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Splicing of messenger RNAs is regulated by site-specific binding of members of the serine-arginine-rich (SR)
protein family, and SR protein kinases (SRPK) 1 and 2 regulate overall activity of the SR proteins by
phosphorylation of their RS domains. We have reported that specifically designed SRPK inhibitors suppressed
effectively several DNA and RNA viruses in vitro and in vivo. Here, we show that an SRPK inhibitor, SRPIN340,
suppressed in a dose-dependent fashion expression of a hepatitis C virus (HCV) subgenomic replicon and repli-
cation of the HCV-JFH1 clone in vitro. The inhibitory effects were not associated with antiproliferative or nonspecific
cytotoxic effects on the host cells. Overexpression of SRPK1 or SRPK2 resulted in augmentation of HCV replication,
while small interfering RNA (siRNA) knockdown of the SRPKs suppressed HCV replication significantly. Immu-
nocytochemistry showed that SRPKs and the HCV core and NS5A proteins colocalized to some extent in the
perinuclear area. Our results demonstrate that SRPKs are host factors essential for HCV replication and that
functional inhibitors of these kinases may constitute a new class of antiviral agents against HCV infection.

Hepatitis C virus (HCV) infects up to 170 million people
worldwide, and these infections frequently are characterized by
chronic liver inflammation, leading to decompensated liver
cirrhosis and hepatocellular cancers (1). Alpha and beta inter-
ferons are the mainstay of HCV therapeutics. However, the
most effective pegylated interferon plus ribavirin combination
therapies can eliminate HCV from around half of the patients
only (6). These difficulties in eradicating HCV are com-
pounded by the limited treatment options. For this reason, the
development of safe and effective therapeutic agents against
HCV has been a strong motivation in academia and industry
(23).

Serine-arginine-rich (SR) proteins are a family of non-small
nuclear ribonucleoprotein particle (non-snRNP) splicing fac-
tors that are highly conserved throughout the eukaryotes. They
harbor one or two RNA recognition motifs and an RS domain
at the amino and carboxyl termini, respectively (29). RS do-
mains consist of multiple consecutive Arg-Ser/Ser-Arg dipep-
tide repeats, in which the Ser residues are extensively phos-
phorylated by several kinases, including SR protein kinases
(SRPKs). SRPKI1 was the first SR protein kinase to be cloned,
on the basis of its ability to phosphorylate SR proteins in vitro
(8, 9), and two other structurally related kinases, SRPK2 and
SRPK3, also have been shown to phosphorylate SR proteins
(16, 31). Although the precise physiological role of this phos-
phorylation remains unknown, it is expected that phosphory-
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lation of SR proteins affects their protein-protein and protein-
RNA interactions, intracellular localization and trafficking,
and alternative splicing of pre-mRNA (21).

As SRPK-dependent herpes simplex virus (HSV) splicing
and SRPK-mediated phosphorylation of hepatitis B virus
(HBV) core protein have been reported (4, 25, 33), it is rea-
sonable to expect that SR proteins and SRPK might be suitable
targets for therapeutic modulation of various viral infections.
Actually, we found that increased activity of SRPK2 upregu-
lated human immunodeficiency virus (HIV) expression and
that an isonicotinamide compound, SRPIN340, which prefer-
entially inhibited SRPK1 and SRPK2, suppressed propagation
of Sindbis virus, HIV, and cytomegalovirus (7). In this study,
we investigated the effects of SRPIN340 on HCV replication
using the HCV subgenomic replicon system (27, 32) and HCV-
JFH1 virus cell culture (30, 34). Here, we demonstrate that
cellular SRPK is required for HCV replication and suggest that
the inhibitor of SRPK could be used therapeutically.

MATERIALS AND METHODS

SRPK inhibitor. SRPIN340, N-[2-(1-piperidinyl)-5-(trifiuoromethyl)phenyl]
isonicotinamide, inhibits SRPK1 and SRPK2 kinase activities potently (7).
SRPIN340 does not inhibit other classes of SRPKs significantly, including CIk1
and Clk and other classes of SR kinases. SRPING14, N-methyl-N-[2-(1-piperidi-
nyl)-5-(trifluoromethyl)phenyljisonicotinamide, is a negative-control compound
that has no suppressive effects on SRPK1 or SRPK2. SRPIN340 and SRPIN614
were synthesized in-house (7).

In vitro kinase assay. Kinase activities of SRPKs were assayed as described
previously (18). Briefly, Hisg-tagged recombinant SRPK1 or SRPK2 was ex-
pressed in Escherichia coli and purified by Ni-nitrilotriacetic acid (NTA) affinity
chromatography. The purified SRPK1 or SRPK2 was incubated in the presence
of ATP, [y-**PJATP, and a synthetic peptide of the SF2/ASF RS domain (NH,-R
SPSYGRSRSRSRSRSRSRSRSNSRSRSY-OH) at pH 7.5 and 30°C for 10 min.
The reaction mixtures were spotted onto phosphocellulose membranes (What-
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man, Kent, United Kingdom) and washed with 5% phosphoric acid solution, and
the radioactivity was measured using a liquid scintillation counter. The net
radioactivity was deduced by subtracting the background count from the reaction
mixture without kinase, and the data are expressed as the percentage of the
control sample containing the solvent.

Cells and cell culture. Huh7 and Huh7.5.1 cell lines (34) were maintained in
Dulbecco’s modified minimal essential medium (Sigma, St. Louis, MO) supple-
mented with 10% fetal calf serum at 37°C under 5% CO,. To maintain cell lincs
carrying the HCV replicon (Iuh7/Rep-Feo cells), G418 (Nacalai Tesque, Kyoto,
Japan) was added to the culture medium to a final concentration of 500 pg/ml.

HCV replicon constructs and transfection. The HCV replicon plasmids, which
contain Rep-Feo, were derived from the HCV-N strain (pHClbneo/delS [Rep-
Fco-1b]) and the HCV-JFH1 strain (pSGR-JFH1 [Rep-Feo-2a)) (10, 14). These
constructs cxpress a chimeric reporter protein of firefly luciferase (Fluc) and
neomycin phosphotransferase. RNA synthesis and transfection of the replicon
have been described (Huh7/Rep-Feo-1b, Huh7/Rep-Feo-2a) (27, 32).

HCYV cell culture system. A plasmid, pJFH1-full (30, 34), which encodes the
full-length HHCV-JFH1 sequence, was lincarized and used as the template for
synthesis of IICV RNA using the RiboMax large-scale RNA production system
(Promega, Madison, WI) (26). After DNase I (RQ-1, RNase-free DNase, Pro-
mega) treatment, the transcribed HCV RNA was purified using ISOGEN (Nip-
pon Gene, Tokyo, Japan). For the RNA transfection, Huh7.5.1 cells were washed
twice, and 5 % 10 cells were suspended in Opti-MEM 1 (Invitrogen, Carlsbad,
CA) containing 10 pg of HCV RNA, transferred into a 4-mm electroporation
cuvette, and subjected to an electric pulse (1,050 wF and 270 V) using the Easy
Ject system (EquiBio, Middlesex, United Kingdom). After electroporation, the
cell suspension was left for 5 min at room temperature and then incubated under
normal culture conditions in a 10-cm-diameter cell culture dish. The transfected
cells were split every 3 to 5 days. The culture supernatants were subsequently
transferred onto uninfected Huh7 cells.

RT-PCR. SRPK mRNA was detected by reverse transcription-PCR (RT-PCR)
as described previously (12). The primers used were SRPK1-S (5'-GCG AAT
GCA GGA AAT TGA GG-3') and SRPK1-AS (5'-CAT AAG CGT TTG ATC
CTG GC-3') and SRPK2-S (5'-CCC TGC GGA CTA CTG CAA AGG-3') and
SRPK2-AS (5'-CAT TGC AAC AAA TCT TTT CCC-3").

Luciferase assays. Luciferase activity was measured with a Lumat LM9501
luminometer (Promega) using a Bright-Glo luciferase assay system (Promega) or
a Dual-Luciferase reporter assay system (Promega), as described previously (22).

MTS assays. To evaluate cell viability, dimethylthiazol carboxymethoxy-phenyl
sulfophenyl tetrazolium (MTS) assays were performed using a CellTiter 96
aqueous one-solution cell proliferation assay kit (Promega), as described previ-
ously (24).

Quantification of HCV core antigen in culture media. Culture media from
JFH1-RNA-transfected Huh7 cells were collected, passed through a 0.45-pm
filter (MILLEX-HA; Millipore, Bedford, MA), and stored at —80°C. The con-
centrations of core antigen in the culture supernatants were measured using a
chemiluminescence enzyme immunoassay (CLEIA) according to the manufac-
turer’s protocol (Lumipulse Ortho HCV antigen; Ortho-Clinical Diagnostics,
Tokyo, Japan).

Real-time RT-PCR analysis. The real-time RT-PCR was done as previously
described (11). Briefly, total cellular RNA was isolated using ISOGEN (Nippon
Gene), reverse transcribed, and subjected to real-time PCR analyses. Expression
of mRNA was quantified using the TagMan universal PCR master mix and the
ABI 7500 real-time PCR system (Applied Biosystems, Foster City, CA).

Western blot analysis. Western blotting was performed as described previously
(11). Briefly, 10 pg of total cell lysate was separated by SDS-PAGE and blotted
onto a polyvinylidene fluoride (PVDF) membrane. The membrane was incu-
bated with the primary antibodies, followed by a peroxidase-labeled anti-IgG
antibody, and visualized by chemiluminescence using the ECL Western blotting
analysis system (Amersham Biosciences, Buckinghamshire, United Kingdom).
The antibodies used were mouse monoclonal anti-HCV-core antibody (Abcam,
Cambridge, MA), mouse monoclonal anti-HCV-NS5A antibody (Biodesign),
and mouse anti-beta-actin antibody (Sigma).

Indirect immunofluorescence assay. Cells seeded onto tissue culture chamber
slides were fixed with cold acetone. The cells were incubated with anti-hemag-
glutinin (HA) and anti-core or anti-NS5A antibodies and subsequently with
Alexa 488- or Alexa 568-labeled secondary antibodies. Cells were mounted with
VECTA SHIELD mounting medium and DAPI (4',6-diamidino-2-phenylindole)
(Vector Laboratories) and visualized by fluorescence microscopy (BZ-8000; Key-
ence) and confocal laser microscopy (FLUOVIEW FV10i; Olympus, Tokyo,
Japan).

Synthetic siRNA. The small interfering RNAs (siRNAs) were designed to
target SRPK1 and SRPK2. Sequences of SRPK1-directed siRNAs were as fol-
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lows: no. 1, 5'-UUA AUG ACU UCA AUC ACU CCA UUG C-3'; no. 2,
5"-UAA GAA AUC UGU GAA GCC AGC UGC C-3". Sequences of SRPK2-
directed siRNAs were as follows: no. 3, 5'-AAU ACU GCC UAG CAG CUC
UAU GAU G-3'; no. 4,5'-UCA GCU UGG UGA UGU GUC GCA GUU C-3'.
The control siRNA has been described previously (32).

Plasmid constructs. Plasmid pPEMCV/IRES/Rluc, which is a renilla luciferase
expression plasmid that is driven by an encephalomyocarditis virus internal
ribosome entry site (EMCV-IRES), has been described (19). Eukaryote expres-
sion plasmids for SRPK1 and SRPK2, pME-HA-SRPK1 and pME-TIA-SRPK2,
have been described (16).

Calculation of ECs,. The 50% effective concentration (ECs,) was calculated as
the concentration of an inhibitor required for 50% reduction in replicon-based
luciferase activity. We used probit regression analysis to oblain values.

Statistical analyses. Statistical analyses were performed using Student’s 7 test;
P values of less than 0.05 were considered statistically significant.

RESULTS

Immunofluorescence microscopy of SRPK and HCV pro-
teins. We first studied the subcellular localization of SRPK1
and SRPK2 and their association with HCV proteins. Expres-
sion plasmids for SRPK1 or SRPK2 were transfected into
HCV replicon-expressing or HCV-JFH1-infected cells. Immu-
nofluorescence analysis was performed 48 h after transfection
(Fig. 1). SRPK1 and SRPK2 were distributed diffusely in the
cytoplasm, and HCV core and NS5A proteins were localized at
the perinuclear rim and also in the cytoplasm. Although most
portions of SRPKs and the viral NS5A and core proteins were
localized in different cellular compartments, SRPKs and the
HCV core and NS5A proteins colocalized to some extent in
the perinuclear area.

SRPIN340 inhibits kinase activities of SRPK1 and SRPK2.
The in vitro kinase assays showed that SRPIN340 (Fig. 2A)
inhibited the kinase activities of SRPK1 and SRPK2. Ten pM
SRPIN340 inhibited SRPK1- and SRPK2-mediated phosphor-
ylation of synthetic RS-repeat peptide substrate by 99.2% and
85%, respectively (Fig. 2B), which was consistent with the
results of our previous study (7). The K; value for inhibition of
SRPK1 kinase activity was 0.89 M. SRPIN614, which lacked
SRPK inhibitory action, did not inhibit SRPK1 or SRPK2
activity significantly.

SRPK inhibitor effectively suppresses HCV subgenomic rep-
lication. Next, we detected expression of SRPK1 and SRPK2
mRNAs in Huh7 cell lines using RT-PCR. As shown in Fig.
2C, both SRPK1 and SRPK2 mRNAs were detectable in Huh7
cells. Next, we assessed the effects of SRPIN340 on replication
of the HCV genotype 1b and 2a replicons. SRPIN340 was
added to HCV replicon-expressing cells, Huh7/Rep-Feo-1b
and Huh7/Rep-Feo-2a. After 48 h of incubation, expression
levels of the HCV replicons were measured by luciferase assay.
SRPIN340 suppressed HCV 1b and 2a replication in a dose-
dependent manner (Fig. 3A). The 50% effective concentra-
tions (ECsy) for the HCV 1b and 2a replicons were 4.7 uM and
15.8 wM, respectively. In contrast, SRPIN614, which did not
possess SRPK inhibitory activity, did not suppress expression
of the replicon even at a concentration of 100 wM. MTS-
mediated cell viability assays showed no significant effects of
SRPIN340 or SRPIN614 (Fig. 3B). Similarly, we assessed the
effect by Western blotting. SRPIN340 suppressed cellular
HCV NS5A protein expression levels in a dose-dependent
manner (Fig. 3C). SRPIN340 showed no effect on EMCV-
IRES-mediated protein expression (Fig. 3D). These results
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FIG. 1. Immunofluorescence microscopy. Expression plasmids for SRPK1 and SRPK2 were transfected into Huh7/Rep-Feo-1b cells or into
HCV-JFHI-infected Huh7.5.1 cells. Forty-eight hours after transfection, cells were fixed and incubated with mouse anti-NSSA or anti-core
antibodies and rabbit anti-HA antibody, followed by Alexa Fluor 488-labeled anti-mouse IgG and Alexa Fluor 568-labeled anti-rabbit IgG
secondary antibodies. Nuclei were stained with DAPI. Representative immunofluorescence images derived from a number of experiments are
shown as three images of a smgle focal plane of Huh7 cells, showing NS5A and core proteins (green) SRPK1 and SRPK2 (red), DAPI staining

(blue), and the superimposed images (merge).

indicated that the SRPK inhibitor had specific suppressive
effects on HCV subgenomic replication and that these effects
are not due to cytotoxicity.

SRPIN340 suppresses HCV-JFH1 in cell culture. Next, we
assessed the effects of the SRPK inhibitor on HCV-JFHI in
cell culture. Various concentrations of SRPIN340 were added
to HCV-JFHI-infected Huh7 cells, and core antigen was quan-
tified in the medium after 48 h of incubation. As shown in Fig.
4A, SRPIN340 significantly suppressed HCV core antigen se-
cretion in a dose-dependent manner. An MTS-based cell via-
bility assay did not show significant cytotoxicity from these
inhibitors (Fig. 4B). In Western blotting, SRPIN340 sup-
pressed expression of intracellular core protein by HCV-JFH1-
infected cells in a dose-dependent manner; incubation with 30
pM SRPIN340 suppressed core protein expression by 54% of
the drug-negative control, while SRPIN614 did not suppress

core protein expression substantially (Fig. 4C). The effects of
SRPIN340 on cellular HCV RNA were confirmed by real-time
RT-PCR analyses (Fig. 4D). Similarly, in immunofluorescence
microscopy, treatment with SRPIN340 resulted in a dose-de-
pendent decrease in the number of HCV core-positive cells,
but no effect was detected following treatment with SRPIN614
(Fig. 4E). These data indicate that SRPK inhibitors have an-
tiviral effects on HCV infection and replication in vitro.
Overexpression and knockdown of SRPKs regulated HCV
subgenomic replication. Next, we investigated the effects of the
cellular expression levels of SRPK on HCV replication by
overexpression and knockdown experiments. Expression plas-
mids for SRPK1 and SRPK2 were transfected individually into
Huh7/Rep-Feo-1b cells, and internal luciferase activities were
measured 72 h after transfection. The SRPK plasmid-trans-
fected Huh7 cells expressed HA-tagged SRPK1 and SRPK2
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FIG. 2. Chemical structures and activities of SRPIN340 and
SRPING14. (A) Chemical structures of the SRPK inhibitor, SRPIN340,
and activity-lacking control, SRPIN614. (B) Relative kinase activities of
SRPKI1 (black columns) and SRPK2 (white columns) in vitro, in the
presence of the reagents indicated, SRPIN340, SRPIN614, and dimethyl
sulfoxide (DMSO). (C) Expression of SRPK1 and SRPK2 mRNA by
RT-PCR. P denotes positive controls, which are 1 ng of the respective
SRPK expression plasmids. N denotes the template-lacking negative con-
trol.

proteins (Fig. 5A). Transfection efficiencies were ~20% in
each experiment and were not different between expression
plasmids. As shown in Fig. 5B, the luciferase activities were
significantly increased in Huh7/Rep-Feo-1b cells transfected
with SRPK1 or SRPK2. Western blotting showed that cellular
expression of the HCV NS5A protein was increased in repli-
con-expressing cells with overexpression of SRPK1 or SRPK2
(Fig. 5C).

Four synthetic siRNAs were used to investigate the effects
on HCV replication of suppression of expression of SRPK1
and SRPK2 proteins. These were directed against SRPK1
(siRNA 1 and siRNA 2) and SRPK2 (siRNA 3 and siRNA 4).
Transgenic expression of SRPK1 and SRPK2 was specifically
suppressed by transfection of the relevant siRNAs into Huh7
cells (Fig. 6A). Next, various amounts of individual siRNA
(siRNA 1, 2, 3, or 4) were transfected into Huh7/Rep-Feo-1b
cells, and luciferase assays were carried out 48 h after trans-
fection. As shown in Fig. 6B, each siRNA suppressed expres-
sion of the HCV replicon. Western blotting also showed sup-
pression of HCV protein expression after transfection of each
siRNA (Fig. 6C). These results indicated that expression of
SRPK1 and SRPK2 is positively correlated with the efficiency
of HCV replication.

Absence of viral or cellular resistance to SRPIN340. In or-
der to assess whether long-term exposure to the antiviral mol-
ecule could select a resistant replicon, we compared sensitivity to
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FIG. 3. Effects of SRPIN340 and SRPIN614 on expression of HCV
subgenomic replicons. Huh7/Rep-Feo-1b or Huh7/Rep-Feo-2a cells
were cultured in the presence of SRPIN340 (no. 340) or SRPING14
(no. 614) at the concentrations indicated. After 48 h of culture, a
luciferase assay (A), a cell viability assay (B), and Western blotting
(C) were performed. (A) Effect of SRPIN340 and SRPING14 on levels
of HCV replication represented by replicon-dependent internal lucif-
erase activities, Bars indicate luciferase activities relative to that of the
drug-negative control. (B) Effect of SRPIN340 and SRPIN614 on cell
viability. MTS assays were performed after culture in the presence of
the drugs indicated. Bars indicate values relative to that of the drug-
negative control. Asterisks indicate P values of less than 0.05.
(C) Western blotting analyses. The expression levels of NS5A and
beta-actin were detected by using anti-NSS5A and anti-beta-actin anti-
bodies. Densitometry of NSSA protein was performed, and results are
indicated as percentages of the drug-negative control. The assay was
repeated three times, and a representative result is shown. (D) Effect
of SRPIN340 on EMCV-IRES-driven protein expression. Plasmid
pECMV/IRES-Rluc was transfected into Huh7 cells. Twenty-four
hours after transfection, the cells were incubated in indicated concen-
trations of SRPIN340. The renilla luciferase assay was performed at
48 h after incubation. In panels A, B, and D, assays were done in
quadruplicate, and error bars indicate standard deviations.
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FIG. 4. Effect of SRPIN340 and SRPIN614 on HCV-JFHI1 virus replication. HCV-JFH1-stably infected Huh7 cells of ~14 days were cultured
in the presence of SRPIN340 or SRPIN614 at the concentrations indicated. After 48 h, cellular and supernatant HCV core antigens were detected.
(A) HCV core antigen assays of culture supernatant (sup). Bars indicate values relative to that of the drug-negative control. Asterisks indicate P
values of less than 0.05. (B) Effect of SRPIN340 and SRPING14 on cell viability. MTS assays were performed 48 h after culture in the presence
of the drugs indicated. Bars indicate values relative to that of the drug-negative control. (C) Western blotting analyses. The expression of HCV
core and beta-actin was detected using anti-core and anti-beta-actin antibodies. Densitometry of HCV core protein was performed, and results are
indicated as percentages of the drug-negative control. (D) Real-time RT-PCR analyses. Cells were harvested at 48 h after SRPIN340 treatment.
(E) Immunofluorescence microscopy. Naive Huh7.5.1 cells were infected with HCV-JFH1 culture supernatant at a multiplicity of infection of 0.1.
Three days after infection, SRPK340 or SRPING14 was added. After 48 h, cells were incubated with anti-core antibodies followed by Alexa
Fluor-conjugated secondary antibody (green). Nuclei were stained with DAPI (blue). The percentages of HCV core-positive cells were calculated
and are indicated on the right of each view. The assay was repeated three times, and a representative result is shown. Neg. cont., negative control.
In panels A, B, and D, assays were done in triplicate, and error bars indicate standard deviations.

SRPIN340 between HCV replicon cells after continuous treat- conditions may not see the emergence of drug-resistant HCV
ment of the drug and their control cells (Fig. 7A). Huh7/Rep- replicons or cellular hyporesponsiveness to the drug.
Feo-1b cells were treated with or without 30 wM SRPIN340 for 2
weeks. After 1 week of recovery culture without SRPIN340, a cell
’ DISCUSSION
line, designated Huh7/Rep-Feo-1b(R), was established. As shown
in Fig. 7B, the suppressive effect of SRPIN340 was not signifi- These results demonstrate that small molecule inhibitors of

cantly different between Huh/Rep-Feo-1b(R) and its control cell cellular SRPK1 and SRPK2 (Fig. 2A) efficiently and specifi-
line. These results suggest that SRPIN340 treatment under these cally suppress intracellular replication of HCV subgenomic
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FIG. 5. Effects of overexpression of SRPK1 and SRPK2 on HCV
replication. (A) The expression of transfected HA-tagged SRPK1 and
SRPK2 was detected by anti-HA antibody. (B) Huh7/Rep-Feo-1b cells
seeded on 24-well plates were transfected with 0.2 pg of expression
plasmids for SRPK1 or SRPK2 or empty vector. Forty-eight hours
after transfection, the levels of HCV replication were measured by
luciferase assay. Bars indicate values relative to that of the empty
vector-transfected control. Assays were done in triplicate, and error
bars indicate standard deviations. Asterisks indicate P values of less
than 0.05 compared with the control. (C) Expression of HCV NS5A
and beta-actin was detected using anti-NS5A and anti-beta-actin an-
tibodies. Densitometry of HCV core protein was performed, and re-
sults are indicated as percentages of the control.

Luciferase activity(%)

o
=)

0
Neg.Cont. SRPK1 SRPK2

replicons and HCV-JFH1 viruses in cell culture, in a dose-
dependent manner (Fig. 3 and 4). Real-time RT-PCR and
Western blot analyses revealed that both RNA synthesis and
its translation were reduced by SRPIN340. This inhibition was
not associated with antiproliferative or nonspecific cytotoxic
effects on the host cells (Fig. 3B and 4B). Transgenic overex-
pression of SRPK1 or SRPK2 resulted in augmentation of
HCV replication and infection (Fig. 5). On the other hand,
siRNA-mediated knockdown of these SRPKs suppressed HCV
replication significantly (Fig. 6). These results demonstrate the
dependence of the virus on the host RNA processing machin-
ery that consists of SR proteins and their regulator, SRPK, and
indicate that the inhibition of host SRPKs by small molecules
may constitute a novel antiviral treatment against HCV.

SRPK1 and SRPK2 belong to the serine/threonine protein
kinases. The two SRPKs efficiently phosphorylate SR proteins,
such as the splicing factors ASF/SF2 and SC35, at their RS
domains (3, 31). Overexpression of either SRPK1 or SRPK2
induces the phosphorylation-dependent shift of SR proteins
from nuclear speckles to the nucleoplasm (8). Because SR
proteins regulate splice site selection and spliceosome assem-
bly, SRPK-mediated phosphorylation and cellular redistribu-
tion of SR proteins have been implicated in the control of
mRNA maturation and alternative RNA splicing (31).

It remains to be clarified how the SRPK and SR proteins are
involved in HCV replication and how the SRPIN340-directed
suppression of such proteins leads to suppression of replica-
tion. There are several possibilities: that SRPIN340 may sup-
press processing of mRNAs that encode essential host proteins
for HCV replication, that it suppresses alternative processing
of the viral genomic RNA, and that certain viral proteins are
substrates of host SRPK. Li et al. screened host factors re-
quired for HCV propagation through genome-wide siRNA
targeting (17). They did not identify SRPKs as essential host
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FIG. 6. Effects of siRNA knockdown of SRPK1 and SRPK2.
(A) Huh7 cells were transfected with SRPK1 or SRPK2 expression
plasmids and siRNA directed against SRPK1 (siSRPK1 no. 1 and
siSRPK1 no. 2) or SRPK2 (siSRPK2 no. 3 and siSRPK2 no. 4) or
control siRNA (32). Forty-eight hours after transfection, Western blot-
ting was performed using anti-HA and anti-beta-actin antibodies.
(B) Effects of siRNAs on HCV replication. The siRNAs indicated
were transfected into Huh7/Rep-Feo-1b cells, and luciferase activities
were measured 48 h after transfection. siHCV denotes the positive
control, siRNA directed against the 5'-untranslated region of the HCV
genome, and Neg. Cont. denotes a negative-control siRNA targeting
an unrelated gene, which has been described previously (32). Bars
indicate values relative to that of the mock-transfected control. Assays
were done in triplicate, and error bars indicate standard deviations.
Asterisks indicate P values of less than 0.05. (C) Western blotting
analyses. Fifty micromoles of the siRNAs indicated was transfected
into Huh7/Rep-Feo-1b cells. Forty-eight hours after transfection, cells
were harvested and subjected to Western blotting. Expression of NS5A
and beta-actin was detected with the relevant antibodies. Densitometry
of NS5A protein was performed, and results are indicated as percent-
ages of the control.

proteins for HCV infection. Because our SRPIN340 inhibits
both SRPK1 and SRPK2 and may target other family members
of SRPK that possess the same target domain, it is still possible
that the maintenance of overall SRPK activity may be essential
for cellular HCV replication.

Several lines of evidence suggest that the viral life cycle may
be partly governed by the regulation of SR protein phosphor-
ylation as part of the RNA-processing machinery. It has been
reported that virus infection induces dephosphorylation and
functional inactivation of SR proteins. As a possible mecha-
nism, Kanj et al. (13) have reported that adenoviral infection
caused cellular accumulation of ceramide, which induces de-
phosphorylation of SR proteins by activation of the host pro-
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FIG. 7. Drug resistance assay of HCV replicon cells. (A) Schema
for the establishment of SRPIN340-resistant cells and the control cells.
Huh7/Rep-Feo-1b cells were treated with or without 30 .M SRPIN340
for 2 weeks in the presence of 500 pg/ml of G418. After 1 week of
recovery culture without SRPIN340, a cell line, Huh7/Rep-Feo-1b(R),
was established. (B) Huh/Rep-Feo-1b and Huh7/Rep-Feo-1b(R) cell
lines were cultured in the presence of indicated concentrations of
SRPIN340. Forty-eight hours after culture, internal luciferase assays
were performed. Bars indicate luciferase activities relative to that of
the drug-negative control. Assays were done in quadruplicate, and
error bars indicate standard deviations.

tein phosphatase (PP)1 and consequently suppresses viral rep-
lication (2). At an early stage of adenoviral infection, the viral
E4-ORF4 protein binds to the host PP2A and SR proteins,
resulting in dephosphorylation of the SR proteins and conse-
quent activation of IIla splicing of the viral precursor mnRNA
that is the dominant transcript of the late phase of infection
(5). In HIV infection, the role of SR proteins in the splicing of
the proviral RNA has been demonstrated by a report that
overexpression of SRp40, SRp55, or SRp75 caused overpro-
duction of HIV (7). HIV Tat controls subcellular localization
of SR proteins and establishes efficient HIV replication. These
findings suggest that the levels of SR protein phosphorylation
are positively correlated with early viral replication in host cells
and that SRPIN340 treatment suppresses viral replication at
an early stage.

It has been reported that HBV core protein is a substrate of
SRPKI1- and SRPK2-mediated phosphorylation (4). Phosphor-
ylation of RS domains in HBV core prevents nonspecific RNA
binding, which facilitates specific interaction of HBV core with
the pregenomic RNA and formation of immature capsids. A
functional similarity between HBV core protein and SR pro-
teins has been reported. Our preliminary results showed that
SRPIN340 suppressed expression of the viral proteins and
secretion of HBe and HBs antigens. While we have not dem-
onstrated SRPK-mediated phosphorylation of HCV proteins,
our immunofluorescence microscopy has demonstrated partial
colocalization of SRPKs and HCV NS5A and core proteins.
These findings may suggest a possible direct interaction be-
tween SRPKs and HCV proteins, and those interactions may
be the targets of SRPIN340.

Given the current situation of limited therapeutic options
against HCV, searching for more potent and less toxic antiviral
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drugs is needed to improve clinical anti-HCV chemotherapeu-
tics. Several direct antiviral agents against HCV are currently
undergoing clinical trials; these include NS3 protease inhibi-
tors and NS5B polymerase inhibitors (28). However, the fre-
quent emergence of drug-resistant mutant viruses is a major
weakness of such agents (15). Because our compound,
SRPIN340, targets host proteins, it may be effective against
multiple HCV genotypes and it is less likely that drug-resistant
viruses will emerge (20). Furthermore, the toxicity data avail-
able for SRPIN340 are promising (7). No adverse effects were
observed when SRPIN340 was administered orally to rats, even
at the highest dose (2,000 mg/kg of body weight) for 2 weeks
(data not shown). These data support the feasibility of long-
term in vivo use of this compound to suppress HCV replica-
tion. On the other hand, the fact that this inhibitor acts through
cellular components still raises concerns regarding its safety in
the case of human use. We should not be reassured by the
cytotoxicity data and the small-animal data, and further pre-
clinical studies should be planned to address this issue. Overall,
our results indicate that SRPIN340, which suppresses a wide
range of DNA and RNA viruses, also is effective at suppressing
HCYV infection and replication. Future studies with SRPIN340,
its derivatives, and other chemicals that target SRPKs could be
directed toward developing a new class of antiviral treatment
regimens and drugs.
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The strain-promoted “double-click” (SPDC) reaction using
Sondheimer diyne, a novel convergent method conjugating
three molecules spontaneously, has enabled us to readily
modify an azido-biomolecule with a small reporter azido-
molecule.

“Click reaction,” copper(1)-catalyzed azide—alkyne [3+2] cycload-
dition (CuAAC), is an emerging method for conjugating molecules
in the fields of chemistry and biology.'” With the progress
in preparation techniques of biomolecules incorporated with
bioorthogonal groups, various chemically-modified biomolecules
have become available.* However, cytotoxicity by the copper
catalyst and the slow rate of the reaction have restricted its appli-
cation. To overcome these limitations, Bertozzi has introduced a
copper-free click reaction, the strain-promoted azide-alkyne [3+2]
cycloaddition (SPAAC),® exploiting the spontaneous reactivity of
cyclooctynes toward an azide by its ring strain.® Furthermore,
a rapid SPAAC reaction has been achieved using difluorinated
cyclooctyne (DIFO, 1), dibenzocyclooctynol (DIBO, 2a)* and
aza-dibenzocyclooctyne (DIBAC, 2b;” BARAC, 2¢™) derivatives.
Fluorescence-labeled or biotinylated derivatives of these cyclooc-
tynes have enabled us to visualize the distribution of azido-
glycoconjugates in cultured cells and in living animals.™®
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To expand the versatility of the SPAAC reaction, we have con-
ceived the idea of connecting two azides by a bisreactive molecule,
thereby avoiding the on-demand preparation of cyclooctyne
derivatives. We envisaged that sym-dibenzo-1,5-cyclooctadiene-
3.7-diyne (3), reported by Sondheimer'® and now easily available,"
is an ideal compound because it has two highly strained alkyne
bonds™ ready to react spontaneously.'® Herein, we show the
catalyst-free dual annulation of diyne 3 with two different azido-
molecules, the strain-promoted “double-click” (SPDC) reaction
(Scheme 1), and demonstrate the chemical modification of an
azido-biomolecule with a reporter azido-molecule in both in vitro
and living cells.
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Scheme 1 Chemical modification of azido-biomolecules with small
azido-molecules by the strain-promoted double-click (SPDC) reaction.

In an initial study, diyne 3 in methanol (8 mM) was treated
with an excess amount of benzyl azide (4a, 2.4 equiv.) at room
temperature (Scheme 2, R = benzyl). After 70 min, diyne 3
completely reacted to give two regioisomeric bis-cycloadducts
6a (trans) and 7a (cis) in 60% and 38% yields, respectively."
X-Ray crystallographic analysis showed their unique saddle-
shaped structures (Fig. 1)."* The mono-cycloadduct 5a, the
presumed monoyne intermediate, was neither isolated nor detected
even when an equimolar amount of 4a was used,' indicating that
the monoyne intermediate is more reactive toward azides than the
starting diyne 3.

The broad substrate scope in the SPDC reaction was shown
from the reactions of diyne 3 with various azides, including ethyl
azidoacetate (4b), phenyl azide (4c), 4-(azidomethyl)benzyl alco-
hol (4d) and methyl 4-(azidomethyl)benzoate (4e) (Scheme 2).'*¢
Not surprisingly, the reaction of diyne 3 with an equimolar mixture
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Fig.1 Structures of bis-cycloadducts 6a (CCDC 759900) and 7a (CCDC
759902).

of two different azides gave regioisomeric hetero-cycloadducts as
the major products and two pairs of homo-cycloadducts. For
example, the reaction of 3 with 1.2 equiv. each of 4d and 4e
gave regioisomeric heterocycloadducts in 43% combined yield
(trans/cis = 1.2/1), along with homocycloadducts 6d/7d (1.8/1)
and 6e/7e (1.2/1) in 28% and 27% yields, respectively."

Fig. 2 shows the computation on the activation barriers and
transition states of the SPDC reaction of diyne 3 with methyl
azide (4f) by a density functional theory (DFT) method.!*!”
The barriers for all cycloadditions were low, confirming the
spontaneous reaction of both diyne 3 and monoyne 5f with 4f
at room temperature. Notably, the activation energy of the second
cycloaddition was smaller (+8.8 and +9.5 kcal mol™' for rrans- and
cis-adducts, respectively) than that of the first cycloaddition (+12.4

Fig. 2 Potential energy diagram of the SPDC reaction using the
B3LYP/6-31G(d) DFT method, showing the relevant stationary points
and transition states on the potential energy surfaces for each cycloaddi-
tion. All energies (kcal mol™) include zero-point energy corrections at the
level used for geometry optimization.

kcal mol™), supporting the higher reactivity of the monoyne
intermediate.” The Kohn-Sham HOMO and LUMO orbital
surfaces of each transition states also confirmed the high reactivity
of 5f." The higher reactivity of the monoyne intermediate than the
diyne can be attributed to its highly-distorted alkyne bond, which
likely arose from the steric repulsion between the substituent on
the triazole ring and hydrogen atom on the benzene ring.

To examine the feasibility of chemical modification of azido-
biomolecules by the SPDC reaction, we planned to modify
an azido-incorporated protein. Among the several methods to
prepare azido-proteins,'*** we chose to use HaloTag protein that
binds covalently with HaloTag ligand possessing a long-chain
chloroalkane.” The reaction of azido-HaloTag ligand 8 with
GST-fused HaloTag protein bound on the GSH-Sepharose resin
(HaloTag-GST-resin) gave the desired azido-HaloTag-GST-resin.
The fluorescence modification of the azido-HaloTag-GST-resin
by the SPDC reaction was attempted by adding diyne 3 into
a solution containing azido-HaloTag-GST-resin and TESRA-
PEO;-azide (9), an azido-conjugated tetraethylsulforhodamine
(TESRA) derivative (Fig. 3(a)). SDS-PAGE analysis showed the
fluorescent band (51 kDa) that corresponds to the TESR A-labeled
HaloTag-GST protein with nearly 40% of total labeling efficiency
(Fig. 3(b), lane 3).2*

Unexpectedly, a sequential procedure, treating azido-HaloTag-
GST-resin with 3 and then adding 9 after quick washing out of
unreacted 3 by buffer, also achieved the fluorescence labeling of the
azido-HaloTag-GST protein with approximately 45% efficiency
(Fig. 3(b), lane 7). Under these conditions, the signal for the
homo-dimer of the azido-HaloTag-GST protein was substantially
undetected.” Furthermore, the dimerized product was also hard
to detect even in the SPDC modification of soluble azido-HaloTag
protein that was free from the resin," indicating that the SPDC
reaction between the azido-proteins is not easy to proceed. These
results suggest that the monoyne intermediate has a certain
lifetime during SPDC reaction under the biological experimental
conditions and is available for rapid SPAAC reaction with a
different azido-molecule. The noticeable difference between the
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Fig.3 (a) Schematic view of the SPDC modification of azido-incorporated HaloTag-GST bound on the resin with TESRA-PEO;-azide (9) using diyne
3. HaloTag protein is a modified haloalkane dehalogenase designed to bind covalently with a specific synthetic ligand. so-called HaloTag ligand bearing a
long chloroalkane chain.? The chloroalkyl moiety of HaloTag ligand inserts into a binding pocket of HaloTag protein and Sy2 reaction occurs on asparatic
acid residue of the protein to form an ester bond. The recognition of the ligands by HaloTag protein is highly specific. ester bond formation occurs rapidly
under physiological conditions, and is essentially irreversible. The HaloTag protein was produced in E. coli as a glutathione S-transferase (GST) tag fusion
protein (HaloTag-GST protein), in which a cleavage site recognized by PreScission protease was located between the tags. The HaloTag-GST protein
bound on the GSH-Sepharose resin (HaloTag-GST-resin) was incubated with azido-HaloTag ligand 8 to give azido-incorporated HaloTag-GST protein
bound on the resin (azido-HaloTag-GST-resin). The azido-HaloTag-GST-resin was incubated with diyne 3 and TESRA-PEO;-azide (9) (simultaneous
modification). or with 3 followed by with 9 (sequential modification). The labeled protein was subjected to SDS-PAGE analysis after elution from the
GSH-Sepharose resin (b) or to MALDI-TOF-MS analysis after proteolytic excision between GST and HaloTag protein by PreScission protease. (b)
SDS-PAGE analysis of GST-fused HaloTag protein eluted from the resin. Purified HaloTag-GST-resin was treated with buffer (-) or azido-HaloTag ligand
8 (100 wM) overnight at 4 °C. The azido-HaloTag-GST-resin was incubated with buffer (-) or diyne 3 (200 uM), and buffer (=) or TESRA-PEO;-azide
(9) (200 uM) in the same tube for 15 min at r.t. (Lanes 3-6; simultaneous procedure). The azido-HaloTag-GST-resin was also treated with buffer () or
3 for 15 min at r.t., quickly washed with buffer, and then treated with buffer (-) or 9 for 10 min at r.t. (Lanes 7-10; sequential procedure). As a positive
control, HaloTag-GST-resin was reacted with TESRA-HaloTag ligand (10) (100 uM) overnight at 4 °C (Lane 2). The proteins on the resin were eluted
by incubation with SDS-sample buffer containing 10 mM DTT for 5 min at 100 °C, and then subjected to SDS-PAGE. The gel was scanned with a
fluorescence image analyzer (Typhoon 8600) and then stained with Coomassie brilliant blue (CBB). SM indicates size marker.

SPDC modification of the azido-protein and the SPDC reactionin ~ The former was performed using ~20 pM of the azido-
an organic solvent, in which the monoyne intermediate could not ~ protein in the presence of excess amounts of diyne 3, whereas the
be detected, can be attributed to the different reaction conditions. latter was carried out with ~20 mM of small azido compound
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Fig. 4 Cell-surface labeling with diyne 3 and TESRA-PEO;-azide (9).
HEK293 cells were incubated for 2 days in the absence (=) or presence
of Ac;ManNAz (100 pM). (a) The azidosugar-incorporated cells were
incubated with 3 (40 uM) for 20 min at 37 °C, quickly rinsed with buffer,
and then treated with 9 (40 uM) for 20 min at 37 °C. The labeled cells were
fixed. and then stained with Alexa Fluor 488-conjugated phalloidin and
TO-PRO-3 to visualize cytoskeletal actin fibers and nuclei. respectively. (b)
The azidosugar-incorporated cells were incubated with 3 (0 to 100 pM) for
20 min at 37 °C. quickly rinsed, and then treated with 9 (40 pM) for 20 min
at 37 °C. Relative fluorescence intensity was determined by densitometric
analysis of the fluorescence images. (¢) The azidosugar-incorporated cells
were incubated with 3 (40 uM) for various times (0 to 48 min) at 37 °C,
quickly rinsed, then treated with 9 (40 uM) for 20 min at 37 °C, and
analyzed as in (b).

toward 8 mM of diyne 3. Thus, the dilute condition as well
as the lower mobility of the protein would largely reduce

the frequency of coming close to each other and prevent the
dimerization of azido-proteins.

In order to apply the SPDC modification in living cells, we
examined fluorescence labeling of azido-glycoconjugates on the
cell surface. HEK293 cells, cultured with a medium containing
tetraacetylated N-azidoacetyl-pD-mannosamine (Ac,ManNAz),**
was incubated with diyne 3 and, after quick rinsing with buffer
to remove unreacted 3, TESRA-PEO;-azide (9) was added.
Consequently, the azidosugar-incorporated cells exhibited reliable
fluorescent signals in the boundary between the cells (Fig. 4(a),
left panels), marking a sharp contrast with the control cells which
showed negligible signals (Fig. 4(a), right panels). Optimal results
were obtained using diyne 3 at the concentrations of 40 to 100 uM
(Fig. 4(b)).” Maximum labeling efficiency was achieved by treating
3 (40 pM) within 20 min (Fig. 4(c)). Long-time incubation reduced
the labeling efficiency (Fig. 4(c)), indicating the time-dependent
degradation of the highly reactive monoyne intermediate. The
commercially available Alexa Fluor 488 azide was also used in
both sequential and simultaneous procedures."*

Furthermore, the SPDC modification of azido-glycoconjugates
with 3 and a fluorescein-conjugated azide showed a comparable
result to that of the single-click modification using a fluorescein
derivative of monoyne 2a." The comparable reactivity of diyne 3
and monoyne 2a (R = H) was also supported by the competition
experiment,? as well as kinetic”” and computational studies.”

In conclusion, we have demonstrated the practical utility of
the Sondheimer diyne 3 as a bisreactive molecular hinge in
modification of azido-biomolecules with a functional small azido-
compound. Considering the ready availabilities of diyne 3 and
diverse functional azido-compounds, the SPDC reaction provides
a facile method to prepare various functional biomolecules.
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Abstract

Since alternative splicing of pre-mRNAs is essential for generating tissue-specific diversity in proteome, elucidating its
regulatory mechanism is indispensable to understand developmental process or tissue-specific functions. We have been
focusing on tissue-specific regulation of mutually exclusive selection of alternative exons because this implies the typical
molecular mechanism of alternative splicing regulation and also can be good examples to elicit general rule of “splice
code”. So far, mutually exclusive splicing regulation has been explained by the outcome from the balance of multiple
regulators that enhance or repress either of alternative exons discretely. However, this “balance” model is open to questions
of how to ensure the selection of only one appropriate exon out of several candidates and how to switch them. To answer
these questions, we generated an original bichromatic fluorescent splicing reporter system for mammals using fibroblast
growth factor-receptor 2 (FGFR2) gene as model. By using this splicing reporter, we demonstrated that FGFR2 gene is
regulated by the “switch-like” mechanism, in which key regulators modify the ordered splice-site recognition of two
mutually exclusive exons, eventually ensure single exon selection and their distinct switching. Also this finding elucidated
the evolutionally conserved “splice code,” in which combination of tissue-specific and broadly expressed RNA binding
proteins regulate alternative splicing of specific gene in a tissue-specific manner. These findings provide the significant cue
to understand how a number of spliced genes are regulated in various tissue-specific manners by a limited number of
regulators, eventually to understand developmental process or tissue-specific functions.
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Introduction

Genome projects have shown that metazoans gencrate a hugely
diverse proteome from a limited number of genes. This finding
underscores the importance of alternative splicing, through which
a single gene can generate multiple structurally and functionally
distinct protein isoforms. Moreover, recent transcriptome analyses
with splicing-sensitive microarrays or decp sequencers have
revealed that alternative splicing occurs in more than 90% of
multi-exon genes in human [1] and over 60% of these cases are
regulated in a tissue- and cell type-specific manner [2]. Alternative
splicing is regulated by auxiliary cis-elements with regulatory
proteins that enhance or repress splicing of adjacent exons [3,4]
however, the mechanism by which a number of genes are
regulated in various tissue-specific manner by a limited number of
regulatory factors remains unclear.

In mammals, fibroblast growth factor-recepror 2 (FGFR?2) is one
of the best characterized gene in which mutually exclusive
alternative splicing produces two isoforms. Exon 8 (also termed
IIIb) isoform is specifically expressed in epithelial tissues, whereas
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exon 9 (or IIlc) isoform is selected in non-epithelial or
mesenchymal tissues [3,6]. The structural difference between
two splice isoforms markedly affects the specificity of ligand—
receptor binding [7,8,9], and cxon switching is shown to be
essential for development in the mouse [10,11]. Sevcral factors
have been identified which positively or negatively regulate either
of alternative exons of FGFR2 independentdy. For exon 8
regulation, Del Gatto-Konczak ct al. found that heterogeneous
nuclear ribonucleoprotein, hnRNP Al, binds to exon 8 (also
termed K-SAM exon) as ESS (exonic splicing silencer) and
represses its inclusion [12]. Carstens et al. found the polypyr-
imidine tract binding protein (PTB) represses exon 8 inclusion
through IS8-1 and ISS-2 (intronic splicing silencers-1 and 2) [13].
Warzecha et al. recently cloned RBM35a and RBM35b as
epithelia-specific activators of exon 8 inclusion, and renamed them
epithelial splicing regulatory proteins | and 2 (ESRP! and
ESPR2), respectively [14]. For exon 9 regualtion, Chen ct al.
found that Tra2P represses the selection of exon 9 [15]. Baraniak
et al. reported that Fox2 represses selection of exon 9 through
binding to a UGCAUG sequence in intron 8 [16]. Hovhannisyan
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et al. found that a hnRNP M binds to ISS-3 and represses
inclusion of exon 9 [17]. Mauger et al. showed that hnRNP H and
F interact with Fox2 and repress exon 9 inclusion [18]. Also,
presence of unknown enhancer is speculated for exon 9 inclusion
through ISE (intronic splicing enhancer) in intron 9 [14]. So far,
mutually exclusive splicing regulation is widely belicved as the
outcome from the balance of multiple regulators that cnhance or
repress cither of alternative exons discretely [19,20]. However, this
“balance” model is open to questions, 1) How the balance of
multiple rcgulators can cnsurcs the selection of only one
appropriate cxon out of several candidates? 2) Whether transcrip-
tional or post-transcriptional control of multiple regulators is
possible to achicve distinct switching of alternative exons? 3) If 2) is
the case, how to control the multiple regulators at once for exon
switching? To answer these questions, we generated a bichromatic
fluorescent splicing reporter system for mammals using FGIR2
gene as a modcl. This reporter contains entire cis-clements
necessary to reproduce native alternative splicing regulation and
cnable us to visualize and monitor it ¢ 2itro and iz zivo. The
transgenic mice expressing this splicing reporter clearly showed the
epithelial tssue-specific splicing pattern throughout their cntire
bodies. By using this splicing reporter, we demonstrate that key
regulators define the single cxon expression in the tissue-
dependent manner through the ordered splice-site recognition of
the mutually exclusive exons.

Results

Generation of the FGFR2 splicing reporter system

We used a 3.7-kb genomic fragment of FGIR2 gene that included
two alternative exons (exon 8 and 9) flanked by their upstream and
downstream cxons (cxon 7 and 10), with intrens in between
(Tigure 1A). By using mostly entire genomic region around alternative
exons, this reporter system was expected to contain all the regulatory
cis-elements essential for tissue-specific regulation and to tell which
splice site sequences and cis-clements are truly critical for regulations.
The genomic fragment was cloned into a vector containing RFP and
EGFP in tandem with different reading frames [21]. With this
reporter system, splicing regulation could be monitored from a single
reporter vector that expresses either EGFP when exon 8 is chosen or
RFP when cxon 9 is selected (Figure 1A).

By using two prostate carcinoma cell lines, AT-3 and DT-3
cells, we then examined whether the reporter system could reflect
cell type-specific splicing regulation. AT-3 cell is a mesenchymal-
type ccll that specifically expresses exon 9 isoform of endogenous
FGFR2, and DT-3 cell is an cpithclial-type cell that predomi-
nantly expresses exon 8 isoform [22]. When this reporter system
was inwoduced into these two cell lines, AT-3 cell specifically
cxpressed exon 9-RFP and DT-3 ccll predominantly expressed
cxon 8-LGFP (Figure 1B). We therefore could confirm that our
reporter vector reflects cell type-specific regulation of endogenous
FGIR2? splicing.

We next checked whethcer our reporter system could show tissue-
specific regulaton of FGFR2 splicing in vivo by generating
transgenic mice from this reporter. A well-known change in the
TFGFR2 splicing isoforms occurs in mouse development stages from
E14.5 to E16.5. In these stages, differentiation of future epithelial
cells is induced and they start expressing exon 8 isoform of FGFR2
to receive morphogen signals, such as FGTF-10, from mesenchymal
cells [23]. When the whole body of a transgenic embryo was
cxamined at E14.5, a broad RFP signal was detected throughout the
cntire body, and a specific EGFP signal was detected as the whisker
pattern and on the edges of limbs or the body (Figure 1G). We
further evaluated the detailed expression profile through examining
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scrics of scctions from the transgenic embryos in the late
development stage of E16.5 (Tigure 1D). An EGIP signal was
detected specifically in cells on the surface of the skin and bulbs of
hair follicles, where differentiated cpithelial cells were located
(Figure 1D, shown with arrows). Also, the EGFP signal was detected
at cpithelial cells in the alveoli of the lung, in the esophagus and
colon, at the thymus epithelia, and at the salivary gland ductal cells
(Figure 1D, arrows in the top and middle pancls). A strong RFP
signal was detected in the developing brain (hippocampus) and
peripheral nervous system (trigeminal ganglia) (Figure 1D, arrows in
bottom pancels). Expression patterns of EGFP were compatible with
reported FGFR2 exon 8 expression patterns [23,24], indicating that
our reporter system reflects endogenous splicing regulation of
FGFR?2 in vivo and the genomic fragment uscd in the vector
contains the regulatory clements necessary for tissue-specific
switching of mutually exclusive exons.

Unbalanced sequence of 3’ splice site is essential for
mutually exclusive exon selection

In the cmbryos of splicing reporter transgenic mousc, RIP was
expressed almost throughout the entire body, and EGIFP was
specifically expressed in epithelial cells. This cxpression pattern
suggested the possible regulatory mechanism that cxon 9 was
dominantly selected as “default” in reporter transgenic mouse, and
cpithelial-specific regulators might promote inclusion of exon 8. To
test this hypothesis, we initially compared sequence of alternative
exons including their 3' and 3’ splice sites. The major diffcrence
identficd between these two cxons is that exon 8 has a weaker 3
splicc sitc and a polypyrimidine moiety that contains several
mismatches from the consensus sequence (Figure 2A, TGTTCTAG
ca), whereas exon 9 has stronger 3’ splice site which has conserved
consensus scquences (Figure 2A, TTTTCTAG gc). There are no
obvious differences in their 5’ splice sites {data not shown). To
cxamine whether the unbalanced 3 splice sitc is essential for
“default” selection of exon 9 in non-epithelial cclls, we introduced
mutations in their 3’ splice sites and observed change in splicing
regulations. We prepared two types of mutated vectors, one has the
same stronger 3’ splice sites on both exon 8 and 9 (Figure 2A, E8-S
vector), and the other has the same weaker 3’ splice sites on both exon
8 and 9 (Figurc 2A, E9-W vector). Thesc vectors were transfected into
AT-3 and DT-3 cells, and the change of splicing regulation was
examined by RT-PCR. When WT vector was introduced into AT-3
cell, it adopted almost 100% of the exon 9 form, whereas DT-3 cell
adopted around 45% {34.5/(34.5+42.7)%} of exon 8 form among
the single inclusion product (Figure 2B, lane 1, 4), which was
consistent with the expression pattern of fluorescence in Figurc 1B.
Our splicing reporter was designed not to cause carly premature
termination codon in double-inclusion form to escape the nonsense-
mediated decay (NMD) reaction [23]. We therefore could menitor all
splicing products, including the double-inclusion and the double-skip
forms. Strikingly, when E8-S vectors were transfected, AT-3 cell
mostly expressed the double-inclusion form, meaning that two
alternarive exons were processed as constitutive exons (Figure 2B,
lane 2). This result indicates that the weaker 3’ splice site of exon 8 is
critical for single exon selection of exon 9 from two mutually exclusive
exons in non-epithelial AT-3 cell (Figure 2B, lane 2), though the ISS
or ISS on or close to cxon 8 may be required for the complete
suppressicn [13,26,27]. When the 3’ splice site of exon 9 was
weakened (E9-W vector), selection in DT-3 cell almost fully switched
to exon 8 (Figure 2B, lanc 4 and 6), indicating that full repression of
exon 9 might be important for exon 8 inclusion in epithelial DT-3
ccll. Thus unbalanced 3’ splice sites are essential for the single exen
choice from mutually exclusive exons and for their switching.
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Figure 1. Construction of FGFR2 splicing reporter vector and their expression patterns. (A) Scheme of FGFR2 splicing reporter vector. The
genomic fragment of mouse FGFR2 including exon 7 through 10 was amplified and introduced into the reporter vector containing a CAGGS
promoter and RFP-EGFP with different reading frames. Modified glutathione-S-transferase gene (indicated as “G") was inserted in front of the exon 7
in-frame. A schematic representation of the mRNA derived from the reporter under the alternative splicing regulation is also shown; the numbers
indicate the reading frames. (B) Expression pattern of splicing reporter in vitro. The reporter vector was introduced into two rat prostate cancer cell
lines AT-3 and DT-3, which have different cell-type specificities. Scale =200 pm. (C) Expression pattern of splicing reporter in vivo. Fluorescence
images of transgenic reporter mouse embryos at E14.5. Tg(+) is an embryo carrying the reporter vector, and Tg(-) is one of its litter-mate lacking the
vector. Arrowheads in Tg(+) indicate EGFP signals with the patterns of whiskers (upper arrowhead) and the edge of a limb (lower arrowhead), both of
which are magnified and indicated by white rectangles in the upper left-hand and lower right-hand corners, respectively (scale=1 mm). (D) Sections
from transgenic reporter mouse embryos at E16.5. Each panel shows sections from the indicated tissues, the upper one from Tg(+) and the lower
from Tg(-). Portions expressing the EGFP signal are indicated by white arrows (scale=100 pm).

doi:10.1371/journal.pone.0010946.9001

Disruption of exon 9 causes switching to exon 8

Results in Figure 2 showed that weaker 3’ splice sites of exon 8 is
essential for the single cxon selection of exon 9 in non-cpithelial
AT-3 cell. And epithelial DT-3 cell efficiently chose exon 8 form
when 3’ splice site of exon 9 was weakened. These observations
suggest a possibility that repression of exon 9 causes switching to
exon 8. To examinc this hypothesis, we introduced mutations on
either or both of the 3’ and 5’ splice sites of exon 9 to destroy its
splice site consensus sequence mimicking repression, and trans-
fected these into AT-3 cell (Figure 3A). When both splice sites of
cxon 9 were mutated (Figure 34, 3'&5" ss Mut), AT-3 cell
expressed the exon 8 form (22.9%) and the double-skip form
(77.1%) (Figurc 3B, lanc 4). Thesc results indicated that blocking
of exon 9, at least partially, promotes switching to exon 8 in AT-3
cell. Interestingly, mutation of the 3° splice site (Figure 3A, 3" ss
Mut) was just sufficient to cause this switching (Figurc 3B, lane 2),
whereas mutation of the 5 splice site (Figure 3A, 53' ss Mut)
producced an aberrant splicing product of exon 9 using a cryptic 5’
splice sitc at ggGT in exon 9 (Figure 3B, lane 3 indicated by
arrowhead and scheme was illustrated on the right side). These
results indicate that recognition of 3" splice site is essential for exon
9 seclection, suggesting the possibility that recognition of exon 9 is
its 3" splice site dependent. To test this hypothesis, we performed
in vitro splicing assay to directly monitor the splice site recognition
by U2 and Ul snRNA/snRNP binding (Figure 3C). The *2P-
labeled RNA probes for wild-type and mutated exon 9 containing
the flanking introns (top panels of Figure 3C) were crosslinked by
UV irradiation after incubation with HeLa nuclear extract and
separated by electrophoresis. HeLa cell was confirmed to have
non-cpithelial cell character. The specificity of U2 or Ul binding
was confirmed by addition of an oligonucleotide complementary
to U2 or Ul, and RNase H digestion [28,29] (Figure 3C and
Figure S1). In the splicing conditions, binding and shift of Ul and
U2 snRNAs were observed with the WT RNA probe, in which the
Ul and U2 bands overlap (Figurc 3G, lane 14, and Figure S1,
lane 14, indicated by an arrow). They became fainter by RNase
H digestion with Ul (Figure 3C, lane 3, and Figure 51, lane 3) or
U2 oligos (Figure 3C, lane 4, and Figure S1, lane 4). Shifted band
almost disappeared with double digestion with Ul+U2 oligos
(Figure S1, lanc 7), while the band was resistant against the RNase
H digestion with U6 oligo (Figure S1, lane 8), indicating that the
exon 9 RNA probe is rccognized by Ul and U2 oligos in this
splicing condition. Strikingly, the 3’ splice site mutation of the
exon 9 RNA probe resulted in a significant loss of the shifted band
(Figure 3C, lane 6-8). These results suggested that recognition of
cxon 9 primary depends on the binding of U2 snRNA to the 3’
splice site. On the contrary, with the probe harboring with 5’ splice
site mutation (3” ss mutation), binding of both Ul and U2 was
retained (Figure 3C, lane 10-12), in good accordance with the
results of RT-PCR shown in Figure 3B, lane 3. These results
suggest a possibility that binding of U2 snRINA supports the
binding of Ul snRNA, so that much weaker cryptic 5° splice sites
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in exon 9 was used in its 3" ss mutation (Figure 3B, lane 3 and
Figure 3C, lanc 12 indicatcd by an arrowhead with an asterisk).
These observations give a possible cxplanation why the sclective
use of cxon 9 in non-epithelial cells depends on the relative
strength of its 3’ splice site.

Identification of silencing elements for exon 9
recognition

Non-Epithelial or Mesenchymal regulation, unbalanced 3’
splice sites are cssental for single cxon sclection of exon 9 in
non-cpithelial cells and recognition of cxon 9 is its 3’ splice site
dependent. Also disruption of this 3’ splice site of exon 9 partially
caused switching to cxon 8. These results suggest the presence of
silencer(s) for exon 9 to cause switching to exon 8 in epithelial ccll.
To test this hypothesis, we mitally screened suppressive cis-
elements located near the 3° splice site of exon 9, and picked up
two highly conserved sequences: the UGCAUG sequence and
ISE/ISS-3 (intronic splicing enhancer/silencer-3) in intron 8, both
of which have been reported as the silencing cis-clements for exon
9 [16,30] (Figure 4A). To examine whether these two cis-clements
are essential for silencing cxon 9, we introduced mutations in
either or both UGCAUG and ISE/ISS-3 in our reporter, and
transfected  into  epithelial DT-3 cell. First, we substituted
UGCAUGCAUG for UACGUACGUG to disrupt the binding
to the RNA-binding protein of Fox, which was reported as the
repressor of exon 9 [16]. Then, the ratio of exon 8 selection in DT-
3 cell fell by a half (44.7% to 21.9%, Figurc 4B, lanc 2). Next, we
deleted ISE/ISS-3, an 83-bp sequence containing scveral
dinucleotide GU sequences. The dcletion of ISE/ISS-3 reduced
the ratio of exon 8 inclusion to one-fourth (44.7% to 12.4%,
Figure 4B, lane 3). When both of these clements were mutated,
DT-3 cell could no longer choose exon 8, and all splicing products
were the exon 9 form (Figure 4B, lane 4). These results indicate
that DT-3 cell use both of these cis-clements to sclect exon 8
presumably by silencing the exon 9 via its 3” splice site.

Regulatory mechanism of transacting factors to switch
exons

Results from Figure 4 suggest that both UGCAUG and ISE/
ISS-3 arc necessary and sufficient for selecting exon 8. A previous
study has shown that Fox2 promotes exon 8 inclusion through
UGCAUG in intron 8 [16]. Also, a recent study from cDNA
library screening identfied cpithelial splicing regulatory protein
ESRP1 and ESRP2, which mediate exon 8 inclusion through
binding to ISE/ISS-3 [14]. We therefore examined whether Foxl,
Fox2, ESRPI, and ESRP2 promote switching from exon 9 to exon
8. First, we examined and compared the expression levels of these
RNA-binding proteins between AT-3 and DT-3 cells by RT-PCR.
Fox2 was cxpressed in both cell lines at similar levels, whereas
expression of Fox1 was undetectable (Figure 4C), and both ESRP1
and ESRP2 were specifically expressed in epithclial type DT-3 cell
(Figure 4C). Considering the observation that both UGCAUG and

June 2010 | Volume 5 | Issue 6 | e10946

—b28—



YYYYNYAG r

TTTICTAG g¢ (O)
TITTCTAG ge(O)
TGTTCTAG ca (A )

consensus YYYYNYAGr

WT TGTTCTAG ca( A)
E8-S TITCTAG & ()
E9-W  TGTTCTAGca(A)

B AT-3cell DT-3cell
WT E8-C E9-W WT E8-C E9-W
1 2 3 4 5 6

e =T

bp
700° e il

500= o

uncut

300~

bp
500~

300~
200~

EcoRV cut

AT-3 cell

DT-3 cell

1.2 3 4 5 6
100% + L. N -

80%

i

60%
40%

20% +—f

A
WT E8-C E9-W
52 -,

WT E8-C ES-W

The Knight's Fork Regulation

ol g

< primer
(Y=TorC,r=gora)

EcoRV site

double
skip (%)

double
inclusion (%)

exon 9
form (%)

exon 8
form (%)

Figure 2. Unbalanced sequence of 3’ splice sites is essential for mutually exclusive exon selection. (A) Scheme for 3 splice site mutation
on exons 8 and 9. Uppercase letter is intron and lowercase is exon sequence. Red characters indicate mismatches from the conserved consensus
sequence in the 3’ splice site and poly-pyrimidine moiety, and underline indicate mutated sequence. The yellow arrows with “primer” represent the
positions amplified in RT-PCR. (B) RT-PCR from AT-3 and DT-3 cells transfected the indicated vectors. Splice products were digested with EcoRV, which
uniquely cuts the PCR product containing exon 9. Each band was identified and indicated with the scheme of splice products. Arrowheads indicate
nonspecific PCR products, which was confirmed by sequencing. The asterisk indicates the splice product came from double inclusion of exon 8 and
exon 9. The bar graph shows the amount of each splicing product, and is based on calculations from three independent experiments; the mean value
for each splice product is show in the respective column with an error bar showing the SD (standard error).

doi:10.1371/journal.pone.0010946.9002

ISE/ISS-3 are essendal cie-elements for selecting exon 8
(Figure 4B), broadly expressed Fox2 might cooperates with
epithelial-specific ESRP1 and ESRP2 for exon 8 inclusion. To
test this hypothesis, we transfected our FGFR2 splicing reporter
with Foxl, Fox2, ESRPI1, or ESRP2, or combinations of these
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into HeLa cell, which has non-epithelial cell character (Figure 5A,
lane 1).

When Fox1 or Fox2 was introduced into HeLa cell, selection of
exon § increased in a dose-depend manner and reached 10%
(Figure 5A, lanes 2—4) or 40% (Figure 5A, lanes 5-7), respectively.
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