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SRSF2, a Serine-Arginine rich (SR) protein, is a splicing
activator that mediates exon inclusion and exclusion events
equally well. Here we show SRSF2 directly suppresses intron
splicing to suppress cassette exon inclusion in SMN pre-
mRNA. Through a serial mutagenesis, we demonstrate that a
10 nt RNA sequence surrounding the branch-point (BP), is
important for SRSF2-mediated inhibition of cassette exon
inclusion through directly interacting with SRSF2. We
conclude that SRSF2 inhibits intron splicing to promote exon
exclusion. [BMB Reports 2017; 50(8): 423-428]

INTRODUCTION

Pre-mRNA splicing is a necessary process for gene expression
in higher eukaryotes whereby non-coding introns are removed
from pre-mRNA and coding exons are ligated to produce
mRNA (1). The sequences that trigger pre-mRNA splicing,
called splicing signals, include a GU dinucleotide near the 5’
splice-site (5’SS) at the beginning of the intron. Towards the 3’
end of the intron are three sequence elements including an
AG dinucleotide at the 3’ splice-site (3’SS), with the branch-
point (BP) and polypyrimidine tract (PPT) located upstream of
the 3'SS.

Alternative splicing (AS) is a fundamental biological process
in higher eukaryotic cells, producing different mRNA isoforms
with different levels of coding potential and stability (2, 3). In
addition to splicing signals, there are other cis-acting RNA
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elements having regulatory roles by providing target sites for
trans-acting factors. Aberrant splicing is known to be the cause
of various genetic diseases and cancer (4-6). For example, in
spinal muscular atrophy (SMA), the survival of motor neuron
(SMNT1) gene is deleted in SMA patients but SMN2, a duplicate
of SMN1, is present. The problem is that a few point mutations
within SMN2 cause cassette exon skipping, thereby expressing
non-functional proteins (7, 8).

SRSF2 is a 35-kDa serine/arginine-rich (SR) protein belonging
to a family of highly conserved splicing factors in higher
eukaryotes that facilitate constitutive and alternative splicing
(9-11). All SR proteins have a similar bipartite structure
including two functional domains: an RNA binding domain,
comprising multiple RNA recognition motifs (RRMs), and an
arginine-serine-rich (RS) domain (12-14). The consensus binding
site for SRSF2 is more diverse than that of SRSF1. Although a
recent structure-based study revealed SSNG (S = C/ G) to be a
highly consensus binding sequence (15), in vitro binding with
SELEX and CLIP-seq analysis indicate that SRSF2 binds to
GA-rich or purine-rich sequences (16). Although SR proteins
generally function as splicing activators, there are reports
demonstrating they are capable of being splicing suppressors
(17-19). In particular, SRSF9 interacts with the silencer element
and directly down-regulates exon recognition (18, 20). A re-
cent study revealed that a similar frequency of exon skipping
events and exon inclusion events are stimulated by SRSF1 or
SRSF2 (21). However, the mechanism by which SR proteins
mediate exon exclusion remains unclear.

Here, we demonstrate that SRSF2 functions as a splicing
inhibitor that contributes directly to exon exclusion. Analysis
of serial deletion mutants and chimeric minigenes suggest that
a 10 nt sequence surrounding BP is the regulatory element
responsible for inhibiting intron splicing. Furthermore, the 10
nt regulatory sequence allows SRSF2 to inhibit constitutive
splicing. Our results reveal that inhibition of intron splicing
contributes to regulation of cassette exon skipping.

This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:/creativecommons.org/li-
censes/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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RESULTS

SRSF2 promotes exon exclusion

An interesting study by Pandit et al. (21), using genome-wide
RNA-seq and analysis of alternative splicing events,
demonstrated that SRSF2 stimulates both exon skipping and
exon inclusion events equally well. To understand the role of
SRSF2 in cassette exon exclusion, we wanted to test a gene
whose exon skipping is mediated by SRSF2. Wee et al. (22)
reported that reduced SRSF2 expression increased cassette
exon7 inclusion of SMN pre-mRNA. Therefore, we
co-expressed SRSF2 and the SMN1 or SMN2 minigene (E6-8)
described earlier, which includes exon6 through exon8 with a
shortened intron6 (Fig. 1A) (7, 23). Interestingly, over-
expression of SRSF2 favored cassette exon7 exclusion in the
SMN2, SMN1 minigenes, as evidenced by greater production
of the exon7 skipped isoform (Fig. 1B, lane 2 and 4).

Given these observations, our goal was to determine the
mechanism of SRSF2-mediated exon skipping by first demon-
strating how SRSF2 regulates intron6 splicing. Thus, we
designed oligonucleotide primers capable of hybridizing with
our minigene expression vector (#1) and exon7 (#2) (Fig. 1A).
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Fig. 1. SRSF2 promotes exon exclusion. (A) Schematic diagram of
the E6-8 minigene. Exons are depicted as numbered boxes,
introns as solid lines. (B) RT-PCR analysis of the E6-8 minigene
from the SMN1/2 locus in SRSF2-expressing cells. (C) RT-PCR
analysis of intron6 splicing within the E6-8 minigene using
primers #1 and #2. (D) RT-PCR analysis of intron7 splicing within
the E6-8 minigene using primers #3 and #4. (E) RT-PCR analysis
to detect alternative splicing of endogenous SMN1 and SMN2
using RNA extracted from cells infected with lentiviruses with
SRSF2-targeting shRNA (SRSF2) or non-silencing shRNAs (NS).
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Interestingly, intron6 splicing was much lower for both SMN'1
and SMN2 minigene when SRSF2 was overexpressed (Fig. 1C,
lanes 2 and 4). Surprisingly, a cryptic 3’SS located 682 nt
upstream of the canonical 3’AG of exon7 was activated when
SRSF2 was overexpressed. Thus intron6 splicing was suppressed
by SRSF2, and in the meantime activating a cryptic 3’SS.
Another unknown function of SRSF2 is whether it affects
splicing at a second, nearby intron. We designed another set
of oligonucleotide primers to anneal with exon7 (#3) and the
plasmid vector (#4) such that we could detect splicing of
intron7 (Fig. 1A). In mock-transfected cells, we observed
mostly fully spliced exons (E7+8) whereas overexpression of
SRSF2 favored transcripts that did not fully splice out intron7
(Fig. 1D). This contrast with our observation that lentivirus-
mediated downregulation of SRSF2 expression stimulates
endogenous exon? inclusion (Fig. 1E). We also considered the
possibility that SRSF2 mediates intron retention only in the
presence of three exons. To test this idea, we constructed a
two-exon minigene, E7-8, where all other upstream exons and
introns were deleted (Fig. 2A, upper panel). Here, intron7
retention was still high for the E7-8 minigene when SRSF2 was
overexpressed (Fig. 2A, lanes 1 and 2), although to a lesser
extent than found in the E6-8 minigene (Fig. 1D). Next, it was
also possible that adding the 3’SS sequences to the upstream
exon (exon7) could modulate SRSF2 activity. Therefore, we
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Fig. 2. SRSF2 promotes SMN intron7 retention. (A) (Upper panel)
Schematic diagram of the E7-8 and E7-8 (20) minigenes. The
primer binding sites are indicated with arrows. (Lower panel)
RT-PCR analysis of the E7-8 and E7-8 (20) minigenes in
SRSF2-expressing cells. (B) (Upper panel) Nucleotide sequence of
a portion of the AAML pre-mRNA. The two exons are shown as
dark yellow and yellow boxes, the upstream intron is indicated in
orange, and the downstream intron is indicated in green. (Right
panel) RT-PCR analysis of the AdML minigene using RNAs in
SRSF2-expressing cells.
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constructed another minigene [E7-8 (20)] where a 20 nt
sequence encompassing the 3’SS was added to the end of
exon7 (Fig. 2A, upper panel). As seen with E7-8, intron7
splicing was greatly reduced when SRSF2 was overexpressed
(Fig. 2A, lanes 3 and 4). Thus, SRSF2 promotes intron retention
in the absence or presence of the upstream 20 nt RNA. Others
have reported that SR proteins inhibit splicing, and a series of
evidence supports the notion that SRSF2 stimulates splicing;
however, it has not been reported yet that SRSF2 directly
suppresses intron splicing (24, 25).

Given these observations, it was important to determine
whether SRSF2 suppresses splicing in other pre-mRNAs. Here,
we used the AdML pre-mRNA which is known to be a
sensitive test for the inhibitory function of the U2AF65 protein
(7, 26). Although AdML pre-mRNA includes several potential
SRSF2-binding sequences, our results indicate that SRSF2 is
unable to suppress intron (Fig. 2B). Therefore, it appears that
SRSF2 mediates intron retention in a pre-mRNA-sequence-
specific manner.

A 10 nt RNA sequence surrounding the BP of intron7 is
required for splicing inhibition by SRSF2

Because SRSF2 inhibits splicing in an RNA-sequence-specific
manner, we attempted to identify the RNA sequences
important for this function. As SRSF2 has degenerate binding
specificity, SMN pre-mRNA includes many potential SRSF2
binding sites. Initially, we attempted to produce SRSF2-binding
mutants where an intron tethered to an SR protein inhibits
splicing. However, we could not identify any mutants that
disrupted SRSF2 activity (data not shown). Therefore, we used
an alternate approach and generated random deletion mutations.
It was possible that exon8 expresses a crucial RNA element
necessary for SRSF2 function. We constructed serial exon8
deletion mutants of exon8 (Supplementary Fig. 1A, top panel).
Although minigenes with longer exon8 were slightly more
capable of inhibiting intron7 splicing, all mutants displayed
similar ability to inhibit intron7 splicing (Supplementary Fig.
1A, bottom panel). Next, we analyzed intron7 to determine if
its sequences are responsible for inhibiting splicing. We
produced three upstream-intron deletion mutants of intron7
nearest to exon8 (Supplementary Fig. 1B, top panel). Intron7
splicing was greatly affected in all mutant constructs as we
observed mostly unspliced transcripts (Supplementary Fig. 1B,
bottom panel). Thus, it seems that neither exon8 nor intron7 is
required for SRSF2-mediated inhibition.

To find the regulatory elements for splicing inhibition, we
produced chimeric minigenes of SMN and AdML to include
the upstream half of ADML and the downstream half of the
E7-8 (M1/E8) (Fig. 3A, left panel). Experiments with the M1/M8
minigene demonstrated that SRSF2 significantly repressed
splicing, suggesting that the downstream half of intron7
contains important regulatory sequences for SRSF2 (Fig. 3A,
right panel). Similarly, the AT-E7 minigene, where the down-
stream half of AAML was replaced with the downstream half of
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E6-7, showed no inhibition of splicing as the fully spliced
transcript was produced (Fig. 3A, right panel). Another
chimera, a minigene including the upstream half of E7-8 and
the downstream half of AdML, E7/M2, did not inhibit splicing,
confirming that the downstream half of E7-8 contains
regulatory sequences important for SRSF2 function.

It became clearer that the intronic sequences located toward
the 3’ half of intron7 contained regulatory sequences important
for SRSF2 function. We generated two more minigenes M-l
(50) (where the 3’ half of the ADML intron was replaced with a
50 nt sequence from the 3" SMN intron7) and M-E8 (where the
second exon from AdML was replaced with exon8 from SMN)
(Fig. 3B, left panel). Interestingly, SRSF2 could inhibit intron
splicing from the M-I (50), but not the M-E8, demonstrating the
importance of the 50 nt putative regulatory sequence for
SRSF2 function (Fig. 3B, right panel). To further identify the
nucleotide sequences important for regulating splicing, we
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Fig. 3. A 10 nt RNA sequence surrounding the BP of intron7 is
required for splicing inhibition by SRSF2. (A) (Left panel) Schematic
diagram of the M1/E8, A1-E7, and E7/M2 minigenes. (Right panel)
RT-PCR analysis of intron splicing in the minigenes in SRSF2-
expressing cells. (B) (Left panel) Schematic diagram of M-l (50)
and M-E8 minigenes. (Right panel) RT-PCR analysis of the minigenes
in SRSF2-expressing cells. (C) (Left panel) Schematic diagram of
M-l (50°, 40’, 30’, 20, 10’ and 5’) minigenes. Green lines re-
present intron sequences from AdML and black lines represent
introns from SMN. The exon and intron lengths are also shown.
(Right panel) RT-PCR analysis of intron splicing of the minigenes
in the SRSF2-expressing cells. (D) The 10 nt regulatory sequence
and its location within the AAML minigene are indicated.
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created larger substitutions by inserting increasingly large
AdML downstream intron sequences within the 50 nt regulatory
sequence using the M-l (50) as a template (Fig. 3C, left panel).
While two mutants that included 40 [M-l (40")] or 30 nt [M-l
(30")] substitutions showed significant splicing inhibition in the
presence of SRSF2, the other three mutants containing 20- [M-]
(2011, 10- [M-1 (109], or 5 nt [M-l (5")] substitutions did not
significantly inhibit splicing (Fig. 3C, right panel). It is
important to note that the 10 nt putative regulatory sequence
includes a BP and other surrounding sequences (Fig. 3D).
Therefore, this is strong evidence that the 10 nt RNA sequences
between [M-l (30)] and [M-l (20)] is crucial for SRSF2-
mediated inhibition of intron splicing.

A 10 nt RNA sequence physically interacts with SRSF2 and
inhibits constitutive splicing

Using a bioinformatics-based approach (ESE finder) (27), we
predicted that the above-mentioned 10 nt RNA sequence
could interact with SRSF2. To confirm this prediction, we
synthesized a biotin-labeled RNA having the 10 nt sequence
and including the adjacent nucleotides from the 5’-end of
exon8 (10B) (Fig. 4A). RNA pulldown and immunoprecipitation
assays with SRSF2-specific antibodies demonstrated that the
10B RNA does not interact with SRSF2 from Hela cell nuclear
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Fig. 4. A 10 nt RNA sequence physically interacts with SRSF2
and inhibits constitutive splicing. (A) (Upper panel) The 10 nt
regulatory sequence with surrounding sequences and biotin-labeled
RNA sequence (10B) are shown. (Lower panel) RNA-pulldown
and immunoprecipitation analyses with SRSF2-specific antibody are
shown. (B) (Upper panel) Schematic diagram of the AdML-M
minigene. (Lower panel) RT-PCR analysis of intron splicing in the
AdML-M minigene.
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extracts (Fig. 4A, lower panel, lanes 2 and 3). Moreover, 10B
RNA does not interact with SRSF2 from cellular extracts (Fig.
4A, lower panel, lane 6). Although endogenous SRSF2 was
unable to bind to 10B, the tagged-SRSF2 showed strong
interaction with 10B RNA both in the absence and presence of
UV light (Fig. 4A, lower panel, lanes 7 and 9). Therefore, the
10 nt RNA interacts with SRSF2 only at high protein
concentrations.

One remaining question is whether the 10 nt RNA
regulatory element inhibits constitutive splicing. To address
this question, we substituted the 10 nt sequence from AdML
pre-mRNA, located 20 nt upstream of the 3’SS, with the 10 nt
RNA from SMN minigene (AdML-M) (Fig. 4B). As expected,
SRSF2 inhibited splicing of AAML-M pre-mRNA in cells
overexpressing SRSF2 (Fig 4B, lower panel). Therefore, the 10
nt sequence, perhaps upon binding SRSF2, inhibits con-
stitutive splicing.

DISCUSSION

We used SMN pre-mRNA as a model system to study
inhibition of exon inclusion by SRSF2. We observed SRSF2
was able to suppress splicing of flanking introns. In addition,
we provided evidence that SRSF2 directly inhibits intron
splicing. Unlike U2AF65, SRSF2 did not inhibit the splicing of
AdML pre-mRNA, suggesting that SRSF2-mediated inhibition
of splicing is RNA-sequence specific. Experiments with serial
deletion mutants and chimeric SMN-AdML minigenes, re-
vealed that exon8, exon7, and the upstream half of intron7
(the portion nearest to exon7) are dispensable for SRSF2
function. Furthermore, a 10 nt sequence surrounding the BP of
SMN pre-mRNA is crucial regulatory element for SRSF2-
mediated splicing inhibition. As the 10 nt RNA sequence
provides relatively weak binding potential, it can interact only
with overexpressed SRSF2 but not endogenous SRSF2.
Importantly, the 10 nt also inhibited splicing in AdML
pre-mRNA when SRSF2 was overexpressed.

Although many reports have demonstrated that SR proteins
are splicing activators, inhibition of splicing by the SR proteins
has been reported in a few cases. For example, SRSF10
inhibits splicing in the dephosphorylated state (17), while
SRSF9 suppresses 3’ splicing by interacting with the upstream
intron (18). Using in vitro splicing experiments with the Hp-
globin pre-mRNA, it has been shown that SRSF2 is required for
the first step of splicing (24, 28). Here, we have presented the
first evidence that SRSF2 suppresses intron splicing. There are
two possible explanations for these contradictory observations.
First, the inhibitory activity of SRSF2 can overcome its promoting
activity in spliceosome assembly. Second, the pre-mRNAs
used in these experiments are different, and assay systems are
also different depending on in vitro or cell-based assays. For
example, U2AF65 was shown to be an important splicing
activator (29), but our cell-based experiments demonstrated
that U2AF65 inhibits pre-mRNA splicing (7).
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SRSF2 has degenerate RNA sequence specificity, resulting in
many potential SRSF2-binding sites on SMN pre-mRNA. Our
several chimeric minigenes revealed that a 10 nt sequence
surrounding a BP are crucial for SRSF2-mediated splicing
inhibition. Why the physical interaction between some SR
proteins and RNAs are important remains to be determined.
One possibility is that some steric hindrance caused by SRSF2
could be overcome by the general splicing activity of SRSF2,
so that functional inhibition does not occur.

SR proteins are thought to promote exon skipping through
activities mediated by the constitutive exon (30). For instance,
SRSF1 contacts downstream constitutive exons to promote
exon skipping (31). However, the detailed mechanisms for SR
protein-induced exon skipping remain largely unknown. We
propose that SRSF2 does not suppress constitutive splice-site
pairing. The available evidence suggest that SR proteins
enhance splicing when located upstream of 5’SS, but inhibit
splicing when located downstream of 5SS (32). We observed
a potential SRSF2-binding sequence immediately upstream of
the exon in AdML pre-mRNA, but splicing was not inhibited.
Thus, location dependency was not observed in this case. One
explanation is that while Erkelenz et al. performed the
experiments with artificial MS2-tethered SR protein (32), we
used naturally occurring SR proteins. Another possibility is that
location dependency does not exist in 3'SS because, in
addition to 3’AG, both PPT and BP are also involved in 3’SS
selection.

MATERIALS AND METHODS

Plasmid construction

The E6-8 minigene was generated as described previously (7).
E7-8, E7-8 (20) were generated using the E6-8 construct as a
template. The M1/E8, A1-E7, EZ/M2, M-I (50), M-E8, and M-I
(507, 407, 307, 207, 10’, 5') constructs were generated using the
E6-8 and AdML constructs as templates and inserted into the
pcDNA3.1 vector using the Nhel, Kpnl, and EcoRl sites.

Cell culture and transfection

293T cells were cultured in DMEM media supplemented with
antibiotics and 10% FBS. Cells were maintained at 37°C and
in 5% CO,. Plasmid transfections were performed using
polyethyleneimide (PEl) according to the manufacturer’s
protocol.

RT-PCR

Total cellular RNA was extracted using the RiboEx reagent
(GeneAll) according to the manufacturer's instructions. 1 pg of
total RNA was reverse transcribed using M-MLV reverse
transcriptase (ELPiS) and amplified by PCR using G-Taq
polymerase (Cosmo Genetech). The following primers were
used for splicing studies: Exon6.F (5-ATAATTCCCCCACC
ACCTCC-3’), Exon8.R (5'-ACTACAACACCCTTCTCACAG-3),
pcDNA.F (5-CACTGCTTACTGGCTTATCGAA-3"), pcDNA.R
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(5"-CTAGAAGGCACAGTCGAGGCT-3), AdML.F (5"-ACTCTT
GGATCGGAAACCCGT-3").

RNA immunoprecipitation assay

RNA immunoprecipitation assays were performed as described
previously (33). Briefly, 100 pmole of 5”-biotinylated RNA was
mixed with nuclear or cellular extracts prepared from Hela
cells in Buffer D at 4°C. The mixtures were precipitated with
streptavidin-conjugated agarose beads. Proteins resolved by
SDS-PAGE were transferred to a PDVF membrane and blocked
with 5% skim milk. The membrane was probed with an
anti-SRSF2  antibody (Millipore) and the antibody-SRSF2
conjugates were detected by enhanced chemiluminescence
(ECL).

Knockdown of SRSF2 with lentivirus-mediated shRNA
Knockdown of SRSF2 was performed as described previously
(34). Briefly, shRNA lentivirus was generated by co-transfection
of SRSF2 mRNA silencing sequence plasmid (Open Biosystems)
with helper plasmids into 293T cells using polyethyleneimide
(PEI) reagent. The lentiviruses were added to the cells for 72 h
supplemented with 10 pg/ml polybrene.

Immunoblotting

Immunoblotting with anti-SRSF2 antibody was performed as
previously described (34). Briefly, cells were harvested and
lysed with lysis buffer for 30 min at 4°C. The supernatants
were collected and separated on 12% SDS-PAGE, and then
transferred to PDVF membrane. After blocking with 5% skim
milk, membrane was incubated anti-SRSF2 (Millipore) or
anti-U2AF65 antibodies. The signal was detected by enhanced
chemiluminescence (ECL).
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