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Serine/arginine (SR)-rich proteins are critical for the regulation of alternative splicing (AS), which generates multiple mRNA iso-
forms from one gene and provides protein diversity for cell differentiation and tissue development. Genetic evidence suggests
that Drosophila genital-specific overexpression of SR-related nuclear matrix protein of 160 kDa (SRm160), an SR protein with a
PWI RNA-binding motif, causes defective development only in male flies and results in abnormal male genital structures and
abnormal testis. However, the molecular characterization of SRm160 is limited. Using the high-throughput sequencing of RNA iso-
lated by crosslinking immunoprecipitation (HITS-CLIP) method in two sex-specific embryonic cell lines, S2 from the male and Kc
from the female, we first identified the genome-wide RNA-binding characteristics of SRm160, which preferred binding to the exo-
nic tri-nucleotide repeats GCA and AAC. We then validated this binding through both in vitro gel-shift assay and in vivo splicing
of minigenes and found that SRm160 level affects AS of many transcripts. Furthermore, we identified 492 differential binding
sites (DBS) of SRm160 varying between the two sex-specific cell lines. Among these DBS-containing genes, splicing factors were
highly enriched, including transformer, a key regulator in the sex determination cascade. Analyses of fly mutants demonstrated
that the SRm160 level affects AS isoforms of transformer. These findings shed crucial light on SRm160’s RNA-binding specificity
and regulation of AS in Drosophila sex determination and development.
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Introduction et al., 2016). Alternative splicing (AS) produces multiple mRNA

Removal of introns and ligation of exons from nascent RNA
transcripts, called pre-mRNA splicing, is an essential step during
RNA processing in all eukaryotes (Tollervey and Caceres, 2000;
Derrien et al., 2012). The spliceosome is a large and dynamic
ribonucleoprotein complex which contains five snRNAs (U1, U2,
U4, U5, and U6) and >100 proteins and catalyzes the removal
of introns. During spliceosome assembly, snRNA base pairing
recognizes intronic sequences including the 5’ splice site (SS),
the 3’ SS and the branch site (Will and Luhrmann, 2011; Wan

Received November 26, 2017. Revised March 20, 2018. Accepted May 7, 2018.
© The Author(s) (2018). Published by Oxford University Press on behalf of Journal
of Molecular Cell Biology, 1BCB, SIBS, CAS. All rights reserved.

isoforms from one transcript and plays a fundamental regulatory
role in cellular differentiation and tissue development (Mohr
and Hartmann, 2014; Chen et al., 2015). It occurs when the spli-
ceosome recognizes and uses different SSs, altering the exons
included in the RNA product.

AS is regulated through interactions between multiple short
cis-acting RNA elements and numerous trans-acting factors
including serine/arginine (SR) proteins (Fu and Ares, 2014; Lee
and Rio, 2015). The cis-acting RNA elements are classified into
splicing enhancers and silencers, which may be located in either
exons or introns and are recognized by trans-acting factors. These
interactions vary between cell types, during differentiation, and
across developmental stages, and result in the AS of exons that
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produces multiple mRNA isoforms (Shin and Manley, 2002; Black,
2003; Wang and Burge, 2008). Aberrant AS and mutations of SR
proteins and other splicing factors are often associated with
many human diseases (Cieply and Carstens, 2015; Anczukow and
Krainer, 2016).

SR proteins are a super family of proteins with arginine/ser-
ine-enriched (RS) domain(s) and RNA recognition motifs (RRM)
that have long been recognized to have a major role in the regu-
lation of AS (Long and Caceres, 2009; Shepard and Hertel, 2009
and references therein). SR proteins modulate splicing through
various molecular mechanisms including binding of exonic spli-
cing enhancers (ESEs) to improve spliceosomal recognition of
weak SSs (Shen et al., 2014), antagonizing splicing inhibitors to
increase the usage of SSs (Smith and Valcarcel, 2000), or bind-
ing directly to introns to inhibit splicing (Shin and Manley,
2002). Additionally, interactions between multiple SR proteins
coordinate the regulation of AS by facilitating initial SS recogni-
tion and improving the base pairing between SSs of the nascent
RNA transcript and snRNAs (Kohtz et al., 1994; Anko et al,,
2012; Pandit et al., 2013; Brooks et al., 2015). Thus, identifica-
tion of cis RNA-binding motifs on target genes is fundamental to
reveal mechanism of SR protein-regulated AS and their role in
development.

A variety of systematic approaches have been used to identify
putative RNA-binding motifs including in vitro functional system-
atic evolution of ligands by exponential enrichment (SELEX)
(Shin et al., 2004) and recently developed high-throughput
sequencing of RNA isolated by crosslinking immunoprecipitation
(HITS-CLIP) (Licatalosi et al., 2008; Yeo et al., 2009; Darnell,
2010; Jungkamp et al., 2011). The latter and various CLIP proto-
cols have become powerful methods to identify endogenous
RNA-protein interactions for a number of SR proteins including
SRSF1/ASF/SF2 (Sanford et al., 2008, 2009; ; Pandit et al.,
2013), SRSF2 (Pandit et al., 2013), U2AF65/RBM39 (Mai et al.,
2016), SRSF3, and SRSF4 (Anko et al., 2012).

SRm160, the SR-related nuclear matrix protein of 160-kDa, is a
member of the SR proteins, which consists of a PWI motif for
RNA binding at the N-terminus and a long and phosphorylated
RS domain at the C-terminus (Eldridge et al., 1999; Szymczyna
et al., 2003; Bodenmiller et al., 2008; Zhai et al., 2008). Many
biochemical experiments have shown that SRm160 is a splicing
co-activator (Blencowe et al., 1998) and associates with other SR
proteins, including SRSF4/SRp75, hTra2-p, and SRm300 (Eldridge
et al., 1999; Blencowe et al., 2000). SRm160 is concentrated in
nuclear speckles and associates with many factors involved in
chromatin regulation (Wagner et al., 2003; McCracken et al.,
2005), 3’-end processing, and RNA transport (McCracken et al.,
2002, 2003; ; Wiegand et al., 2003). SRm160 has been shown to
have roles in the differentiation and development of several
organisms. In humans, reduction of SRm160 inhibits AS of CD44
exon v5, resulting in a decreased tumor invasiveness (Cheng and
Sharp, 2006). In Caenorhabditis elegans, a combined reduction
of both SRm160 and SRSF2/SC35 led to production of deficient
oocytes (Longman et al., 2001). Lastly in Drosophila melanoga-
ster, ubiquitously reduction of SRm160 results in fly lethality,

and tissue-specific overexpression of SRm160 exhibits many
developmental defects, including roughed eyes and abnormal
male genitals (Fan et al., 2014).

However, despite its role in many development processes,
characterization of SRm160 has been limited. The genome-wide
in vivo RNA-binding sites and consensus motifs of SRm160 have
not been revealed, which has limited our ability to determine
which genes are directly regulated by SRm160. To gain a more
comprehensive understanding, here we use HITS-CLIP technique
and provide global RNA-binding maps of SRm160 in two sex-
specific Drosophila cell lines (52 and Kc), identify and validate
their consensus motifs, and reveal that SRm160 regulates AS of
its target genes. Lastly, we observe hundreds of differential
binding sites (DBS) of SRm160 between the male and female
cell lines, including one in transformer, a key sex determination
factor. The level of SRm160 affects AS of transformer in flies,
thereby demonstrating that SRm160 is involved in Drosophila
sex determination and sexual development.

Results
Distribution of reads and peaks from SRm160 HITS-CLIP

Previous findings have shown that esg-GAL4 driven over-
expression (OE) of SRm160 in Drosophila results in defective
development of male genital and testis (Fan et al., 2014). To fur-
ther investigate its effects on females, we used several GAL4
drivers to overexpress SRm160 in female flies, including dome-
GAL4 for the female genital (Yan and Perrimon, 2015), MTD-
GAL4 for ovary germlines (Ni et al., 2011). The esg-GAL4 driven
SRm160-0E flies were used as control and exhibited serious
defects in male genital structures and testis development
(Figure 1A right), while the male/female ratio was not affected,
same as previously described. However, the genital structures
and ovary development were not obviously changed in the
female flies, in which SRm160-OE was driven by female tissue-
specific promoters (Figure 1A left). These results suggested that
SRm160-0OE affects development of the male reproductive
organs but not females, implying that binding to target tran-
scripts of SRm160 would be sexual-different in Drosophila.

To address this hypothesis, we performed HITS-CLIPs of
SRm160 in two Drosophila sex-specific cell lines, S2 and Kc
(Figure 1B), which originate from male and female embryos,
respectively (Lee et al., 2014). A polyclonal antibody D160-1
was generated against the peptide ,,DTRFSDKEKKLMKQM,5 of
SRm160, which recognized a major band in both cell lines and
showed that level of SRm160 in Kc is mildly higher than in S2
(Figure 1C). After co-immunoprecipitation, micrococcal nuclease
digestion and 3’-RNA linker ligation, crosslinked SRm160
32p_|labeled RNA adducts were observed (Figure 1D), whereas
adducts were not present in the samples lacking use of antibody
or an unknown no-shift band in the no UV crosslinking controls
(Figure 1D and Supplementary Figure S1A). RNAs from the slowly
migrating adducts at the range of 170-190 kDa (Figure 1D rectan-
gles) were then isolated for cDNA library construction and
Illumina Hi-Seq 2000 sequencing (Supplementary Figure S1B).
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Figure 1 HITS-CLIP of SRm160 in Drosophila sex-specific cell lines.
(A) Defective reproduction systems in SRm160-OE Drosophila are
only limited in males. Left: female-specific promoters (dome-GAL4
and MTD-GAL4)-induced SRm160-OE did not result in visible defects
in female genital and ovary. Right: male-specific promoter esg-GAL4-
induced SRm160-OE resulted in lacking of male genital structures and
abnormal development of testis. (B) Strategy for SRm160 HITS-CLIP.
SRm160-RNA adducts from UV-irradiated Drosophila S2 and Kc cells
were purified by D160-1 antibody. RNAs were then partially digested
by MNase and ligated with 3'-linker, followed by 3?P-labeling. After
gel extraction, proteins were digested by Protease K, and remaining
RNAs were converted into DNA for illumina sequencing. (C) Schematic
of Drosophila SRm160 protein with conserved PWI motif and RS
domain. Antigen peptide for antibody D160-1 that was used in immu-
noprecipitation is indicated. Levels of SRm160 in S2 and Kc cells are
detected by RT-PCR (left) and western blot (right). (D) >2P-labeled
SRmM160-RNA adducts after MNase digestion and 3’-linker ligation. No
UV crosslinking or antibody samples are negative controls. Regions
for further RNA extraction are indicated in rectangles.

In total, we obtained ~20 M and ~13 M reads from S2 and Kc
cells, respectively, in which 8.36 M (S2) and 6.29 M (Kc) reads
with an average length of 37-nt were uniquely mapped to the
FlyBase reference genome (Supplementary Table S1). Most of
the reads were mapped to coding genes, and a small portion of

reads mapped to pseudo genes, intergenic regions, and non-
coding genes (Figure 2A and Supplementary Table S1). Peaks
were called from the clustered reads using MACS (Zhang et al.,
2008), and we found 15042 peaks in S2 and 17034 in Kc. Unlike
the distribution of reads, peaks were majorly located in exons of
coding genes, including regions of 5’-UTR, CDS, and 3’-UTR, and
much less located in the introns and non-coding RNAs (Figure
2A and B). Despite the relative large fraction of reads (~20%)
are from rRNAs, <0.5% of the total peaks were enriched by
those reads (Figure 2A and B), suggesting that they are mostly
derived from non-specific background during the CLIP process.

In both S2 and Kc samples, ~65% reads were from intron-
containing genes and formed >95% of peaks; while in contrast,
~35% reads were from intron-less genes and formed <5% of
peaks (Figure 2C and Supplementary Table S1). Considering the
roughly equal amounts of intron-less and intron-containing
genes in the Drosophila genome (Hoskins et al.,, 2015), this
demonstrates that SRm160 prefers binding of intron-containing
genes. To further investigate the effect of SRm160 binding on
splicing, we generated a combined library containing the
Flybase genome and a library that includes all possible exon—
exon junctions within each gene. Reads mapped to exon—exon
junctions and exon-intron junctions were at similar levels,
around 1.4%-1.8% of total reads (Figure 2C right and
Supplementary Table S1 bottom), indicating that SRm160 inter-
acts with both spliced RNA and unspliced precursor RNA. This
result is consistent with the previous reports that SRm160 is
associated with the EJC complex that functions in mRNA export
(McCracken et al., 2003; Wiegand et al., 2003). We also ana-
lyzed and compared the distributions of SRm160 CLIP reads and
peaks between alternative and constitutive exons and found
that SRm160 CLIP reads are distributed in constitutive exons
more than in alternative exons. However, the distribution of
CLIP peaks in alternative exons is obviously increased, implying
that the specificity of SRm160 binding in alternative exons is
relatively higher (Figure 2D). In addition, statistical analysis
shows that the most frequent positions for SRm160 binding are
in exons, 20-40 nts from SSs (Figure 2E). Taken together,
SRm160 preferentially binds to exonic sequences of intron-
containing genes, consistent with its major function being RNA
splicing related. Binding to UTRs and exon—exon junctions con-
firms that SRm160 remains on the spliced transcripts and may
be involved in other RNA processing steps, such as 3'-end pro-
cessing and RNA transport, as previously described (McCracken
et al., 2002, 2003; Wiegand et al., 2003).

Consensus RNA motifs for SRm160 binding

After removing non-reliable peaks from rRNAs, tRNAs, and
intergenic regions, there remained 11998 peaks from S2 and
14218 from Kc, in which 7781 peaks are common in both sam-
ples (Supplementary Table S2 and Figure 3A). We then searched
for consensus RNA motifs in three independent ways.

First, sequences of the top 1000 peaks from each sample
were selected and analyzed by the motif-finding algorithm
MEME (Bailey et al., 2009). The most enriched octamers are
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Figure 2 Genomic landscape of SRm160 HITS-CLIP reads and peaks. (A) Distribution of SRm160 CLIP-seq reads on Drosophila genome,
including coding, non-coding, and pseudo genes, and intergenic regions. (B) Distribution of SRm160 peaks on Drosophila genome, which
are majorly located in coding-gene regions. (C) CLIP peaks of SRm160 are highly enriched in exons of intron-containing genes. Junction
reads analyses indicate that SRm160 binds before and after splicing. Ex-In: exon-intron junction; Ex-Ex: exon—exon junction. (D)
Distribution of SRm160 CLIP reads and CLIP peaks on alternative exons and constitutive exons. (E) Statistics of SRm160 CLIP-peak summits.
Positions of peak summits are their distance to nearby SSs, and are enriched in both sides of exons. Brown: S2 sample; blue: Kc sample.

CAGCAGCA and GAGCAGCA in S2, AACAACAA and CGGCAGCA in
Kc, in which three contain GCA repeats and one contains AAC
repeats (Figure 3B). Second, we used Z-test to identify over-
represented octamer sequences from all and the common peaks
(Figure 3C and Supplementary Figure S2). The distribution of
octamer sequences from the two samples exhibited high corre-
lations, while no correlation was observed between the peaks
and randomly selected genome sequences (Supplementary

Figure S2). Similar to the first method, most of the top octamers
contain tri-nucleotide repeats, in which GCA and AAC repeats
are dominant. Third, we focused on CLIP reads with
crosslinking-induced-mutation sites (CIMS) that were generated
during the UV crosslinking and reverse transcription (Zhang and
Darnell, 2011; Weyn-Vanhentenryck et al., 2014). After removing
the SNP-containing reads, we obtained ~2 M reads with muta-
tions of deletions, insertions, and substitutions from each
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Figure 3 Consensus RNA motifs for SRm160 binding. (A) SRm160
CLIP peaks from S2 and Kc samples after removing background
bindings. (B) Enriched consensus RNA-binding motifs of SRm160
from the top 1000 peaks in each sample using MEME algorithm. (C)
The most enriched 20 octamer sequences of SRm160 binding from
common peaks using Z-test analyses. (D) Enriched consensus RNA
motifs of SRm160 binding from the deletion-containing peaks using
MEME algorithm. These three independent methods generate simi-
lar consensus RNA motifs with a common feature of tri-nucleotide
repeats, especially GCA and AAC repeats.

sample (Supplementary Figure S3A) with characteristics consist-
ent with CIMS (Zhang and Darnell, 2011). For example, uridine
is the most deleted nucleotide (Supplementary Figure S3B);
positions of the deleted nucleotides are predominantly located
in the middle region of reads, while insertions and substitutions
were not (Supplementary Figure S3C). These characteristics sug-
gest that the deletion-containing reads would provide the most
precise location of SRm160 RNA-binding sites. Therefore, we
searched sequences from the common peaks containing uridine
deletion-reads (2365 peaks) using MEME and found two
enriched octamers, AGCAGCAG and CAACAACA, which also con-
tain the GCA and AAC repeats as discovered by our other two
methods (Figure 3D).

Taken together, we concluded that the consensus RNA motifs
for SRm160 binding in Drosophila are tri-nucleotide repeats and
the most frequent repeats are GCA and AAC.

In vitro and in vivo validation of the RNA-binding

To validate SRm160 binding to the specific tri-nucleotide
repeats, we performed in vitro gel-shift assays using purified
recombinant WT and mutant SRm160 proteins and 3?P-labeled
RNA oligonucleotides (Figure 4A). The truncated WT GST-
SRmM160'718¢ (full-length recombinant expression is low) effi-
ciently bound to an RNA oligonucleotides with seven GCA
repeats, showing a slowly migrating complex; whereas mutant
SRmM160 in which the three signature residues (Pro, Trp, and Ile)
of the PWI motif were substituted by alanines, totally abolished
the RNA-binding ability of SRm160 (Figure 4B). Further, RNA-
binding of the WT protein was obviously decreased when the
RNA oligonucleotides was switched from GCA repeat to uCA
repeat (Figure 4C). These data confirmed that Drosophila
SRm160 favors binding to the RNA with GCA repeats, and the
binding requires the PWI motif at its N-terminus. We also tested
SRm160 binding to the other motif AAC, and found that AAC oli-
go binding is not as strong as the GCA binding (Figure 4C right).
We think this might be to due to additional SRm160 domain is
required for AAC binding.

For in vivo validation of the RNA-binding of SRm160, we
chose one of the four CLIP peaks on SRSF6/B52 (Figure 5A),
which is another SR protein and critical for splicing regulation in
Drosophila and mammals (Jensen et al., 2014; Fernando et al.,
2015). Minigenes containing SRSF6 exon 7 with the SRm160
CLIP-peak sequence (SRSF6-WT) and without the peak sequence
(SRSF6-del) were constructed and transfected into S2 cells. We
detected two exon 7-containing isoforms from both minigenes
(Figure 5B lanes 1 and 4), and found that splicing of the exon 7
from the WT minigene was enhanced by OE of SRm160 (Figure
5B lane 3). However, for the SRSF6-del minigene that lacks the
CLIP-peak sequence, there was no enhanced splicing of exon 7
in the presence of SRm160-OE (Figure 5B lane 7). This in vivo
data confirmed that SRm160 binds to the CLIP-peak region in
exon 7 of SRSFé.

AS regulation by SRm160

Among the four SRm160 CLIP peaks on the SRSF6 transcript,
two are located in the alternatively spliced exons 6 and 7
(Figure 5A). Demonstrated by RT-PCR and western blot, we suc-
cessfully knocked down SRm160 by dsRNA-induced RNAi and
over-expressed SRm160 by plasmid transfection in S2 cells
(Figure 5C upper). For both exons 6 and 7 in SRSF6, neither of
the two sets of different RNAi knockdown of SRm160 changed
their AS of SRSF6 (Figure 5C lanes 1-3). In contrast, SRm160-0E
significantly changed AS of both exons. SRm160-OE enhanced
the usage of an upstream 3’SS and resulted in increased long-
isoform of exon 6 (6L); SRm160-0OE also increased the usage of
the 3’SS of exon 7 resulting in decreased retention of the intron
upstream (Figure 5C lanes 4-6), indicating that the SRm160
level has influence on these two AS events. Similarly, SRm160-
OE in S2 cells also changed AS patterns of other two tested
genes, SRSF1 and SRSF3, their transcripts have SRm160 CLIP
peaks (Supplementary Figure S4). Taken together, these results
demonstrate that SRm160 level affects AS of its target genes.
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Figure 4 Gel-shift assays for SRm160 binding with RNA oligonucleotides. (A) Purified GST-SRm160'*%¢ proteins (coomassie blue staining)
and synthesized RNA oligonucleotides (*>P-labeled on denaturing Urea-PAGE). (B and C) Native Tris-glycine PAGE for gel-shift assay. Protein
concentrations, positions of the RNA-protein complexes, and free RNA probes are indicated. Binding efficiencies are the percentages of

RNA-protein complexes to the total probes.

DBS of SRm160 in the two sex-specific cells

We defined the continuous regions that are longer than 24 nt
and with at least one read containing uridine deletion or U-to-C
mutation in CLIP peaks as SRm160-binding sites; in total, there
are 9188 sites (7072 in Kc and 5385 in Supplementary
Tables S2 and S3). To further identify DBS of SRm160 between
the two sex-specific cells, we calculated and compared the CLIP
reads coverage at each nucleotide position (hp,s) in the binding
sites (Figure 6A), and found 1138 DBS candidates whose aver-
age hys are significantly different between the two cells (Figure
6B, color dots). After exclusion of the bias expressed genes and
unreliable binding sites (details in ‘Materials and methods’ sec-
tion), we obtained 492 DBSs, in which 234 sites showed stron-
ger SRm160 binding in Kc, while 258 sites showed stronger
SRmM160 binding in S2 (Supplementary Table S4 and Figure 60).

Those 492 DBSs belong to 452 genes, which are significantly
enriched in splicing and ribosome biogenesis related pathways
through GO analysis (Figure 6D). There are 24 genes of spliceo-
some components or splicing regulators, including sf3a2,
Caper, Prp18, SRSF3, U1 snRNA, U2AF38, and transformer
(Supplementary Table S4). In addition, we further investigated
sex-specific AS events between S2 and Kc cells. We retrieved
raw transcriptome data from the Sequence Read Archive data-
base (SRA) and found 409 AS events that are significantly differ-
ent between the two sex-specific cell lines (see Methods and
Supplementary Table S5), in which 17 AS events having
SRm160 DBSs, also including transformer. Therefore, we
focused on transformer (tra), a key splicing regulator in the clas-
sical Drosophila somatic sex determination pathway (Inoue
et al., 1990; Hoshijima et al., 1991). In the exon 2 of tra, there
is one SRm160-DBS whose average hy,s difference is 37.62

between the Kc and S2 cells, or SRm160 binding to this DBS in
S2 cells is ~11 folds strong as in Kc cells (Figure 7A upper). As a
control, no SRm160-DBS was found between the Kc and S2 cells
on the transcripts of sex lethal (sxl), an upstream gene in the
sex determination pathway (Supplementary Figure S5).

In the somatic sex determination pathway, 3’SS of exon 2 in
tra is alternatively selected. The upstream 3’SS is used in the
male (S2) to generate a single isoform with the long exon 2
(2D); while a downstream 3'SS is a preference shown in the
female (Kc) to produce both isoforms, exon 2S (74.1%) and 2L
(25.9%) (Figure 7A lower). To address whether SRm160 regu-
lates AS of tra, we investigated SRm160 mutant flies, in which
SRm160 is either knocked down by RNAi or overexpressed
using the ubiquitously expressed daughterless-GAL4 (da-GAL4)
driver. In the SRm160-OE female flies, the isoform 2S was obvi-
ously increased and the isoform 2L was significantly decreased
in comparison to the control female flies (Figure 7B and C). In
the male flies, SRm160-OE decreased the abundance of the sin-
gle isoform 2L (Figure 7B and (). In addition, using primers to
amplify the common exon 1 of tra, we found that overexpres-
sion of SRm160 obviously decreased the expression of tra in
both males and females (Figure 7B and C bottom). As a con-
trol, AS of sxl exhibited no obvious changes in the SRm160
mutant flies. These results demonstrate that upon the
SRm160-0E, the transcription is affected in both sexes, and
moreover AS of tra have been changed in females, in which
the AS regulation would be due to the differential SRm160
binding to the exon 2 of tra and facilitates recognition of the
downstream 3’SS. In the SRm160 knockdown flies, we
observed less transcription and AS changes of tra than in the
SRm160-0E flies (Figure 7).
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Discussion

As a member of the SR protein family, SRm160 has a unique
PWI RNA binding motif and the longest RS domain of any SR
protein (Szymczyna et al., 2003; Bodenmiller et al., 2008).
Although SRm160 regulates AS of CD44 in human, contributes
to tumor invasiveness (Cheng and Sharp, 2006), and is essential
for fly viability and development (Fan et al., 2014), its genome-
wide RNA targets, RNA binding motif and how it regulates those
genes have remained unclear. Here, we present the analysis of
SRm160 binding sites determined by HITS-CLIP, identify its dif-
ferential binding between two sex-specific Drosophila cells, and
have utilized transgenic flies to determine the effect of SRm160
on AS.

The unique PWI motif in SRm160 is located at N-terminus, in
which the three signature amino acids (PWI) are 100% con-
served across species from fission yeast to humans, while the
RS domain containing C-terminus varies significantly in length

(Supplementary Figure S6). We prove that the PWI motif is
required for RNA binding of Drosophila SRm160, as PWI-to-AAA
mutation totally abolishes RNA binding (Figure 4B), consistent
with the previous finding of human SRm160 (Szymczyna et al.,
2003). The determination of SRm160-binding sites by HITS-CLIP
allowed us to use multiple approaches to show that SRm160
binds to many kinds of tri-nucleotide repeats, especially GCA-
and AAC- in Drosophila. RNA with GAA repeats has been shown
to bind with human SRm160 (Cheng and Sharp, 2006), which is
also highly represented in our analysis of enriched octamers for
SRmM160 binding (Figure 3C). Therefore, to some extent, the RNA
motifs for SRm160 binding are conserved in Drosophila and
human.

We totally identified 9188 RNA-binding sites of SRm160 in the
two sex-specific Drosophila cell lines. The RNA-binding site of
SRm160 is defined from a CLIP-peak that contains at least one
CIMS-read; this definition makes the binding more reliable.
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SRm160 was identified as a splicing co-activator and has
been suggested to be involved in several steps of pre-mRNA
processing (Eldridge et al., 1999; McCracken et al., 2002;
Wagner et al., 2004). Our HITS-CLIP data reveal that SRm160
predominantly binds to exonic sequences in intron-containing
genes, suggesting that the major function of SRm160 is RNA
splicing related. For most of the AS events tested in this study,
SRm160 functions as an activator to enhance recognition of
nearby SSs and promote splicing. For example, SRm160-OE
facilitates the recognition of the relatively weak 3’SS of exon 7
in SRSF6 (AUGUGCUUUGACUG/A) and the nearby 3’SS of exon 2
in transformer, and thus enhances their splicing (Figures 5B and
7B).

Recently, interactions between RNA-binding proteins and
among SR proteins have been widely studied, showing inter-
action networks that control gene expression and regulation
(Anko et al., 2012; Brooks et al., 2015). We identify alternative
exons from three SR proteins (SRSF1, SRSF3, and SRSFé) that
are bound with and regulated by SRm160; the level of SRm160
significantly affects selection of those alternative exons. The
findings that many SR proteins and splicing factors are targets
of SRm160 and their AS are regulated by SRm160 lead to a con-
clusion that SRm160 is an important regulator of cross-talks

between SR proteins and splicing factors, regulating the expres-
sion and function of other RNA-binding proteins. This provides
an SRm160-involved interaction network, which would be crit-
ical for the fly development. However, since the interaction net-
work between SR proteins (here SRm160 level regulates AS of
three SR proteins), we cannot rule out the possibility that the
changed AS events are indirect through alteration of other
factors.

In addition, we also tested AS events of four non-SR protein
genes (CG10433, CG18659, dre4, and nija) in the SRm160
mutant flies. Transcripts of these four genes have SRm160
DBSs. Our data indicated that AS of three genes (CG18659,
dre4, and nija) have been changed in SRm160 mutant flies
(Supplementary Figure S7).

We previously found that SRm160-OE in Drosophila causes
roughened eyes with severe defects of retinal cells and disor-
dered structures of male genital (Fan et al., 2014). Here, we
show strong evidence that SRm160 is involved in the Drosophila
sex determination pathway and sexual development. First, we
prove that SRm160-OE significantly disrupts the reproductive
systems in male flies but not females, indicating that the sexual
development of male flies is more sensitive to the level of
SRm160. Second, SRm160 has as many as 492 sex-differential
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RNA-binding sites, many of which are in splicing-related genes,
including one site in the important sex determination factor tra.
Third, through analysis of SRm160 mutant flies, we find AS of
exon 2 in tra is regulated by SRm160. Sex determination path-
way in Drosophila has provided many classical examples of AS
regulation. A cascade of genes, including sx/, tra, and dsx, are
alternatively spliced in sex-specific manners. The upstream SXL
protein binds to the intron 1 of tra and inhibits usage of the
upstream 3’SS in female flies (Black, 2003). Our finding provides
an additional AS regulation of tra in Drosophila. In the future, it

would be interesting to explore how SRm160 binds more effi-
ciently to the DBS region on tra in S2 cells with relatively lower
expression level than in Kc cells; and to investigate which gene(s)
regulated by SRm160 eventually cause(s) the sexual-developmental
defects in male flies.

Materials and methods
Cell culture, strains, and plasmids

S2 and Kc cells from D. melanogaster were cultured in the
complete Schneider’s Medium (GIBCO) that contains 10% or 5%
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heat-inactivated FBS (GIBCO). SRm160 CDS was amplified from
Drosophila cDNA, the WT SRSF6 minigene containing exons 6-8
was amplified from the fly genomic DNA, and the SRSF6-
deletion minigene was constructed, in which a 267-nt fragment
in exon 7 was excluded; PCR products were cloned into a pMT-
MCS-Flag vector (Yang et al., 2013). Construction primers are listed
in the Supplementary Table Sé6. Culture and crosses of D. melano-
gaster were carried out on standard medium and at 25°C except as
noted. Fly strains include da-GAL4, GMR-GAL4, MTD-GAL4, esg-GAL4,
UAS-SRm160 (BDSC), UAS-SRm160-dsRNA (VDRC, 100751), and
domeless-GAL4 (Owusu-Ansah and Banerjee, 2009).

Antibodies

Antiserum (D160-1) against Drosophila SRm160 was generated
by immunizing rabbits with the peptide 1;DTRFSDKEKKLMKQM,s.
Western blot of anti-tubulin was probed using mAb DM1A
(Sigma).

RNAi knockdown and OE of SRm160

In cells, SRm160 knockdown by RNAi was performed with
15 pg/well of non-overlapping dsRNA that specifically targeting
to SRm160 for 60 h. All dsRNAs were generated by in vitro tran-
scription using T7 RNA polymerase (Promega). OEs were per-
formed in S2 cells with 1.0 pug/well of each construct using
Effectene® Transfection Reagent (QIAGEN) and induced by
0.5 mM CuSO, for 60 h (Yang et al., 2013). Specificity and effi-
ciency were monitored by RT-PCR and western blot; related primers
are listed in the Supplementary Table Sé. In fly, to knockdown and
to overexpress SRm160, ubiquitous driver da-GAL4 were crossed,
respectively, with RNAi strain (VDRC# 100751) and SRm160%16693
(BDSC#26938) at 23°C. Fresh adult flies (0-4 h after eclosion)
were collected for further experiments.

RT-PCR

Total RNAs were isolated from the Drosophila cells and adults
by TRIzol (Ambion), and examined in quality and concentration
after DNase | treatment. RT-PCR was then carried out by
RevertAid Reverse Transcriptase (Thermo) and Ex-Taq (TaKaRa).
The density of each amplified band was selected and quanti-
tated by Gel-pro Analyzer. Obtained data from three individual
repeats were then analyzed and normalized by controls.

HITS-CLIP

A 10-cm dish of S2 cells were harvested and resuspended in
5 ml PBS buffer and irradiated at 254 nm with 400 m}/cm? by a
CL-1000 Ultraviolet Crosslinker (UVP). The lysate was prepared
(Licatalosi et al., 2008) and incubated with antibody D160-1
that coupled to Protein A beads (Millipore). Following proce-
dures are modified based on Yeo et al. (2009). Briefly, after
MNase digestion (0.4 units/ml), 3’-RNA linker ligation and
32p.labeling, the SRm160-RNA adducts were separated by a
4%-12% NUuPAGE Bis-Tris gel (Invitrogen), transferred to nitro-
cellulose membrane (Millipore), excised, and treated with prote-
ase K (TaKaRa). Recovered RNAs were then ligated with a
5’-RNA linker, reverse transcribed, amplified with DNA adaptors,

and paired-end sequenced by Illumina Hi-Seq 2000. RNA linkers
and DNA adaptors are listed in the Supplementary Table Sé6.

Reads and peaks analyses of HITS-CLIP

Raw reads were firstly processed by trimming of adaptors and
low-quality bases by Seqtk v1.0 (https://github.com/lh3/seqtk),
paired reads were then joined by ea-utils v1.1.1 (https://expre
ssionanalysis.github.io/ea-utils/). Successfully joined reads were
defined as effective reads and mapped to the reference genome
of D. melanogaster (FlyBase, Release 6.02) using BWA v0.7.10
with default parameters (Li and Durbin, 2010). All mapped reads
from this study have been submitted to the SRA database in NCBI
under the accession numbers SRS1851748 and SRS1851749.
Peaks were subsequently called by MACS v1.4.2 from uniquely
mapping reads (Zhang et al., 2008). Distribution was identified in
four hierarchical categories based on the annotations from FlyBase.
To investigate the splicing-related reads, the processed reads were
mapped to the fly genome and an extra exon—exon junction library,
which contains all possible junctions between any pair of exons
within each gene using a custom Perl script. To calculate the CLIP-
peak density relative to SSs, we limited all peaks to 9-nt windows
(summits are the central points) and counted each nucleotide by
position in the exon or intron. Intronic peaks with >500 nt distance
and exonic peaks with >50 nt to any SS were not counted.

Consensus RNA motif searching

Three independent methods were applied. First, MEME7, version
4.4.0 (Bailey et al., 2009) was used to identify enriched discrimina-
tive motifs from the P-value ranked top 1000 CLIP-peak sequences
in each sample (-mod zoops -minw 6 -maxw 8). Second, the Z-test
statistic analysis was performed to calculate the distribution pat-
tern of hexamers, which were then sorted on Z-scores and clus-
tered according to their similarities. Third, according to a recently
described pipeline (Zhang and Darnell, 2011), we identified the
significantly and frequently mutated sites (insertions, deletions,
and substitutions) based on permutation test after ruling out
SNPs, and then applied sequences from the deletion CIMS-
containing peaks for searching RNA motifs using MEME algorithm.

Gel-shift assay

SRm160 proteins were expressed in Escherichia coli and puri-
fied using Glutathione-Sepharose (GE) followed by dialysis
against buffer D (Shao et al., 2012). RNA probes were synthesized
by TaKaRa and >?P-labeled using T4 DNA ligase (TaKaRa). For gel-
shift assay, 0.15-0.5 nmol of proteins were incubated with 10
fmole RNA probe for 30 min at 25°C in a 20-pl mixture with
10 mM HEPES-KOH (pH7.3), 20 mM KCl, 1 mM MgCl,, 1 mM DTT,
100 ng/ul yeast tRNA, and 0.5 mM ATP. Above mixtures were
then loaded to a 5% acrylamide gel and run in 0.5x Tris-glycine
buffer (25 mM Tris, 50 mM glycine) at 4°C (Das and Reed, 1999)
and the gel was exposed by Phosphor Imager (Multi Gauge V3.0).

Analysis of DBS
To find DBS of SRm160 between Kc and S2 cells, we first calcu-
lated CLIP reads accumulation that are normalized by total
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mapped reads on each nucleotide position (h,0s), and then com-
pared their differences (d,os) between S2 and Kc samples. Then
positions with significant dpos (P < 0.05) were selected. Region
with >25 continuous significant positions was considered as a
DBS candidate. Four extra filters were used to obtain reliable
DBSs: (i) should be located in a CLIP-peak and covered by at least
one uridine deletion or U-to-C substitution read; (i) expression
level change of belonging gene should be <2 folds between Kc
and S2 cells, expressions are calculated from SRA transcriptomal
data (SRR1197456 and SRR3040054 for Kc, SRR1197282 and
SRR3042565 for S2); (iii) ratio of average hyos change between Kc
and S2 should be <0.5 or >3.0 (SRm160 level is slightly higher in
Kc); (iv) average dpos Should be >25 or <25 (if one average hpqs is
<3, the average dp,s is then allowed to be 20). Gene ontology
and enrichment were analyzed by DAVID (Huang da et al., 2009).

AS analyses

Raw transcriptome data of Kc cells (SRR3040054 and SRR304
0509) and S2 cells (SRR1197282 and SRR3042565) were retrieved
from the SRA database, and mapped to the Flybase using HISAT2
under default parameters (Kim et al.,, 2015). Gene expression
levels were calculated by cufflinks (Trapnell et al., 2012) and the
splicing changes between Kc and S2 were analyzed by rMATS
(Shen et al., 2014). Percentage of splicing in (PSI, ¥) was calcu-
lated with JunctionCountOnly model. Thresholds for significant AS
changes are: A¥ > 0.1, P-value < 0.05, and FDR < 0.1.

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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