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Inhibition of the expression of oncogene SRSF3 by
blocking an exonic splicing suppressor with
antisense oligonucleotides

Jihua Guo,t2® Xiaoxuan Che,? Xiaole Wang?® and Rong Jia @ *

Antisense oligonucleotides (ASOs) have been widely used to regulate alternative splicing of pre-mRNA by
targeting splice sites, branch points, or exonic splice enhancers to increase exon skipping or intron
retention. So far, few studies have used ASOs to block exonic splicing suppressor (ESS) and increase
exon inclusion. Previously, we demonstrated that serine and arginine rich splicing factor 3 (SRSF3) (also
called SRp20) is an oncogene. The inclusion of its alternative exon 4 down-regulates its expression. An
ESS motif is responsible for the skipping of alternative exon 4. Here, we used an economical method to
screen effective anti-ESS ASO. We discovered that an ASO targeting the ESS motif can promote the
inclusion of exon 4, reduce SRSF3 expression, and inhibit cell growth in oral cancer cells. Our results
suggested that using anti-ESS ASOs can efficiently increase exon inclusion and be used as a potential

rsc.li/rsc-advances anti-cancer drug.

Introduction

Serine and arginine rich splicing factor 3 (SRSF3, also called
SRp20) belongs to the serine/arginine (SR)-rich family, and
plays important roles in constant and alternative splicing of pre-
mRNA. In addition, SRSF3 was also reported to regulate alter-
native RNA polyadenylation,® RNA export,>* DNA repair,* and
protein translation.® Like other SR protein family members,
SRSF3 protein contains an N-terminal RNA recognition motif
(RRM) and a C-terminal arginine/serine-rich domain (RS).®

SRSF3 is an oncogene and frequently overexpressed in
cancer cells.”® Knockdown of SRSF3 significantly reduced
cancer cell proliferation.>*"> SRSF3 promotes the expression of
oncogenes, including FoxM1,” and PKM2,” and inhibits the
expression of tumor suppressor genes, including PDCD4,"* and
p53." Previously, we have found the expression of SRSF3 is
autoregulated by the inclusion of its alternative exon 4, which
contains a pre-mature stop codon. Only transcript without exon
4 is able to encode full-length functional SRSF3. Inclusion of
exon 4 may encode a truncated SRSF3 or cause degradation of
transcript.*®

We have also demonstrated that an exonic splicing
suppressor (ESS) is responsible for the skipping of alternative
exon 4.'° PTBP1 and PTBP2 are potential oncogenic proteins.”
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These two splicing factors bind to exon 4 ESS motif and prevent
the inclusion of exon 4. In cancer cells, increased expression of
PTBP1 and PTBP2 impaired the autoregulation mechanism and
promoted the expression of SRSF3 protein.*® Interference of the
interaction between ESS motif and PTBP proteins may increase
the inclusion of exon 4 and decrease the expression of onco-
genic SRSF3.

Misregulated pre-mRNA alternative splicing can be corrected
by antisense oligonucleotides (ASOs)."® ASOs bind to splice sites
and block the usage of splice site and cause exon skipping. ASOs
can also bind to exonic or intronic splicing enhancers, and then
inhibit the usage of splice sites. So far, few study has used ASOs
to block ESS and increase exon inclusion. In this study, we
established an economical method to screen effective anti-ESS
ASO. We successfully found that an anti-ESS ASO was able to
efficiently increase the inclusion of exon 4, and then inhibit
SRSF3 expression and cancer cell growth.

Experimental procedures
Cells and plasmid

CAL 27 and FaDu are oral squamous carcinoma cell lines. HEK
293 is a human embryonic kidney cell line. All cell lines were
grown and maintained in Dulbecco's modified Eagle medium
(DMEM, Hyclone, USA) supplemented with 10% fetal bovine
serum (FBS, Gibco, USA). A plasmid carrying SRSF3 minigene of
genomic DNA sequence from exon 3 to exon 5 was shown in
Fig. 1A.** An ATG was added to 5’ of exon 3 to allow the
expression of exon 3, exon 5 and GFP fusion protein. Inclusion
of exon 4 will include a premature stop codon and block the
expression of GFP.
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Fig. 1 The design of antisense oligonucleotide to block ESS motif in
SRSF3 exon 4. (A) Schematic diagram of SRSF3 minigene. Genomic
sequence of SRSF3 (exon 3 to exon 5) were cloned into pEGFP-N1. ATG
was added to 5" end of minigene. GFP is allowed to be translated in the
absence of exon 4. Inclusion of exon 4 will block the expression of GFP
or cause degradation by nonsense-medicated decay (NMD). An exonic
splicing suppressor (ESS) is highlighted in 3’ part of exon 4. (B) An anti-
sense oligonucleotide (Anti-SR, the line below the sequence) was
designed to base-pair to ESS region (highlighted in blue). (C) HEK 293
cells were co-transfected with SRSF3 minigene and 20 nM antisense
oligonucleotide Anti-SR. Alternative splicing of exon 4 were analyzed by
RT-PCR. GAPDH served as loading control. The expression of GFP was
detected by western blot. Actin served as loading control.

Antisense oligonucleotide transfection

Antisense oligonucleotides modified by phosphorothioate or 2'-
O-methyl-phosphorothioate were synthesized in Sangon
Biotech (China). For cell transfection, 40 pmol ASOs were
diluted in 25 pL Opti-MEM medium (ThermoFisher, USA), and
then mixed with 1.5 pL Lipofectamine 3000 (ThermoFisher,
USA) diluted in 25 pL Opti-MEM medium. After incubation for
15 minutes in room temperature, the transfection complex was
added to cell culture medium. The final concentration of ASOs
is 20 nM. A non-specific ASO (5" ACTCTATCTGCACGCTGACT 3')
was used as control. Forty eight hours later, total RNA and
protein were collected.

RNA purification and RT-PCR

Total RNA was purified from cells by using AxyPrep Multisource
Total RNA Miniprep Kit (Axygen, USA). One microgram total
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RNA was treated with DNase I (Thermo fisher scientific, USA),
and then reversely transcribed with Moloney Murine Leukemia
Virus (MMLV) reverse transcriptase (Promega, USA) and
random primers (hexadeoxynucleotides) (Promega, USA). One
microliter of the cDNA was subjected to PCR with Taq DNA
polymerase (Takara, Japan) and following primers:

0GJH209 5" GGAGTCCTCCACCTCGTCGCA 3’ and oGJH101
5 GCTCCTCGCCCTTGCTCACCA 3’ for detecting the alternative
splicing of exogenous exon 4 in the minigene; oGJH759 5
CATGTGAAACGACACCAGCCAAGC 3’ and oGJH211 5 CTC
CCTCTTGGGGTCGTCGC 3’ for detecting exon 4-included
endogenous SRSF3; oGJH213 5 CCATAGAGAATTACACCTTT
GTGTCACTG 3’ (exon 7) and oGJH761 5 AGTCCTCCAC
CTCGTCGCAGATCTC 3’ (exon 3-5 junction primer) for detect-
ing exon 4-skipped endogenous SRSF3; 5 GTCATCAATGG
AAATCCCATCACC 3’ and 5 TGAGTCCTTCCACGATACCAAA 3’
for internal control GAPDH.

Western blot

Total protein samples were collected by adding 2x SDS
sampling buffer to cells. Samples were denatured for 5 minutes
at 95 degree and separated in a 10% SDS-PAGE gel, followed by
being transferred to a nitrocellulose membrane. Specific
proteins were detected by anti-GFP antibody (Santa cruz, USA),
anti-SRSF3 antibody (Thermo Fisher Scientific, USA), or horse-
radish peroxidase-labeled mouse anti-p-actin antibody (Sigma-
Aldrich, USA).

Cell proliferation analysis

Cell proliferation was analyzed by trypan blue exclusion method
or MTS assay. Trypan blue exclusion method was performed
with a 0.4% trypan blue solution (Thermo Fisher Scientific,
USA). MTS assay was performed by using the celltiter 96
aqueous one solution cell proliferation assay kit (Promega, USA)
according to the manufacturer's instructions. Absorbance
values at 490 nm were obtained using powerWave XS2 plate
reader (BioTek, USA).

Statistical analyses

All two-group statistical comparisons of means were deter-
mined using Student's ¢ test (Excel, Microsoft).

Results and discussion
Blocking of ESS with antisense oligonucleotide

We hypothesized that blocking of ESS with ASO may increase
the inclusion of exon 4, and then down-regulate the expression
of full-length SRSF3. We designed an ASO, named “Anti-SR”,
according to the ESS and nearby sequence (Fig. 1B). Anti-SR was
modified by 2’-O-methyl-phosphorothioate to increase stability
and reduce RNase H activity in cells." Anti-SR was co-
transfected with SRSF3 minigene plasmid into 293 cells. After
24 hours, the alternative splicing of SRSF3 was analyzed by RT-
PCR. We found that Anti-SR could not increase the inclusion of
exon 4, indicating that this ASO is not suitable for blocking ESS.
Hybridization with target mRNA is the necessary characteristic

This journal is © The Royal Society of Chemistry 2018
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for effective ASO.” Anti-SR may be not able to efficiently bind to
the ESS of exon 4 due to the RNA secondary structure.

Screening of effective antisense oligonucleotide

To find effective ASO to block the ESS motif, we need to screen
a serial of ASOs based on the ESS motif and nearby sequence
(Fig. 2A). However, 2/-O-methyl-phosphorothioate modification
is quite expensive. Unmodified ASOs are much cheaper than 2’-
O-methyl-phosphorothioate modification ASOs, but they are
generally unstable in cells. In comparison, phosphorothioate
modification of oligonucleotides are stable in cells and also
much cheaper than 2’-O-methyl-phosphorothioate modification
(at least 10 fold less expenditure). Therefore, we used phos-
phorothioate ASOs for screening experiment. In general, phos-
phorothioate ASOs cannot be used to modify alternative
splicing, because binding of phosphorothioate ASOs to target
mRNA will induce RNase H-mediated degradation of target
mRNA. However, significant degradation may correlated with
the efficient binding of ASO to target mRNA.

We synthesized a serial of ASOs modified by phosphor-
othioate and based on the ESS motif and nearby sequence
(Fig. 2A). These ASOs were also co-transfected with SRSF3
minigene into 293 cells. If ASOs are able to bind to SRSF3-GFP
fusion transcripts, these transcripts will be degraded and the
expression of SRSF3-GFP fusion protein will be reduced.
Indeed, we successfully observed that several ASOs reduced the
expression of SRSF3-GFP fusion protein compared with non-
specific ASO. The most significant down-regulation of GFP
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Fig.2 Screening of effective antisense oligonucleotides against ESS in
SRSF3 exon 4. (A) Mapping the ASOs against ESS (the lines below the
sequence). (B) HEK 293 cells were co-transfected with SRSF3 mini-
gene and 20 nM ASOs. The expression of GFP was detected by western
blot. Actin served as loading control. Inclusion of exon 4 will block GFP
expression or cause degradation of transcripts.
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expression was found in ASO SR-3 (Fig. 2B). We speculated that
SR-3 may be also effective on modification of alternative
splicing of SRSF3 exon 4.

To test the effect of SR-3 on alternative splicing of SRSF3
exon 4, we synthesized 2’-O-methyl-phosphorothioate modified
SR-3 and performed transfection in two oral cancer cell lines,
CAL 27 and FaDu. RT-PCR results showed that SR-3 was able to
significantly increase the inclusion of SRSF3 exon 4 (Fig. 3). This
result demonstrated that the strategy of screening effective ASO
against ESS by using phosphorothioate ASOs is successful. It is
useful and economical in studies of alternative splicing modi-
fication by ASOs.

Antisense oligonucleotides have been widely used to regulate
alternative splicing of pre-mRNA."?"?> Most of ASOs were
designed to target splice site, branch point, or exonic splice
enhancer to increase exon skipping or intron retention, and
then reduce the expression of oncogenic proteins. For example,
MDM4 is an oncogene and contains an alternative exon 6.
Dewaele et al. designed an ASO to target 5-donor site and
SRSF3-binding motif, and promote exon 6 skipping. Conse-
quently, the expression level of functional and full-length
MDM4 decreased, and melanoma cell growth was impaired.*
Shchelkunova et al. designed ASOs to target splice sites of
oncogene STAT5B intron 18, and increased intron 18 retention,
which converts oncogenic full-length STAT5B protein into
truncated STAT5B protein with tumor suppressor characteris-
tics.** Theoretically, blocking of ESS with ASOs will promote
exon inclusion. Increased inclusion of novel exon may also
interfere with the expression of functional oncoproteins.
However, to the best of our knowledge, few study has used ASOs
to block ESS and increase exon inclusion. Our results demon-
strated that 2’-O-methyl-phosphorothioate modified anti-ESS
ASOs can efficiently increase exon inclusion.

Blocking of ESS to suppress SRSF3 expression and the growth
of cancer cells

To further study the function of SR-3 ASO in cancer cells, we
analyzed the effect of SR-3 on the expression level of SRSF3
protein, and cell growth using trypan blue exclusion method or
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Fig. 3 Antisense oligonucleotide promotes the inclusion of exon 4.
CAL 27 or FaDu oral cancer cells were transfected with 20 nM 2'-O-
methyl-phosphorothioate ASO SR-3 or NS (non-specific oligonucle-
otide). Alternative splicing of exon 4 were analyzed by RT-PCR.
GAPDH served as loading control.
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MTS assay. We found that SRSF3 protein level significantly
decreased in SR-3 treated cells compared with non-specific ASO
(Fig. 4C). SR-3 treatment significantly retarded the growth of
both CAL 27 and FaDu cells compared with non-specific ASO
(Fig. 4A and B). Moreover, repeated treatment with 20 nM SR-3
ASO significantly prevented cell growth without the develop-
ment of resistance in both CAL 27 and FaDu cells (Fig. 5). These
results demonstrated that blocking of ESS with ASO is a novel
and efficient method to inhibit the expression of oncogene
SRSF3.

SRSF3 has been demonstrated to be overexpressed in
multiple cancers, including cervical cancer,” ovarian cancer,"®
colon cancer,” and so on. Repression of SRSF3 expression
decreased cell proliferation,*® and metastasis.”” We found that
SR-3 ASO is able to inhibit SRSF3 expression and significantly
suppress the growth of cancer cells. Therefore, we consider that
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Fig. 4 Antisense oligonucleotide SR-3 decreases the expression of
SRSF3 and inhibits the growth of CAL 27 or FaDu oral cancer cell. (A
and B) CAL 27 or FaDu oral cancer cells were transfected with 20 nM
2'-O-methyl-phosphorothioate antisense oligonucleotide SR-3 or NS
control. Three days after transfection, cell proliferation was tested by
using trypan blue exclusion method (A) or MTS assay (B). The trans-
fected cells stained with crystal violet were shown at the bottom of
panel A. The difference of means between SR-3 and NS group was
determined using Student's t test. (C) Western blot of SRSF3. Actin
served as loading control.
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Fig. 5 Repeated treatment with SR-3 significantly prevented cancer
cell growth. CAL 27 or FaDu cells were treated with 20 nM 2'-O-
methyl-phosphorothioate antisense oligonucleotide SR-3 or NS
control three times in a 48 hour interval. * p < 0.01. The difference of
means between SR-3 and NS group was determined using Student's ¢
test.

SR-3 ASO may provide a new method to block the expression of
oncogene SRSF3 in oral cancer. Co-administration of SR-3 ASO
with standard anti-cancer drugs may also enhance the efficacy
and reduce dosage of standard drugs. Currently, antisense
oligonucleotides have attracted extensive attention. For
example, Nusinersen, an antisense oligonucleotide drug, was
recently approved by FDA for spinal muscular atrophy (SMA)
and showed efficiency in treating SMA in a phase III clinical trial
study.”® For future translational application, we will try to
increase the stability of SR-3 ASO and evaluate its anti-cancer
efficiency in vivo.

Autoregulation of pre-mRNA alternative splicing is
a common mechanism in splicing factors to maintain their
relative stable expression levels in cells. For example, onco-
gene SRSF1 has alternative intron 3 and exon 4. Exogenous
overexpression of SRSF1 significantly reduced endogenous
expression of functional SRSF1 by promoting the inclusion
of intron 3 or partial deletion of exon 4.>* SRSF2 has alter-
native exon and intron in 3’-UTR region. Overexpression of
SRSF2 significantly increased an exon inclusion and an
intron excision in 3’-UTR region. The resulted SRSF2 tran-
script is unstable, which then causes a decrease in the SRSF2
protein level.* Both SRSF1 (ref. 31) and SRSF2 (ref. 32) are
oncogenic proteins and potential therapeutic targets
Our results suggested that 2'-O-methyl-
phosphorothioate modified ASOs may be useful to regulate
autoregulation of SRSF1 or SRSF2 pre-mRNA and inhibit
their expression in cancers.

in cancers.

Conclusion

In summary, we discovered an effective antisense oligonucleo-
tide targeting the ESS motif to promote inclusion of SRSF3 exon
4. This strategy is useful to design novel anti-cancer drugs.
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