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ABSTRACT

SRSF2, a Serine-Arginine rich (SR) protein, is a splicing activator
t hat medi ates exon inclusion and exclusion events equally well. Here
we show SRSF2 directly suppresses intron splicing to suppress
cassette exon inclusion in SMN pre-nRNA  Through a seria
nmut agenesis, we denonstrate that a 10 nt RNA sequence surrounding
the branch-point (BP), is inportant for SRSF2-nedi ated inhibition of
cassette exon inclusion through directly interacting with SRSF2. W
conclude that SRSF2 inhibits intron splicing to pronote exon

excl usi on.



| NTRODUCTI ON

Pre-nRNA splicing is a necessary process for gene expression
in higher eukaryotes whereby non-coding introns are renoved from
pre-nRNA and coding exons are ligated to produce nmRNA (1). The
sequences that trigger pre-nRNA splicing, called splicing signals,
include a GQUJ dinucleotide near the 5 splice-site (5 SS) at the
begi nning of the intron. Towards the 3 end of the intron are three
sequence el enments including an AG dinucleotide at the 3' splice-site
(3'SS), with the branch-point (BP) and pol ypyrimdine tract (PPT)
| ocat ed upstream of the 3’ SS.

Alternative splicing (AS) is a fundanental biological process
in higher eukaryotic cells, producing different nmRNA isoforms with
different levels of <coding potential and stability (2, 3). In
addition to splicing signals, there are other cis-acting RNA
el enments having regulatory roles by providing target sites for
trans-acting factors. Aberrant splicing is known to be the cause of
vari ous genetic diseases and cancer (4-6). For exanple, in spinal
nmuscul ar atrophy (SMA), the survival of notor neuron (SWNL) gene is
deleted in SMA patients but SM\N2, a duplicate of SWMNl, is present.
The problemis that a few point nmutations within SM\2 cause cassette
exon ski ppi ng, thereby expressing non-functional proteins (7, 8).

SRSF2 is a 35-kDa serinel/arginine-rich (SR) protein bel onging
to a famly of highly conserved splicing factors in higher
eukaryotes that facilitate constitutive and alternative splicing (9-
11). Al SR proteins have a sinilar bipartite structure including
two functional domains: an RNA binding domain, conprising multiple
RNA recognition notifs (RRMs), and an arginine-serine-rich (RS)

domai n (12-14). The consensus binding site for SRSF2 is nore diverse



than that of SRSF1. Although a recent structure-based study reveal ed
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). Al though SR proteins
generally function as splicing activators, there are reports
denmonstrating they are capable of being splicing suppressors (17-19).
In particular, SRSF9 interacts wth the silencer elenent and
directly down-regul ates exon recognition (18, 20). A recent study
revealed that a simlar frequency of exon skipping events and exon
i nclusion events are stinulated by SRSF1 or SRSF2 (21). However, the
nmechanism by which SR proteins nediate exon exclusion renains
uncl ear.

Here, we denobnstrate that SRSF2 functions as a splicing
inhibitor that contributes directly to exon exclusion. Analysis of
serial deletion nutants and chineric mnigenes suggest that a 10 nt
sequence surrounding BP is the regulatory elenment responsible for
inhibiting intron splicing. Furthernore, the 10 nt regulatory
sequence allows SRSF2 to inhibit constitutive splicing. Qur results
reveal that inhibition of intron splicing contributes to regulation

of cassette exon ski pping.

RESULTS
SRSF2 pronotes exon excl usion

An interesting study by Pandit et al. (2013), using genone-
wide RNA-seq and analysis of alternative splicing events,
denonstrated that SRSF2 stinmulates both exon skipping and exon
i nclusion events equally well (21). To understand the role of SRSF2

in cassette exon exclusion, we wanted to test a gene whose exon



skipping is nediated by SRSF2. We at al. (2014) reported that
reduced SRSF2 expression increased cassette exon7 inclusion of SWN
pre-nRNA (22). Therefore, we co-expressed SRSF2 and the SWNL or SM\2
m ni gene (E6-8) described earlier, which includes exon6 through
exon8 with a shortened introné (Fig. 1A) (7, 23). Interestingly,
overexpressi on of SRSF2 favored cassette exon7 exclusion in the SMN2,
SMN1 minigenes, as evidenced by greater production of the exon7
ski pped isoform (Fig. 1B, lane 2 and 4).

G ven these observations, our goal was to determ ne the
nmechani sm of SRSF2- nmedi at ed exon skipping by first denonstrating how
SRSF2 regulates intron6 splicing. Thus, we designed oligonucleotide
primers capable of hybridizing with our mnigene expression vector
(#1) and exon7 (#2) (Fig. 1A). Interestingly, intron6 splicing was
much lower for both SMN1 and SMN2 mnigene when SRSF2 was
overexpressed (Fig. 1C, lanes 2 and 4). Surprisingly, a cryptic 3 SS
| ocated 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 neantine activating a cryptic 3'SS. Another
unknown function of SRSF2 is whether it affects splicing at a second,
nearby intron. W designed another set of oligonucleotide priners to
anneal with exon7 (#3) and the plasmd vector (#4) such that we
could detect splicing of intron7 (Fig. 1A). In nock-transfected
cells, we observed nostly 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
t hat I entivirus-nmediated downregulation of SRSF2  expression
stinul at es endogenous exon7 inclusion (Fig. 1E). W al so considered

the possibility that SRSF2 nediates intron retention only in the



presence of three exons. To test this idea, we constructed a two-
exon ninigene, 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 mnigene when SRSF2 was overexpressed (Fig. 2A
lanes 1 and 2), although to a lesser extent than found in the E6-8
mnigene (Fig. 1D). Next, it was also possible that adding the 3 SS
sequences to the upstream exon (exon7) could nmodul ate SRSF2 activity.
Therefore, we constructed anot her mnigene [E7-8 (20)] where a 20 nt
sequence enconpassing 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 pronotes intron retention in the absence or presence of the
upstream 20 nt RNA. QO hers have reported that SR proteins inhibit
splicing, and a series of evidence supports the notion that SRSF2
stinulates splicing; however, it has not been reported yet that
SRSF2 directly suppresses intron splicing (24, 25).

G ven these observations, it was inportant to determne
whet her SRSF2 suppresses splicing in other pre-nRNAs. Here, we used
the ADML pre-nmRNA which is known to be a sensitive test for the
inhibitory function of the WAF65 protein (7, 26). A though AdM
pre-nRNA includes several potential SRSF2-binding sequences, our
results indicate that SRSF2 is unable to suppress intron (Fig. 2B).
Therefore, it appears that SRSF2 nediates intron retention in a pre-

NMRNA- sequence- speci fi ¢ 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 attenpted to identify the RNA sequences inportant for
this function. As SRSF2 has degenerate binding specificity, SM pre-
MRNA includes many potential SRSF2 binding sites. Initially, we
attenpted to produce SRSF2-binding nmutants where an intron tethered
to an SR protein inhibits splicing. However, we could not identify
any nmutants that disrupted SRSF2 activity (data not shown).
Therefore, we wused an alternate approach and generated random
deletion nmutations. It was possible that exon8 expresses a crucial
RNA el ement necessary for SRSF2 function. W constructed serial
exon8 deletion mutants of exon8 (Supplenentary Fig. 1A, top panel).
Al t hough m nigenes with |onger exon8 were slightly nore capable of
inhibiting intron7 splicing, all nmutants displayed sinmlar ability
to inhibit intron7 splicing (Supplenmentary Fig. 1A, bottom panel).
Next, we analyzed intron7 to determine if its sequences are
responsible for inhibiting splicing. W produced three upstream
intron deletion nmutants of intron7 nearest to exon8 (Supplenentary
Fig. 1B, top panel). Intron7 splicing was greatly affected in all
mutant constructs as we observed nostly unspliced transcripts
(Suppl ementary Fig. 1B, bottom panel). Thus, it seens that neither
exon8 nor intron7 is required for SRSF2-nedi ated inhibition.

To find the regulatory elenments for splicing inhibition, we
produced chineric mnigenes of SMN and ADM. to include the upstream
half of AdM. and the downstream half of the E7-8 (ML/E8) (Fig. 3A
| eft panel). Experinents with the ML/MB mnigene denonstrated that
SRSF2 significantly repressed splicing, suggesting that the
downstream half of intron7 contains inportant regulatory sequences
for SRSF2 (Fig. 3A, right panel). Sinmlarly, the Al-E7 m nigene,

where the downstream half of AAM. was replaced with the downstream



hal f of E6-7, showed no inhibition of splicing as the fully spliced
transcript was produced (Fig. 3A, right panel). Another chinera, a
m ni gene including the upstreamhalf of E7-8 and the downstream hal f
of AdM., E7/M2, did not inhibit splicing, confirnming that the
downstream hal f of E7-8 contains regul atory sequences inportant for
SRSF2 functi on.

It becane clearer that the intronic sequences |ocated toward
the 3 half of intron7 contained regulatory sequences inportant for
SRSF2 function. W generated two nore mnigenes M1 (50) (where the
3" half of the ADML intron was replaced with a 50 nt sequence from
the 3° SWN intron7) and ME8 (where the second exon from ADML was
replaced with exon8 from SMN) (Fig. 3B, left panel). Interestingly,
SRSF2 could inhibit intron splicing fromthe M1 (50), but not the
M E8, denpnstrating the inportance of the 50 nt putative regul atory
sequence for SRSF2 function (Fig. 3B, right panel). To further
identify the nucl eotide sequences inportant for regul ating splicing,
we created larger substitutions by inserting increasingly |arge AdM.
downstream intron sequences within the 50 nt regulatory sequence
using the M1 (50) as a tenplate (Fig. 3C, left panel). Wile two
mutants that included 40 [MI (40')] or 30 nt [MI (30)]
substitutions showed significant splicing inhibition in the presence
of SRSF2, the other three nutants containing 20- [MI (20")], 10-
[MI (10°)], or 5 nt [MI (5 )] substitutions did not significantly
inhibit splicing (Fig. 3C, right panel). It is inmportant to note
that the 10 nt putative regul atory sequence includes a BP and other
surroundi ng sequences (Fig. 3D). Therefore, this is strong evidence
that the 10 nt RNA sequences between [MI (30’)] and [MI (20')] is

crucial for SRSF2-nediated 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-nentioned 10 nt RNA sequence coul d interact
with SRSF2. To confirm this prediction, we synthesized a biotin-
| abel ed RNA having the 10 nt sequence and including the adjacent
nucl eotides fromthe 5 -end of exon8 (10B) (Fig. 4A). RNA pul | down
and immunoprecipitation assays wth SRSF2-specific antibodies
denonstrated that the 10B RNA does not interact with SRSF2 from HelLa
cell nuclear 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 W
light (Fig. 4A, Ilower panel, lanes 7 and 9). Therefore, the 10 nt
RNA interacts with SRSF2 only at high protein concentrations.

One remmining question is whether the 10 nt RNA regul atory
el ement inhibits constitutive splicing. To address this question, we
substituted the 10 nt sequence from AAM. pre-nRNA, |ocated 20 nt
upstream of the 3'SS, with the 10 nt RNA from SMN m ni gene (AdM.-M
(Fig. 4B). As expected, SRSF2 inhibited splicing of AAM.-M pre- mRNA
in cells overexpressing SRSF2 (Fig 4B, |ower panel). Therefore, the
10 nt sequence, perhaps upon binding SRSF2, inhibits constitutive

spli ci ng.

DI SCUSSI ON

We used SMWMN pre-nRNA as a nodel systemto study inhibition of



exon inclusion by SRSF2. W observed SRSF2 was able to suppress
splicing of flanking introns. In addition, we provided evidence that
SRSF2 directly inhibits intron splicing. Unlike W2AF65, SRSF2 did
not inhibit the splicing of AdM. pre-nRNA, suggesting that SRSF2-
nedi at ed inhibition of splicing is RNA- sequence  specific.
Experinents with serial deletion nutants and chineric SM\-AdM
m ni genes, revealed that exon8, exon7, and the upstream half of
intron7 (the portion nearest to exon7) are dispensable for SRSF2
function. Furthernore, a 10 nt sequence surrounding the BP of SMWN
pre-nRNA is crucial regulatory elenent for SRSF2-nedi ated splicing
inhibition. As the 10 nt RNA sequence provides relatively weak
bi nding potential, it can interact only with overexpressed SRSF2 but
not endogenous SRSF2. Inportantly, the 10 nt also inhibited splicing
in AML pre-nRNA when SRSF2 was over expressed.

Al t hough nmany reports have denobnstrated that SR proteins are
splicing activators, inhibition of splicing by the SR proteins has
been reported in a few cases. For exanple, SRSF10 inhibits splicing
in the dephosphorylated state (17), while SRSF9 suppresses 3
splicing by interacting with the upstream intron (18). Using in
vitro splicing experinents with the Hg-globin pre-nmRNA, 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
contradi ctory observations. First, the inhibitory activity of SRSF2
can overcome its pronoting activity in spliceosone assenbly. Second,
the pre-nmRNAs used in these experinments are different, and assay
systens are also different depending on in vitro or cell-based

assays. For exanple, U2AF65 was shown to be an inportant splicing



activator (29), but our cell-based experinents denonstrated that
U2AF65 i nhibits pre-nmRNA splicing (7).

SRSF2 has degenerate RNA sequence specificity, resulting in
many potential SRSF2-binding sites on SMN pre-nRNA. Qur several
chimeric mnigenes revealed that a 10 nt sequence surrounding a BP
are crucial for SRSF2-nediated splicing inhibition. Wy the physical
i nteracti on between sonme SR proteins and RNAs are inportant renains
to be determined. One possibility is that some steric hindrance
caused by SRSF2 could be overcone by the general splicing activity
of SRSF2, so that functional inhibition does not occur.

SR proteins are thought to pronote exon skipping through
activities nediated by the constitutive exon (30). For instance,
SRSF1 contacts downstream constitutive exons to pronbte exon
skipping (31). However, the detailed nechanisms for SR protein-
i nduced exon skipping remain |argely unknown. W propose that SRSF2
does not suppress constitutive splice-site pairing. The avail able
evi dence suggest that SR proteins enhance splicing when |ocated
upstream of 5SS, but inhibit splicing when |ocated downstream of
5SS (32). W observed a potential SRSF2- bi ndi ng  sequence
i medi ately upstream of the exon in AAML pre-nmRNA, but splicing was
not inhibited. Thus, |ocation 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
| ocation dependency does not exist in 3'SS because, in addition to

3’ AG both PPT and BP are also involved in 3'SS sel ecti on.

MATERI ALS AND METHODS



Pl asm d 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 tenplate. The
ML/ E8, Al-E7, E7/M2, MI (50), ME8, and MI (50, 40, 30, 20,
10, 5') constructs were generated using the E6-8 and AdM
constructs as tenplates and inserted into the pcDNA3.1 vector using

the Nhel, Kpnl, and EcoRl sites.

Cell culture and transfection

293T cells were cultured in DVEM nedi a suppl emented with antibiotics
and 10% FBS. Cells were maintained at 37 °C and in 5% CO,. Plasmd
transfections were performed using pol yet hyl enei nide (PElI) accordi ng

to the nanufacturer’s protocol.

RT- PCR

Total cellular RNA was extracted using the Ri boEx reagent (GeneAll)
according to the manufacturer's instructions. 1 pg of total RNA was
reverse transcribed using MMV reverse transcriptase (ELPiS) and
anplified by PCR using G Taq polynerase (Cosnb GCenetech). The
following priners were used for splicing studies: Exon6.F (5 -
ATAATTCCCCCACCACCTCC- 3" ), Exon8. R (5’ - ACTACAACACCCTTCTCACAG 3'),
pcDNA. F (5’ - CACTGCTTACTGGCTTATCGAA- 37 ), pcDNA. R (5 -

CTAGAAGGCACAGICGAGECT-3" ), AdM.. F (5 - ACTCTTGGATCGGAAACCCGT-3") .

RNA | mmunopr eci pitation Assay
RNA i munoprecipitation assays were performed as described
previously (33). Briefly, 100 pnole of 5 -biotinylated RNA was ni xed

wi th nuclear or cellular extracts prepared from HelLa 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 nenbrane and blocked with 5% skim mlk. The
menbrane was probed with an anti-SRSF2 antibody (MIlipore) and the
ant i body- SRSF2 conj ugat es wer e det ect ed by enhanced

chem | um nescence (ECL).

Knockdown of SRSF2 with |entivirus-nedi ated shRNA

Knockdown of SRSF2 was perfornmed as described previously (34).
Briefly, shRNA lentivirus was generated by co-transfection of SRSF2
MRNA silencing sequence plasmd (Open Biosystens) wth helper
plasnids into 293T cells using polyethyleneimnmde (PEI) reagent. The
lentiviruses were added to the cells for 72 h supplenmented with 10

pg/ m pol ybrene.

| mmunobl ot ti ng

| mmunobl otting with anti-SRSF2 anti body was perforned as previously
described (34). Briefly, cells were harvested and |lysed with lysis
buffer for 30 mn at 4°C.The supernatants were collected and
separated on 12% SDS-PAGE, and then transferred to PDVF nenbrane.
After blocking with 5% skim m |k, nenbrane was incubated anti-SRSF2
(MIlipore) or anti-U2AF65 antibodies. The signal was detected by

enhanced cheni | uni nescence (ECL).

FI GURE LEGENDS
Figure 1. SRSF2 pronotes exon exclusion. (A) Schematic diagram of

the E6-8 m nigene. Exons are depicted as nunbered boxes, introns as



solid lines. (B) RT-PCR analysis of the E6-8 mnigene from the
SWMN1/2 locus in SRSF2-expressing cells. (C RT-PCR analysis of
intron6é splicing within the E6-8 mninigene using priners #1 and #2.
(D) RT-PCR analysis of intron7 splicing within the E6-8 mnigene
using priners #3 and #4. (E) RT-PCR analysis to detect alternative
splicing of endogenous SMN1 and SM\2 using RNA extracted from cells
infected with lentiviruses with SRSF2-targeting shRNA (SRSF2) or

non-si | enci ng shRNAs (NS).

Figure 2. SRSF2 pronotes SMN intron7 retention. (A) (Upper panel)
Schematic diagram of the E7-8 and E7-8 (20) m nigenes. The prinmer
binding sites are indicated with arrows. (Lower panel) RT-PCR
analysis of the E7-8 and E7-8 (20) ninigenes in SRSF2-expressing
cells. (B) (Upper panel) Nucleotide sequence of a portion of the
AdML pre-nRNA. The two exons are shown as dark yellow and vyell ow
boxes, the wupstream intron is indicated in orange, and the
downstream intron is indicated in green. (Right panel) RT-PCR

anal ysis of the AAM. mini gene using RNAs in SRSF2-expressing cells.

Figure 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 ML/E8, Al-E7, and E7/M ninigenes. (R ght
panel) RT-PCR analysis of intron splicing in the mnigenes in SRSF2-
expressing cells. (B) (Left panel) Schematic diagramof MI (50) and
M E8 m nigenes. (Right panel) RT-PCR analysis of the mnigenes in
SRSF2- expressing cells. (C (Left panel) Schematic diagram of M
(50", 40, 30, 20, 10° and 5 ) ninigenes. Green lines represent

intron sequences from ADJM. and black lines represent introns from



SWMN. The exon and intron lengths are also shown. (Right panel) RT-
PCR analysis of intron splicing of the ninigenes in the SRSF2-
expressing cells. (D) The 10 nt regul atory sequence and its |ocation

within the ADM. mini gene are indicated.

Figure 4. A 10 nt RNA sequence physically interacts with SRSF2 and
inhibits constitutive splicing. (A (Upper panel) The 10 nt
regul atory sequence wth surrounding sequences and biotin-Iabeled
RNA sequence (10B) are shown. (Lower panel) RNA-pulldown and
i mrunopr eci pitation anal yses with SRSF2-specific anti body are shown.
(B) (Upper panel) Schematic diagram of the AdM.-M nini gene. (Lower

panel) RT-PCR analysis of intron splicing in the ADM.-M mi ni gene.

Suppl ementary Figure 1. Exon8 and intron7 sequences are not required
for SRSF2-nediated splicing inhibition. (A) (Upper panel) Schematic
di agram of the E8-400, 300, 200, 100, 50 and E8-5 mnigenes, wth
the nunmbers to show the length of exon8. (Lower panel) RT-PCR
anal ysis of the mnigenes in the SRSF2-expressing cells. (B) (Upper
panel) Schenmatic diagram of 17-348, 17-252, and |7-156 ninigenes.
The nunbers are used to indicate intron7 length. (Lower panel) RT-

PCR anal ysis of the minigenes in SRSF2-expressing cells.
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Supplementary Figure 1.
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