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ABSTRACT
Excessive angiogenesis contributes to numerous diseases,
including cancer and blinding retinopathy. Antibodies against
vascular endothelial growth factor (VEGF) have been approved
and are widely used in clinical treatment. Our previous studies
using SRPIN340, a small molecule inhibitor of SRPK1 (serine-
arginine protein kinase 1), demonstrated that SRPK1 is a po-
tential target for the development of antiangiogenic drugs. In this
study, we solved the structure of SRPK1 bound to SRPIN340
by X-ray crystallography. Using pharmacophore docking mod-
els followed by in vitro kinase assays, we screened a large-scale

chemical library, and thus identified a new inhibitor of SRPK1.
This inhibitor, SRPIN803, prevented VEGF production more
effectively than SRPIN340 owing to the dual inhibition of
SRPK1 and CK2 (casein kinase 2). In a mouse model of age-
related macular degeneration, topical administration of eye
ointment containing SRPIN803 significantly inhibited choroi-
dal neovascularization, suggesting a clinical potential of
SRPIN803 as a topical ointment for ocular neovascularization.
Thus SRPIN803 merits further investigation as a novel inhibitor
of VEGF.

Introduction
Angiogenesis is an important biologic phenomenon, not

only in physiologic conditions including embryogenesis,
skeletal growth, and wound healing, but also in pathologic
conditions such as tumor growth, chronic inflammatory dis-
orders, and intraocular neovascular diseases (Maharaj and
D’Amore, 2007). Vascular endothelial growth factor (VEGF),
a mitogen for endothelial cells, is a key regulator of angiogen-
esis associated with various pathologic conditions (Ferrara
et al., 2003; Okabe et al., 2014). VEGF binds VEGF receptor
and activates its tyrosine kinase activity, which in turn

triggers the mitogen-activated protein kinase signaling
cascade (Fukuda et al., 2002), leading to endothelial cell pro-
liferation and neovascularization (Xu et al., 2008). Because of
the importance of VEGF in these processes, drugs targeting
VEGF have been developed: For example, an antibody against
VEGF, bevacizumab (Avastin), was first approved for patients
with metastatic colorectal cancer (Hurwitz et al., 2004). Anti-
VEGF antibodies have the potential to be of therapeutic value
for a variety of angiogenic disorders.
Anti-VEGF antibodies, including ranibizumab (Lucentis)

(Rosenfeld et al., 2006), pegaptanib (Macugen) (Gragoudas
et al., 2004), and anti-VEGF decoy receptor of aflibercept
(Eylea) (Heier et al., 2012), have also been approved for in-
traocular neovascularization. Age-related macular degenera-
tion (AMD) is one of the most common diseases of intraocular
neovascularization, the leading cause of blindness (Ferris et al.,
1984; Klein et al., 1995; Seddon and Chen, 2004). Intravitreous
injection of anti-VEGF antibodies has been demonstrated to
cure AMD; however, this therapy increases the risk of several
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complications, including infection, inflammation, higher in-
traocular pressure, and vitreous hemorrhage (Shima et al.,
2008; Ventrice et al., 2013). Therefore, there is an urgent need
for new therapeutics using small molecules that can be safely
and easily administered, such as eye drops and ointments.
Small-molecule inhibitors of angiogenesis would also contrib-
ute to therapies against other angiogenic diseases.
In a previous study, we demonstrated the antiangiogenic

activity of SRPIN340, a small molecule that was developed
as an inhibitor of serine-arginine protein kinase 1 (SRPK1)
(Fukuhara et al., 2006). SRPK1 phosphorylates serine/arginine-
rich proteins and regulates splicing and transcription (Ngo
et al., 2005; Nishida et al., 2011; Ogawa and Hagiwara, 2012),
and also phosphorylates peroxisome proliferator-activated
receptor-g coactivator 1 (PGC1), hepatitis B virus core pro-
tein, and eukaryotic translation initiation factor 4 g (eIF4G)
to regulate glucogenesis (Lin et al., 2005; Nikolakaki et al.,
2008), viral replication (Daub et al., 2002), and mTOR
signaling (Hu et al., 2012), respectively. SRPK1 inhibition pre-
vents pathologic angiogenesis, and suppresses angiogenesis-
associated tumor growth (Amin et al., 2011) and pathologic
choroidal neovascularization in animal models (Dong et al.,
2013). Inversely, aberrant SRPK1 expression induces con-
stitutive Akt activation, leading to cancer progression (Wang
et al., 2014). Thus, SRPK1 represents a potent drug target for
treatment of pathologic angiogenesis.
Here, we report the application of a computational protocol

based on molecular docking and dynamics simulations, com-
bined with a pharmacophore-based database search, to identify
compounds of interest. Using this method, we identified a
new small molecule, SRPIN803, that inhibits VEGF pro-
duction. In vitro kinase profiling revealed that SRPIN803
inhibited casein kinase 2 (CK2) as well as SRPK1. The dual
inhibition of SRPK1 and CK2 were predicted to synergisti-
cally suppress VEGF production. In a mouse model, topical
administration of SRPIN803 suppressed intraocular neo-
vascularization. Thus, SRPIN803 represents a candidate ther-
apeutic drug for treatment of pathologic angiogenesis.

Materials and Methods
Crystallographic Study. Crystals of the kinase fragment of

SRPK1 (residues 42–255 and 474–655) were obtained according to
a previously reported method (Ngo et al., 2007) with some modifica-
tions. The SRPIN340 complex was obtained by soaking crystals of
apo-SRPK1 in mother liquor containing the inhibitor.

The diffraction data set was obtained at 100 K from a single crystal
at BL38B1 of SPring-8 (Harima, Japan). The 2.0-Å diffraction data
were integrated and scaled using the program HKL2000 (HKL Re-
search Inc., Charlottesville, VA). The space group was P6522, with
unit cell parameters a 5 b 5 75.1 Å and c 5 310.6 Å.

Structure determination and refinement were performed using the
CCP4 suite (Winn et al., 2011). The structure was solved by molecular
replacement using a previously reported structure of SRPK1 [PDB ID
1WAK; (Ngo et al., 2007)] and refined by REFMAC (Murshudov et al.,
2011). The graphics software Coot was used for model building
(Emsley et al., 2010). Some of the statistics of data collection and
structure refinement are shown in Supplemental Table 1. Figures
were created using the PyMOL Molecular Graphics System (Version
1.5.0.4; Schrödinger, New York, NY). Coordinates and structure
factors of the complex were deposited in the Protein Data Bank (PDB
ID 4WUA).

Docking Simulation. The model of SRPIN803 in complex with
CK2awas obtained using AutoDock Vina (Trott and Olson, 2010). The

crystal structure of the inhibitor complex of CK2a (PDB ID 1M2Q; De
Moliner et al., 2003) was used as the protein model after removal of
the ligand and inhibitor molecules. The docking simulation was
performed around the ATP-binding pocket of CK2a. The model of
SRPIN803 in complex with SRPK1 was obtained in a similar manner,
using our X-ray structure as the protein model. The coordinates of
the models can be found in the Supplemental Material. The result
was visualized using Discovery Studio Visualizer (Accelrys Inc.,
Cambridge, UK).

Cell Culture. ARPE-19 cells, a spontaneously arising human
retinal pigment epithelial cell line, were purchased from the American
Type Culture Collection (Manassas, VA) and maintained at 37°C in
a 5% CO2/air incubator in Dulbecco’s modified Eagle’s medium/Ham’s
F-12 (Nacalai Tesque, Kyoto, Japan) supplemented with 10% fetal
bovine serum (Sigma-Aldrich, St. Louis, MO) and 1% Penicillin-
Streptomycin Mixed Solution (Nacalai Tesque).

Small Interfering RNA. Stealth small interfering RNAs (siRNAs;
Life Technologies, Grand Island, NY) were diluted with OptiMEM (Life
Technologies), and incubated with Lipofectamine RNAiMAX (Life
Technologies). ARPE-19 cells were seeded onto 12-well plates at
50,000 cells/well, and then transfected with siRNAs (final concen-
tration, 10 nM) againstSRPK1,CK2A1,CK2A2, orLuciferase. Analyses
were performed 48 hours post-transfection. Product names of the
siRNAs used were as follows: SRPK1 (SRPK1-HSS110210), CK2A1
(CSNK2A1-HSS175396), CK2A2 (CSNK2A2-HSS102398), and Lu-
ciferase (Life Technologies).

Reverse Transcription, Semiquantitative, and Quantitative
Polymerase Chain Reaction. Total RNA was purified from cells
using the RNeasy kit (QIAGEN, Hilden, Germany). Purified RNAwas
converted into cDNA using SuperScript II (Life Technologies) with
anchored oligo-dT primer (Life Technologies).

ExTaq (TaKaRa Bio, Otsu, Japan) was used for semiquantitative
polymerase chain reaction (PCR) analysis. The reaction was carried
out using the following cycle: 95°C for 20 seconds, 58°C for 20 seconds,
and 72°C for 60 seconds, for 25–35 cycles. Primer sequences are listed
in Supplemental Table 5. PCR products were separated by electro-
phoresis and stained with ethidium bromide (Nacalai Tesque).
Images were obtained using a ChemiDoc XRS System (Bio-Rad
Laboratories, Hercules, CA).

Quantitative PCR was performed using SYBR Premix Ex Taq
(TaKaRa Bio) on a real-time PCR cycler (StepOnePlus; Life
Technologies). The human GAPDH gene was used to normalize the
input cDNA. Sequences of the primers are listed in Supplemental
Table 6. All cDNA samples were tested in duplicate, and the average
values were used in statistical analysis.

Enzyme-Linked Immunosorbent Assay. ARPE-19 cells were
seeded at a density of 1 ! 104 cells/well in 12-well plates and cultured
for 24 hours. The culture medium was replaced with Dulbecco’s
modified Eagle’s medium supplemented with 1% fetal bovine serum
24 hours before treatment with compounds. The cells were treated
with 1nMtumor growth factorb (R&DSystems/Bio-Techne,Minneapolis,
MN). Culture supernatants were collected 24 or 72 hours after the
treatment, and VEGF levels in the supernatants were determined
using an enzyme-linked immunosorbent assay kit (R&D Systems).

In Vitro Kinase Assay. Recombinant human SRPK1 protein was
purified from Escherichia coli (Fukuhara et al., 2006). The in vitro
kinase assay was performed as described previously (Fukuhara et al.,
2006) with some modifications. The SRPK1 kinase reaction was
performed in a reactionmixture containing serially diluted inhibitors,
10 mM 4-morpholinepropanesulfonic acid-KOH (pH 7.0), 10 mM
magnesium acetate, 200 mM EDTA, 1 mM ATP, 0.017 mg/ml RS
peptide, and recombinant SRPK1 in a final volume of 25 ml. The final
concentration of dimethyl sulfoxide (DMSO) was adjusted to 0.1 or
1%, regardless of the inhibitor concentration.

Human recombinant casein kinase 2 (CK2) was purchased from
New England Biolabs (Ipswich, MA). The CK2 kinase reaction was
performed in a reaction mixture containing serially diluted inhibi-
tors, 20 mM Tris-HCl (pH 7.5), 50 mM potassium chloride, 10 mM
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magnesium chloride, 20 mM ATP, 0.02 mg/ml CK2 substrate (Sigma-
Aldrich), and 625 IU of recombinant CK2 in a final volume of 25 ml.
The final concentration of DMSO was adjusted to 1%, regardless of
the inhibitor concentration.

The reaction mixture was incubated at 30°C for 15 minutes, and
residual ATPwasmeasured usingKinase-Glo (Promega,Madison,WI ).

Relative  kinase Activityð%Þ5 ðC2AÞ=ðC2BÞ ! 100 (1)

where A5 count per second (CPS) from the reaction with an inhibitor,
B 5 CPS from the reaction with 1% DMSO, and C 5 CPS from the
reaction without enzyme (background).

Laser-Induced Choroidal Neovascularization in Mice. All
animal experiments were approved by the Kyoto University Animal
Use Committee and conducted in accordance with the Association for
Research in Vision and Ophthalmology Statement for the Use of
Animals in Ophthalmic and Vision Research. Six- to eight-week-old
C57BL/6J male mice (Japan SLC, Tokyo, Japan) were used for this
study. Anesthesia was induced by intraperitoneal injection of ket-
amine (100 mg/kg body weight) and xylazine (10 mg/kg body weight),
and pupils were dilated by topical administration with 5% phenyl-
ephrine hydrochloride and 5% tropicamide. After anesthesia and
pupil dilation, four laser spots were placed around the optic disc
(532 nm, 150 mW power, 0.1 seconds, spot size 75 mm in diameter;
Novus Spectra, Lumenis, Tokyo, Japan) using a slit-lamp delivery
system with a cover glass as a contact lens.

Intravitreous Injection. Each compound (50 mM in DMSO) was
diluted with phosphate-buffered saline to various concentrations
(final 0.1% DMSO) just before injection. Immediately after laser
photocoagulation, 1.0 ml of the diluted solution was injected into the
vitreous body using a 33-gauge needle (Extreme Microsyringe; Ito
Corporation, Tokyo, Japan).

Administration of the Ointment. SRPIN803 was formulated
into an ointment base containing fluid paraffin and white Vaseline to
a final concentration of 10%. The ointment base alone was used as
a negative control. These ointments were partitioned into 1.5-ml
tubes and stored in the dark at room temperature. The ointment
(7.0 ml) was applied to both eyes of the model mice, 3 times per day for
7 days, using a Microman (Gilson, Middleton, WI).

Measurement of the Neovascularization Area. Seven days
after laser-induced photocoagulation, model mice were euthanized by
anesthesia and perfused with 1ml of 0.5% fluorescein isothiocyanate–
labeled dextran (Sigma-Aldrich). Flat mounts of retinal pigment
epithelium and choroid were obtained by removing the anterior
segments and the neural retina. Four to six radial relaxing incisions
were made to allow the residual posterior eyecup to be laid flat. After
mounting with Aqua-Poly/Mount (Polysciences, Warrington, PA) and
covering with a cover slip, the flat mounts were examined with a
fluorescencemicroscope (Biorevo BZ-9000; Keyence, Osaka, Japan) and
the area of neovascularization was measured and used for evaluation.

Results
SRPK1 Inhibition Potently Suppresses VEGF Pro-

duction. Our previous report showed that SRPIN340 sup-
pressed the level of VEGFmRNA inmouse retina (Dong et al.,
2013). Gammons et al., 2014 reported that VEGF production
was decreased in human skin melanoma cells (A375) infected
with a lentivirus containing SRPK1 shRNA. To confirm that
inhibition of SRPK1 suppresses production of VEGF, we
performed siRNA-mediated knockdown of SRPK1 in the
human retinal pigment epithelial cell line ARPE-19 (Supple-
mental Fig. 1A). VEGFmRNA expression and secreted VEGF
protein in culture supernatants were measured by reverse
transcription quantitative PCR and enzyme-linked immuno-
sorbent assay, respectively. siRNA against the luciferase gene

was used as a negative control. Treatment with siRNA against
SRPK1 suppressed the level of VEGF mRNA to 53% of the
control (P , 0.01; Supplemental Fig. 1B) and decreased the
level of secreted VEGF protein to 36% of the control (P, 0.01;
Supplemental Fig. 1C). These results are consistent with
previous studies showing that SRPIN340 suppresses VEGF
production (Dong et al., 2013), and validated our strategy of
targeting SRPK1 to develop novel antiangiogenic treatments.
Crystal Structure of SRPK1 Bound with SRPIN340.

Structural information about the binding mode of SRPIN340
in the ATP-binding pocket of SRPK1 will facilitate de-
velopment of a new class of SRPK1 inhibitors. Hence, we
cocrystalized the SRPK1/SRPIN340 complex and deter-
mined its structure by X-ray crystallography. Recombinant
SRPK1 kinase domain was produced in E. coli and purified
by immobilized nickel-chelate affinity chromatography, fol-
lowed by gel-filtration chromatography. The crystals of SRPK1
were obtained from the purified protein and then soaked in
a buffer containing SRPIN340. The X-ray crystallographic data
are summarized in Supplemental Table 1. The crystallographic
structure of the SRPK1/SRPIN340 complex is shown in Fig.
1A (PDB ID 4WUA). SRPIN340 binds SRPK1 at the ATP-
binding cleft and forms extensive hydrophobic interactions
with residues including Leu86, Val94, Phe165, Leu168, Leu220,
Tyr231, and Leu231 (Fig. 1B). The oxygen atom of the carbonyl
group of SRPIN340 fixes the position of the ligand by forming a
hydrogen bond with the main-chain amide of Leu168 (Fig. 1B).
Compared with the crystal structure of unliganded SRPK1
(PDB ID 1WAK), the Leu168–Gly169 peptide was flipped in the
SRPK1/SRPIN340 complex (Fig. 1C), suggesting that peptide
flipping was induced by the binding of SRPIN340 in the ATP-
binding pocket. The trifluoromethyl group of SRPIN340 is
located in the region occupied by the main-chain oxygen of
Leu168 in the unliganded SRPK1 structure (Fig. 1C),
suggesting that the bulky trifluoromethyl group pushes away
the main chain of Leu168 and induces peptide flipping.
Furthermore, the flipped main-chain oxygen of Leu168 forms
a hydrogen bond with the main-chain nitrogen of Val223 (Fig.
1C), potentially stabilizing the flipped structure. These results
demonstrate that SRPIN340 binds to the ATP-binding pocket
and induces peptide flipping, which is probably required for
potent inhibition of SRPK1.
In Silico and Subsequent In Vitro Screening of

Chemical Inhibitors of SRPK1. To identify a new class
of SRPK1 inhibitors, we screened a chemical library contain-
ing 71,955 chemical structures. Specifically, we performed
a sequential screen consisting of an in silico docking study
following by a pharmacophore search or similarity search of
known inhibitors of CMGC family kinases, and selected the
top 9511 compounds. These chemical compounds were then
assessed by in vitro kinase assay using recombinant SRPK1
and its substrate. A summary of the in vitro screening results
is provided in Fig. 2A. We selected the top three compounds
that inhibit SRPK1 activity to ,10% of the DMSO control.
Two of these compounds possess scaffolds found in compounds
that are frequently selected by screening (Baell and Holloway,
2010) and were consequently omitted. Thus, the strongest
inhibitor was named SRPIN803 (Fig. 2B). SRPIN803 was
resynthesized (Supplemental Material), and its activity and
specificity were confirmed by in vitro kinase assay: The
compound inhibited the in vitro activity of SRPK1 with an
IC50 value of 2.4 mM but did not inhibit SRPK2 (Fig. 2C).
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To predict the binding mode of SRPIN803 to the ATP-
binding pocket of SRPK1, we performed an in silico docking
study. The simulation revealed that SRPIN803 interacts
with the ATP-binding pocket, and that the trifluoromethyl
group of SRPIN803 was located in the same region as in the
SRPIN340/SRPK1 crystal structure (Fig. 2D).
SRPIN803 Suppresses VEGF Production. In the next

step, we investigated whether SRPIN803 suppressed VEGF
production in ARPE-19 cells. As we expected, treatment with
SRPIN803 (10mM) for 24 hours decreased the level of secreted
VEGF protein in the culture supernatant relative to treat-
ment with 0.1% DMSO (P, 0.01; Fig. 3A), with no cytotoxicity
(Supplemental Fig. 2). In addition, treatment with SRPIN803
(10 mM) significantly suppressed the expression of VEGF
mRNA to 48% of the control (P, 0.01; Fig. 3B), suggesting that
SRPIN803 inhibited the expression of VEGF mRNA. Further-
more, treatment with SRPIN803 suppressed VEGF production
in a dose- and time-dependent manner (Supplemental Fig. 3).
Next, we examined the effect of SRPIN803 on the tran-

scriptome, using ARPE-19 cells treated with SRPIN803
(10 mM) for 4 hours. A summary of gene-expression array
data are provided in Supplemental Fig. 3 (GEO accession
number GSE62947; detailed data, Supplemental Table 2).
mRNA levels of VEGF and 30 other genes were reduced by
more than 1.8-fold (Supplemental Fig. 4). The downregulated
genes included IL8, HMOX1, and HK2, which play a role in
angiogenesis (Dulak et al., 2008; Martin et al., 2009; Wolf
et al., 2011). Thus, SRPIN803 regulates expression of genes
involved in angiogenesis.
Structural Requirement of SRPIN803. To confirm the

structural requirements of SRPK1 inhibition by SRPIN803,

we performed in vitro kinase assays and VEGF secretion
assays using four derivative compounds of SRPIN803 in
which the trifluoromethyl group was replaced. Substitutions
of the trifluoromethyl group decreased both the inhibitory
activity of SRPK1 and the suppression of VEGF production
(Fig. 3C). These results demonstrated that the trifluoro-
methyl group of SRPIN803 plays a crucial role in both SRPK1
inhibition and the suppression of VEGF production. To
further analyze the structural requirements for SRPK1 in-
hibition, we purchased compounds that were structurally
similar to SRPIN803 and retained the trifluoromethyl group,
and checked their SRPK1 inhibition. Structures of these
compounds and inhibitory activities against SRPK1 were
summarized in Supplemental Table 3. The derivatives that
possess R2 groups similar to SRPIN803 inhibited SRPK1,
though their inhibitory activities were weaker compared with
SRPIN803. In contrast, the derivatives with larger or struc-
turally different R2 groups did not inhibit SRPK1, as predicted
by the docking simulation.
SRPIN803 Is a Dual Inhibitor of SRPK1 and CK2a1/

2a2. To determine the kinase selectivity of SRPIN803, we
assessed its inhibitory effect against a panel of 306 kinases. In
these experiments, we used SRPIN803 at a concentration of
2.5 mM. Only two other kinases, CK2a1 and CK2a2, were
inhibited by more than 50% (Fig. 4A; Supplemental Table 3).
CK2a1 and CK2a2 form a tetrameric complex that constitutes
the catalytic subunit of CK2 (Hathaway and Traugh, 1982;
Meisner et al., 1989; Pinna, 1990). In the following experi-
ments, we used the tetrameric complex of CK2. In the in vitro
kinase assay, the IC50 value of SRPIN803 against CK2 was
203 nM (Fig. 4B). Thus, SRPIN803 is a dual inhibitor of

Fig. 1. Crystal structure of the SRPK1/SRPIN340 complex. (A) Overall structure. SRPK1 and SRPIN340 are shown in ribbon mode and stick mode,
respectively. SRPIN340 binds to the ATP-binding pocket of SRPK1 (PDB ID 4WUA). C, carboxy terminus; N, amino terminus. (B) Stick representation of
the inhibitor-binding site of the SRPK1/SRPIN340 complex. The red dotted line indicates a hydrogen bond. A space-filling model is illustrated by the dots
surrounding the stick representation. (C) The peptide flip around Leu168–Gly169. Residues Val164–His171 and Val223 are shown in stick
representation. The structures illustrated are SRPK1 without ligand (PDB ID 1WAK), shown in yellow, and SRPK1 with SRPIN340, shown in green.
The red dotted line indicates a hydrogen bond.
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SRPK1 and CK2. By contrast, SRPIN340 did not inhibit CK2
(Fig. 4B), suggesting that CK2 is also involved in the effective
inhibition of VEGF production.
To verify inhibition of CK2 by SRPIN803, we performed

an in silico docking simulation using the crystal structure
of CK2a (PDB ID 1M2Q). The simulation revealed that
SRPIN803 fits into the ATP-binding pocket of CK2a (Fig. 4C),
whereas SRPIN340 does not fit (Supplemental Fig. 5),
supporting the idea that SRPIN803 is the dual inhibitor of
SRPK1 and CK2a.

CK2 Plays a Role in VEGF Production. CK2 is
a ubiquitous serine/threonine kinase that phosphorylates
and/or interacts with more than 300 substrates (Meggio and
Pinna, 2003) and is involved inmany central biologic processes
(Litchfield, 2003; Olsten and Litchfield, 2004; Unger et al.,
2004), including VEGF production (Noy et al., 2012a,b). Three
inhibitors of CK2, 5,6-dichloro-1-b-D-ribofuranosylbenzimidazole,
4,5,6,7-tetrabromobenzotriazole, and apigenin, as well as
overexpression of a dominant-negative mutant of CK2a,
inhibit hypoxia-inducible factor-1 activity and consequently

Fig. 3. SRPIN803 suppresses VEGF production.
(A and B) Treatment with SRPIN803 decreases total
VEGF protein and VEGF mRNA relative to the
treatment with 0.1% DMSO. *P , 0.01. (A) Enzyme-
linked immunosorbent assay (ELISA) of total VEGF
protein in culture supernatants of ARPE-19 cells
treated with SRPIN803 (10 mM) (mean 6 S.E.M. of
four independent experiments). (B) Quantitative
PCR analysis of total VEGF mRNA of the ARPE-19
cells treated with SRPIN803 (10mM) (mean6 S.E.M.
of the results of four experiments performed in
triplicate). (C) Structural requirements for SRPK1
inhibition by SRPIN803. The chemical structures of
SRPIN803 and its derivatives are shown. IC50 values
of these derivatives were calculated by in vitro kinase
assay. The levels of secreted VEGF protein in culture
supernatants of ARPE-19 cells treated with the
derivatives (final concentration, 10 mM) were mea-
sured by ELISA.

Fig. 2. Identification of SRPIN803 as an
inhibitor of SRPK1. (A) Relative in vitro
activities of SRPK1 in the presence of
small molecules (10 mM). A total of 9511
compounds were screened. The top three
compounds that inhibited SRPK1 activity
to below 10% of the DMSO control are
shown in the scatter plot. (B) Chemical
structure referred to as SRPIN803. (C)
SRPIN803 inhibits the kinase activity of
SRPK1 with an IC50 value of 2.4 mM but
does not inhibit SRPK2. (D) A docking
model for SRPIN803 to SRPK1 (right,
Supplemental PDB File 1), compared with
the same view of the crystal structure of
the SRPK1/SRPIN340 complex (left, PDB
ID 4WUA). The arrowhead indicates the
trifluoromethyl group.
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prevent induction of VEGF expression by hypoxia (Mottet
et al., 2005).
To investigate whether CK2 inhibition contributes to

reduction of VEGF production, we performed siRNA-mediated
knockdown of CK2A1 and CK2A2 in ARPE-19 cells (Fig. 4D).
Treatment with siRNA against either CK2A1 or CK2A2 signifi-
cantly suppressed the expression of VEGF mRNA (Fig. 4E)
and decreased the level of secreted VEGF protein (Fig. 4F)
relative to the control. Furthermore, knockdown of bothCK2A1
and CK2A2 increased the suppression of VEGF expression and
secretion (Fig. 4, E and F). Thus, CK2 is also involved in VEGF
production. Furthermore, the level of secreted VEGF protein
was not significantly reduced by SRPIN803 in the codepleted
cells of SRPK and CK2, relative to the control (Supplemental Fig.
6). Taken together, these findings indicate that the antiangio-
genic effect of SPRIN803 is mediated by the dual inhibition of
SRPK1 and CK2.
Intravitreous Injection of SRPIN803. As a result of the

potent anti-VEGF activity of SRPIN803, we investigated
whether SRPIN803 is an effective antiangiogenic drug in
a mousemodel. We performed laser photocoagulation to cause
pathologic choroidal neovascularization beneath the retina,
thereby generating a mouse model that recapitulates the
pathogenesis of AMD (Aguilar et al., 2008). Just after the
laser photocoagulation, we injected SRPIN803 once intra-
vitreously. Seven days later, fluorescein isothiocyanate–dextran
was injected into the left ventricle, and the eyeswere enucleated,
opened by incision, and laid flat. The flat-mounts of the eyes
were visualized by fluorescence microscopy, and the areas of

neovascularizationwere quantitated. The injection of SRPIN803
significantly decreased the neovascularization area, relative to
DMSO injection (P, 0.01), in a dose-dependent manner (Fig. 5,
A and B). SRPIN340 also decreased the area of neovasculari-
zation, but its activity was weaker than that of SRPIN803
(Supplemental Fig. 7).
To confirm reduction of inflammation-associated molecules

following treatment with SRPIN803, as previously reported
for SRPIN340 (Aguilar et al., 2008; Dong et al., 2013), we
measured the levels of monocyte chemoattractant protein-1
(MCP1) and intercellular adhesion molecule-1 (ICAM1) in
retinal pigment epithelium and choroid 3 days after laser
photocoagulation and intravitreous injection of SRPIN803.
Expression levels of both MCP1 and ICAM1 were reduced by
treatment with SRPIN803 (20 pmol/eye), relative to treat-
ment with 0.1% DMSO (Fig. 5, C and D; P , 0.05). Thus,
SRPIN803 suppressed both expression of inflammation-
associated molecules and laser-induced neovascularization.
Treatment with Eye Ointment Containing SRPIN803.

Intravitreous injection increases the risk of multiple complica-
tions. Therefore, we developed an eye ointment containing
SRPIN803 at a final concentration of 10%. SRPIN803 was
stable in the ointment for 4 weeks under various conditions
(Supplemental Table 4). To determine whether topical admin-
istration of the ointment could suppress neovascularization, we
administered it to model mice 3 times a day for 7 days after
laser photocoagulation. Treatment with SRPIN803 ointment
significantly decreased the neovascularization area, relative to
treatment with substrate alone (Fig. 6, A and B; P , 0.01).

Fig. 4. SRPIN803 is a dual inhibitor of SRPK1 and
CK2. (A) Scatter plots of the 306-kinase panel of
SRPIN803 (2.5 mM). Black dots indicate greater than
50% inhibition. (B) SRPIN803 inhibited CK2 activity
with an IC50 value of 203 nM, whereas SRPIN340 did
not inhibit the enzyme. (C) A docking model of
SRPIN803 bound to the ATP-binding pocket of CK2a
(Supplemental PDB file 2). (D) Semiquantitative
PCR analysis to determine expression of CK2A1 and
CK2A2 in the ARPE-19 cells. siRNAs against CK2A1
and CK2A2 reduced the corresponding mRNA levels,
relative to treatment with control siRNA against
luciferase. GAPDH was used as an internal control.
(E and F) Treatment with siRNA against either
CK2A1 or CK2A2 significantly suppressed expres-
sion of VEGF mRNA and decreased the level of
secreted VEGF protein, relative to the treatment
with the control. *P , 0.01. (E) Quantitative PCR
analysis of total VEGF mRNA of the ARPE-19 cells
transfected with siRNAs (means 6 S.E.M. of the
results from four experiments performed in dupli-
cate). (F) Enzyme-linked immunosorbent assay of
secreted VEGF protein in the culture supernatants of
the ARPE-19 cells transfected with siRNAs (means6
S.E.M. of three independent experiments).
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These data demonstrate that SRPIN803 has therapeutic activity,
even in a topical ointment.

Discussion
In this study, we solved the crystal structure of the SRPK1/

SRPIN340 complex. The structure revealed that SRPIN340
binds to the ATP-binding pocket and induces peptide flipping.
On the basis of structural information, we screened a large-
scale chemical library using an in silico virtual method followed
by in vitro kinase assays. This screen identified SRPIN803,

which was revealed to be a dual inhibitor of SRPK1 and CK2.
The dual action of this drug efficiently suppressed VEGF
production in the ARPE-19 cells. Furthermore, SRPIN803
suppressed choroidal neovascularization in model mice. Thus,
SRPIN803 represents a promising candidate drug for treat-
ment of neovascular diseases.
Peptide flipping induced by inhibitor binding to the pocket,

which rearranges the hydrogen-bond network, has been dem-
onstrated to enhance the inhibitor selectivity in mitogen-
activated phosphatase and t-tubulin kinase 1 (Fitzgerald
et al., 2003; Nolen et al., 2003; Xue et al., 2013). SRPIN340

Fig. 5. SRPIN803 suppresses choroidal neovascularization in laser-induced model mice. (A and B) Intravitreous injection of SRPIN803 suppressed
choroidal neovascularization. (A) Choroidal flat mounts were prepared frommodel mice 7 days after laser photocoagulation combined with intravitreous
injection of 0.1% DMSO or SRPIN803 (0.20, 2.0, 20 pmol). The areas of choroidal neovascularization lesions in the flat mounts were quantitated [means
6 S.E.M., n (number of neovascular lesions) = 17–26; *P, 0.01; **P, 0.05; †P = 0.43]. (B) Representative micrographs of neovascular lesions prepared
in (A). Scale bar, 100 mm. (C and D) Reduction of inflammatory molecules by injection of SRPIN803. Bars indicate average protein levels of MCP1 (C) and
ICAM1 (D) in retinal pigment epithelium and choroid obtained from model mice 3 days after laser photocoagulation combined with intravitreous
injection of 0.1%DMSO or SRPIN803 (20 pmol). Protein levels weremeasured with enzyme-linked immunosorbent assay and normalized to total protein
levels [means 6 S.E.M., n (number of eyes) = 6; **P , 0.05].
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also induced peptide flipping in the pocket, a process in
which the trifluoromethyl group of SRPIN340 may be in-
volved. SRPIN803 also contains a trifluoromethyl group,
positioned in the same way as that in the SRPK1/SRPIN340
complex, indicating that the trifluoromethyl group plays
a critical role in selective inhibition of SRPK1. Data obtained
using structural derivatives of SRPIN803 in which the
trifluoromethyl group was replaced support the significance
of this moiety to the drug’s inhibitory activity.
Our group and others previously reported that SRPIN340

suppresses retinal neovascularization (Nowak et al., 2010;
Gammons et al., 2013) and choroidal neovascularization (Dong
et al., 2013) in model mice and rats. Furthermore, SRPIN340
and siRNA-mediated knockdown of SRPK1 reduced VEGF-
mediated tumor angiogenesis inmetastaticmelanoma (Gammons
et al., 2014). In this study, we showed that the siRNA-mediated
knockdown of SRPK1 inhibited VEGF production, and that
SRPIN803 suppressed choroidal neovascularization in model
mice. Taken together, these data strongly support the idea
that SRPK1 is a potential target for treatment of pathologic
angiogenesis.
We showed previously that SRPIN340 suppressed VEGF

mRNA expression in model mice (Dong et al., 2013). Here, we
showed that VEGF mRNA expression was decreased in the
ARPE-19 cells by either knockdown (siSRPK1) or treatment
with SRPIN803. SRPIN803 inhibited not only SRPK1 but
also CK2, an important regulator of hypoxia-inducible factor-
1 activity that activates transcription of VEGF gene (Mottet
et al., 2005). Inhibitors of CK2 decrease VEGF production in
retinal pigmental epithelial cells (Mottet et al., 2005; Pollreisz
et al., 2013), suppress proliferation and migration of retinal
endothelial cells (Ljubimov et al., 2004), and decrease retinal
neovascularization in mouse models of oxygen-induced reti-
nopathy (Kramerov et al., 2008) and endometriotic lesions
(Feng et al., 2012). Furthermore, siRNA-mediated knockdown
of CK2 decreased VEGFmRNA expression and VEGF protein
level. Intravitreous injection of SRPIN803 suppressed choroi-
dal neovascularization in model mice more effectively than
SRPIN340, whereas the inhibitory activity of SRPIN803
against SRPK1 was weaker than that of SRPIN340. Because
SRPIN340 did not inhibit CK2, this observation can be at-
tributed to the dual inhibitory activity of SRPIN803.
This study indicated that VEGF production was decreased

in ARPE-19 cells transfected with siRNAs of either SRPK1 or
CK2, and SRPIN803 decreased VEGF production through the
inhibition of SRPK1 and/or CK2. Mylonis and Giannakouros,
2003 reported that CK2 phosphorylated and activated
SRPK1. Whether these two kinases are involved in the

regulation of VEGF production independently or not was
previously unknown. Thus, further studies are required to
understand how CK2 and SRPK1 regulate VEGF production.
Previous studies reported that repeated intravitreous

injection of anti-VEGF drugs is associated with reduced bio-
efficacy (Schaal et al., 2008), and visual acuity has decreased
in several percent of patients treated with existing anti-VEGF
therapies (Martin et al., 2012). One potential explanation for
this is that following treatment with anti-VEGF antibody the
density of macrophages was higher in regions of choroidal
neovascularization than in the absence of treatment (Tatar
et al., 2008). Macrophages express VEGF within choroidal
neovascularization (Grossniklaus et al., 2002), and this ex-
pression is related to the severity of choroidal neovasculari-
zation (Espinosa-Heidmann et al., 2003; Sakurai et al., 2003).
In this study, SRPIN803 reduced the protein level of MCP1,
which plays a role in macrophage recruitment (Salcedo et al.,
2000). Thus, MCP1 suppression by SRPIN803 may contribute
to the drug’s potent in vivo effect.
This study identified a dual inhibitor of SRPK1 and CK2,

SRPIN803, as a potential drug candidate for therapies
against neovascular diseases. Treatment with SRPIN803 did
not cause cytotoxicity in ARPE-19 cells. Furthermore, ad-
ministration of the drug either by intravitreous injection or as
a topical ointment suppressed choroidal neovascularization in
the model mice. In AMD patients, the route of administration
for anti-VEGF antibodies is limited to intravitreous injection,
which imposes a burden on both patients and doctors because
of the elevated risk of several complications. Our findings
suggest that SRPIN803 could contribute to avoidance of this
risk.
Anti-VEGF antibodies have also been approved not only for

other intraocular neovascular diseases, such as retinal vein
occlusion and diabetic retinopathy, but also for various
cancers, including colorectal cancer, lung cancer, and glio-
blastoma. It is possible that SRPIN803 could have an effect on
these neovascular diseases. Overall, the findings reported
here indicate that SRPIN803 represents a novel anti-VEGF
agent for use in clinical therapeutics.
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