 5'ss when the SR proteins activate
its usage, and higher near the proximal 5’ss when the three SR
proteins activate its usage (Supplemental Fig. S7). Density of
CLIP tags for AS events were mapped individually to demon-
strate that the observed binding pattern was not due to the
over-representation of one or few AS events (Supplemental
Fig. S8). Thus, SR proteins bound to specific locations to ac-
tivate or repress the inclusion of alternatively spliced regions.

DISCUSSION

In this study, we examined the cooperative nature of SR pro-
tein splicing regulation, by profiling the endogenously affect-
ed AS targets for all eight SR protein family members in
Drosophila. We found that this SR protein family affects
561 endogenous simple AS events—the largest number of
AS-regulated events profiled for SR proteins. Although our
analysis cannot distinguish if SR proteins directly or indirect-
ly regulate each target, it demonstrates that SR proteins are
key regulators of a large AS regulatory network. We show
that single SR proteins can regulate specific AS events by act-
ing as both enhancer and repressor. Moreover, this analysis
identified clear examples of AS events antagonistically re-
gulated by multiple SR proteins. This result confirms and ex-
tends previous findings showing that two human SR proteins,
SRSF1 and SRSF2, both activate and repress exon inclusion
(Pandit et al. 2013); it also challenges the model that exon in-
clusion is solely dependent on a balance between antagonizing
SR and hnRNP proteins.

The observation that multiple SR proteins could substitute
for one another in the splicing of in vitro substrates had pre-
viously been interpreted as a redundant function role of SR
proteins on regulating alternative splicing (Fu et al. 1992).
However, the fact that SR-protein knockouts are embryonic
lethal suggests that specific SR proteins are required for reg-
ulating AS of specific pre-mRNAs. In this study, we show that
while some AS events are regulated by a single SR protein,
most are coregulated by more than one. This suggests that,
for the most part, SR proteins function in a combinatorial
fashion to regulate AS events. Coregulation of AS events
has been observed previously in Drosophila and mammals
(Lynch and Maniatis 1996; Blanchette et al. 2005; Huelga
et al. 2012; Pandit et al. 2013)—for example, by SR and
hnRNP proteins (Blanchette et al. 2009; Huelga et al. 2012;
Pandit et al. 2013). However, two recent RNA-mapping stud-
ies of mammalian SR proteins showed that while SRSF3 and
SRSF4 exhibit unique binding patterns (i.e., share few, if any,
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RNA targets) (Anko et al. 2012), SRSF1 and SRSF2 show ex-
tensive overlap in their RNA targets (Pandit et al. 2013). This
raises the possibility that SR proteins may preferentially share
RNA targets.

In our analysis, we found that 87.7% of all coregulated AS
events are regulated in the same direction, but there were also
examples of antagonistic regulation. By reducing expression
of two SR proteins simultaneously, we demonstrate that AS
outcome of coregulated targets (both cooperative and antag-

onistic) is dictated by the contribution of the individual SR
protein regulation (Fig. 2). Thus, even though compensatory
binding of SR proteins to regulatory regions has been noted
in mammals (Pandit et al. 2013), our data suggest that a large
fraction of SR-regulated AS events are additive and noncom-
pensatory. In future studies, it will be interesting to examine
the extent of combinatorial regulation between splicing fac-
tors, and the role that this combinatorial regulation plays in
tissue or developmentally regulated AS events.
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It has been suggested that SR protein recognition of 5" or 3’
splice sites involves SR protein binding of spliceosomal com-
ponents (e.g., Ul snRNP and U2AF)—most likely via the RS
domains (Wu and Maniatis 1993). However, splicing of sev-
eral pre-mRNAs in vitro does not require an RS domain, and
inclusion directly correlates with the strength of the 3’ splice
site (Zhu and Krainer 2000). We demonstrate that AS regu-
lation by the SR protein XL6 requires an RS domain, and
the specificity and directionality of AS modulation is depen-
dent on the RRM domain (i.e., RNA-binding location). We
show that RS domains from different SR proteins can func-
tionally substitute for one another in vivo—in spite of the
fact that they differ in sequence composition, length and in
their potency when tethered to a similar ESE (Graveley
etal. 1998). The RS domain from B52 could functionally sub-
stitute for the XL6 RS domain, in vivo. This adds to the no-
tion that RS domains are functionally interchangeable, on
endogenous AS targets.

We mapped SR protein binding with high precision, and
found that SR proteins bind to most transcripts, like mamma-
lian SRSF1 and SRSF2 (Pandit et al. 2013). This is consistent
with other ubiquitously expressed splicing regulators, such
as the hnRNP family (Huelga et al. 2012), and is likely due
to the SR protein family’s broad role in RNA metabolism.
Despite binding to many of the same transcripts, SR protein
binding sites were distinct and a single SR protein often bound
multiple sites on a single transcript. Indeed, most SR proteins
exhibited a specific RNA-binding motif. The identified, in
vivo, RNA-binding motifs closely resemble motifs previously
identified in vitro, and mammalian SR binding motifs identi-
fied in vitro and in vivo. This suggests a deep evolutionary con-
servation of SR RNA-binding motifs, an observation that was
recently extended to many RNA-binding proteins (Ray et al.
2013). In addition, SR proteins exhibited position-dependent
regulation of AS, and were primarily associated with exonic
sequences near the splice sites that they regulated. These
RNA-binding characteristics are similar to those of mamma-
lian SR proteins. These observations are also consistent with
the notion that SR proteins activate splicing by recruiting
nearby spliceosomal components (Wu and Maniatis 1993).

Initially identified as splicing regulators, SR proteins bind a
diverse set of RNAs, including ncRNAs. Previous studies have
described SR protein binding to long ncRNAs for transport
and stability, and regulation of miRNA biogenesis (Tripathi
etal. 2010; Wueetal. 2010). SR proteins were previously shown
to associate with snoRNAS, but have never been implicated in
the biogenesis of this class of ncRNA. These data suggest a
novel role for SR proteins in regulation of ncRNA function,
which could ultimately affect gene regulation.

SR proteins interact with components of the transcription-
al machinery, including Pol II (Misteli and Spector 1999).
SRSF2, for example, is recruited to the promoter region of
genes through interaction with the 7SK complex, and is im-
portant for transcriptional activation (Ji et al. 2013). We show
that all eight SR proteins regulate promoter selection for a
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number of targets. GO analysis of AS regulated targets re-
vealed genes involved in cell signaling and development.
Indeed, SR proteins regulate AS of key transcription factors
(Su(z)12,Iswif,Hsf,Skd for examples). Thus, by altering the
splicing of a transcriptional or signal transduction pathway
regulator, an SR protein could contribute to widespread
changes in downstream gene expression. Alternatively, SR
proteins may regulate gene expression of targets by directly
affecting their transcription and/or stability. By any or all of
these mechanisms, SR proteins could precisely and rapidly
regulate an organism’s gene expression profile.

In addition to regulating promoter selection, we found
that SR proteins regulate poly(A) site selection. Interaction
between splicing regulators and the polyadenylation machin-
ery has been demonstrated previously, but never for SR pro-
teins (Lou et al. 1998; Licatalosi et al. 2008; Di Giammartino
et al. 2011; Berg et al. 2012). We also noted differences in
proximal versus distal poly(A) site regulation by SR proteins,
which shorten or lengthen the transcript’s 3" UTR, respec-
tively. This could result in changes in protein expression,
which could be regulated cell- or tissue-specifically.

Understanding how SR proteins regulate AS is crucial to
understanding the role AS plays in tissue development and
homeostasis. Much progress has been made studying SR pro-
teins in vitro or their regulation on a small number of genes.
Recent studies have highlighted the cooperative nature of SR
protein regulation. Our findings have confirmed and extend-
ed the combinatorial regulation of AS to the entire family of
SR proteins, on a large number of endogenous targets. We
show that this regulation requires an RS domain, and the spe-
cificity relies on the RNA-binding location. Furthermore, we
demonstrated that SR proteins can affect promoter and poly
(A) site choice, transcript expression, and can bind to diverse
classes of RNAs. These findings highlight the complex and
dynamic nature of SR protein transcript regulation. Alterna-
tive isoform selection is a product of coordinated promoter
selection, AS regulation, and poly(A) site selection—all regu-
lated by SR proteins and other transcriptional and RNA-pro-
cessing machineries. Understanding SR protein regulation
beyond AS will allow greater understanding of the integration
of gene expression regulation between multiple regulatory
networks.

MATERIALS AND METHODS

Cell culture

Drosophila S2 cells were maintained at 25°C in Drosophila
Schneider’s media (GIBCO # 21720) plus 10% fetal bovine serum
(PAA #A15-701).

SR protein RNAi and mRNA-seq

RNAi knockdowns were performed, in duplicate, by seeding 2 x 10°
cells per well in a six-well plate and adding 10-pg nonoverlapping
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dsRNA. After 48 h of incubation, a second round of 10-ug dsRNA
was added, and incubated for an additional 48 h. The cells were har-
vested and the RNA purified using the RNeasy kit following the
manufacturer’s protocol (Qiagen #74106). For experiments where
two SR proteins were knocked down simultaneously, 10 pg of target-
ing dsRNA for each SR protein was added. Specificity and efficiency
of knockdown were monitored by Western blot using antibodies
specifically generated to each SR protein.

We performed RNA-seq experiments on two replicate samples
from each individual SR protein knockdown, two replicates of
simultaneous SR protein knockdown (XL6:B52 & SC35:B52), as
well as from control S2 cells. Library preparation was performed ac-
cording to the mRNA sequencing preparation kit (Illumina). The
samples were loaded onto a flow-cell for cluster generation, and se-
quenced using an Illumina Genome Analyzer IT or Illumina HiSeq
2000 using single-read protocols (Illumina).

Alternative splicing event analysis (ASEA) and analysis
of transcript abundance

Bowtie (Langmead et al. 2009) was used to perform alignment of se-
quence reads, from SR-depleted and control samples, to the
Drosophila melanogaster (v5.22) genome, and a database of splice
junctions (36 nt on each side of the splice junction) allowing for
up to two mismatches and single alignment. Next, for each annotated
alternative splicing event (ASE), the number of reads were tabulated
that support the inclusive, exclusive, or both (constitutive) forms.
Two Fisher tests are used to compare the tabulated read counts oc-
curring in the SR-depleted and control results for each ASE. One
test for significant changes in inclusive counts and another for chang-
es in exclusive counts. To determine the magnitude and direction
of splicing change PSI (percent spliced in) values are calculated.
This is the length-normalized read count for the inclusive region
over the sum of the length-normalized read count of the inclusive
and constitutive region [(inclusive/inclusive length)/[(inclusive/
inclusive length) + (constitutive/constitutive length)]]. Inclusive
Simple ASEs (cassette exon, alt. acceptor, alt. donor, retained-intron,
and mutually exclusive exon) that were changed significantly (P <
0.05), and changed by at least 10% (PSI-switch greater than or equal
to +0.1) were included for downstream analysis. In addition, the
same filter was used for ASEs that differed in the 5" and 3’ ends.

To identify changes in overall transcript abundance, the mRNA
RPKM (reads per kilobase of million mapped reads) was computed
for each gene to measure relative expression. To detect differentially
expressed genes in SR-depleted samples, the bioconductor edgeR
package was used. We limited our analysis to significantly changed
genes that varied twofold or more.

RT-PCR validation of affected targets

c¢DNA was generated by reverse transcribing ~5 pg of the total RNA
extracted from the control and SR-depleted cells using a mixture of
oligo(dT) and random hexamer (Ng) primers, and superscript IIT
reverse transcriptase (Invitrogen) according to the manufacturer’s
protocol. PCR amplification of predicted targets was performed
for 25-30 cycles with primers falling in exons flanking the alterna-
tive spliced region. PCR products were analyzed on an Agilent
Technologies 2100 Bioanalyzer, using a DNA chip (Agilent DNA-
1000 kit) according to the manufacturer’s instructions.

Construction of 2x Flag-HA SR WT and mutant
stable cell lines

Full-length SR proteins, XL6ARS, and XL6-B52RS were PCR ampli-
fied and cloned into pDONR221 by BP reaction (Gateway cloning;
Invitrogen). XL6-B52RS was amplified using a two-step PCR. First,
the RRM-domain of XL6 and RS-domain of B52 were amplified,
separately. Next, the purified PCR products were mixed together
and amplified with outside primers to generate the fusion. Next,
the constructs were inserted into a destination vector that contained
the metallothionein promoter and a C-terminal 2x Flag and 2x HA
tag (pMT-C2FL2HA) by LR reaction (Gateway cloning; Invitrogen).

Four hundred nanograms of pMT-C2FL2HA plasmid DNA con-
taining full-length SR proteins, XL6ARS, or XL6-B52RS and 40 ng
of a plasmid carrying the gene for blasticidin resistance (pCO-
BLAST) were transfected into 2.0 X 10° Drosophila S2 cells, seeded
in a six-well dish, using Effectene transfection reagent (Qiagen) ac-
cording to the manufacturer’s protocol. After 48 h, 25 ug/mL of
blasticidin (Invivogen) was added to the cells. Resistant cells were
expanded and maintained in Schneider media with 10% FBS and
25 pg/mL blasticidin.

iCLIP-Seq of individual SR proteins

All iCLIP experiments were performed as previously described
(Konig et al. 2011). Of note, 6.0 X 10° SR protein stably transfected
S2 cells were seeded in a 10-cm dish, and protein expression induced
by adding 100 uM CuSOj for 48 h. Immunoprecipitation was per-
formed using anti-FLAG M2 magnetic beads (Sigma, M882). High-
throughput sequencing of iCLIP ¢cDNA libraries from two replicate
experiments for each SR protein were sequenced multiple times on
an [llumina HiSeq 2000 with a 50-nt run length.

Identification of iCLIP-Seq clusters

The sequence analysis proceeded on the premise that each sequence
read is comprised of a 9-nt segment of barcode, with the remaining
sequence coming from a putative crosslink site and the sequence
leading up to it with, potentially, extra sequences from the down-
stream PCR adapter. The nine bases of barcode consist of a 4-nt seg-
ment of known/designed experimental barcode (eb) at position 4 to
7 inserted in the middle of 3 and 2 nt of random sequences consti-
tuting the molecular barcode (mb). The eb allows for multiplexing
experiments within a single lane on the sequencer. The mb provides
for identifying PCR duplicates as described below.

The 51-bp fastq formatted sequence reads were first reformatted
into fasta format (using: fastq_to_fasta -Q33 -n). Their read names
assigned by Illumina CASAVA pipeline were replaced with sequence
numbers (using: fastx_renamer -n COUNT). They were filtered to
eliminate those lacking the expected sequencing vector, which was
clipped from the unfiltered reads (using: fastx_clipper -n -a
“TGAGATCGGAAGAGCGGTTCAGC” -M 2 -1 24 -v; hannonlab.
cshl.edu/fastx_toolkit/).

The sequence of these reformatted, renamed, and adapter-clipped
reads retained both the experimental and molecular (random) bar-
code (eb and mb).

Each set of perfectly identical sequences was then collapsed into a
single (unique) representative sequence, and the sequence name was
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modified to hold a “cm” tag (collapsed multiplicity), being the
count of collapsed sequences (using: fastx_collapser).

Each sequence was further tagged with its “eb,” being nucleotides
4 to 7, after adapter trimming, and its “mb,” being the bases at po-
sition 1 to 3 and 8-9 (using: custom Perl scripts).

By this point, each trimmed and collapsed sequence has been as-
signed three tags: cm, eb, and mb. This modified fastq was then
aligned in a splice-aware fashion to the fly genome, allowing up to
two mismatches. The splice-awareness was implemented by a two
stage process: First reads were aligned to the Drosophila melanogaster
genome (v5.22) with bowtie version 1.0.0; reads that failed to align in
this way were aligned to an artificial “splice-junction” database and
the coordinates of successful junction alignments were projected
back into genomic coordinates (using: custom Perl scripts). Both
stages allowed up to two mismatches, and used bowtie’s “-trim5 9”
option to cause the leading 9 bp (harboring the combined eb and
mb) to be skipped during the alignment. The results of both stages
were concatenated into a single SAM file, which was stream-edited
(using: custom Perl scripts) to transfer the three tags (cm, eb, mb)
out of the QNAME column and append them as new TAGs on the
SAM file, allowing them to be used in downstream analysis.

The SAM formatted alignments were analyzed to identify coalign-
ment sets (alignments to the same chromosome at the same locus).
Within each coalignment set, sequencing errors in the eb and mb
barcode segments were identified and corrected using a greedy ap-
proach in which less frequent values were replaced with the most
frequent value within a hamming radius of 1. The error-corrected
eb and mb values were assigned to new tags RG (read group) and
mg (molecular group), respectively.

The error-corrected coalignment sets are demultiplexed on the
RG, assigning reads to experiments. Within this, coalignment sets
are further collapsed on the mg, thereby avoiding double counting
PCR duplicates, and thus providing a read-out of the relative count
of coaligned putatively unique (cDNA) molecules, which are finally
aggregated based on commonality of the first position of the align-
ment, being the putative cross-link site, producing xISites records,
each of which is tagged with the count of distinct mg from which
it was collapsed.

The significance of putative cross-link sites was evaluated by con-
trasting the distribution of their local density with what might be
expected were cross-linking distributed by a Poisson process
(Polymenidou etal. 2011); all sites whose local density was sufficient-
ly unlikely to occur randomly were deemed “significant” and used in
downstream analyses (i.e., the construction of RNA-binding maps).
This analysis was conducted separately on the intronic and exonic re-
gions within each gene, since their affinity is known to be different
between these regions. The local density of all observed putative sites
was determined in a “window” of 31 bases centered on each single
nucleotide site (15 bp on either side). An empirical cumulative den-
sity function (eCDF) was constructed from these observed local
density values. Then, for each region (either exonic or intronic), a
Poisson distribution was calculated with its A parameter taken as
the number of putative sites in the entire region divided by the ratio
of the window width (31) to the overall number of bases in the re-
gion. Finally, the lowest value of the observed eCDF whose probabil-
ity of occurring was less than a threshold of 0.01 according to the
region’s Poisson distribution was taken as a threshold: All sites whose
local density was at least this threshold were deemed “significant.”

Identified CLIP Clusters from each replicate experiment were
merged into experiment CLIP Clusters. CLIP Cluster genomic an-
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notations were assigned based on gene annotations give in FlyBase
(v5.22).

Motif analysis

De novo motif finding was implemented using 1000 random SR
protein CLIP-Clusters and the MEME-CHIP suite that includes
DREME (Bailey 2011). The background was the 1000 input se-
quences shuffled preserving nucleotide composition.

MotifBS (http://compbio.berkeley.edu/people/ed/motifBS.html)
was used to search the SR protein regulated AS genes with the iden-
tified motif, and return scores for the presence of the motif in the
gene as compared with unaffected genes. The cumulative distribu-
tions of scores for the regulated and background genes were plotted.

RNA-splicing maps

iCLIP CLIP-Tags were mapped to the affected cassette exons AS
events detected by RNA-seq at each nucleotide position in four re-
gions (400 nt centered at each splice site). The relative density was
calculated at each nucleotide in the region, by dividing the number
of CLIP-Tags at a given nucleotide position by the total number of
CLIP-Tags in all regions. Reliability was tested by performing boot-
strapping analysis of the basis of 10,000 replicates to obtain the es-
timate value and 95% confidence interval. For each SR protein,
cassette exons were separated into three groups, repressed, activated,
and unchanged. Using R, we plotted at each nucleotide position the
relative density of CLIP-Tags of activated, repressed, and unchanged
cassette exons. The same was performed on competing acceptor
(5'ss) splicing events.

DATA DEPOSITION

RNA-seq and iCLIP-Seq data files are available at the NCBI Gene
Expression Omnibus (GEO; http://www.ncbinlm.nih.gov/geo/
query/acc.cgitacc=GSE63261) under accession number # GSE63261.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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