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Protein-Protein Interaction Inhibitor of SRPKs Alters the
Splicing Isoforms of VEGF and Inhibits Angiogenesis
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Stephanie Winn Chee Wan," Bertha Sze Wing Mak," Jiang Xia,®> Sheng Xiong,”* and Jacky Chi Ki Ngo'#>8*

SUMMARY

Serine-arginine (SR) protein kinases (SRPKs) regulate the functions of the SR-rich
splicing factors by phosphorylating multiple serines within their C-terminal argi-
nine-serine-rich domains. Dysregulation of these phosphorylation events has
been implicated in many diseases, suggesting SRPKs are potential therapeutic
targets. In particular, aberrant SRPK1 expression alters the balances of proangio-
genic (VEGF45) and antiangiogenic (VEGF,45b) splicing isoforms of the key
angiogenesis factor, vascular endothelial growth factor (VEGF), through the
phosphorylation of prototypic SR protein SRSF1. Here, we report a protein-pro-
tein interaction (PPI) inhibitor of SRPKs, docking blocker of SRPK1 (DBS1), that
specifically blocks a conserved substrate docking groove unique to SRPKs.
DBS1 is a cell-permeable inhibitor that effectively inhibits the binding and phos-
phorylation of SRSF1 and subsequently switches VEGF splicing from the proan-
giogenic to the antiangiogenic isoform. Our findings thus provide a new direction
for the development of SRPK inhibitors through targeting a unique PPI site to
combat angiogenic diseases.

INTRODUCTION

Pre-mRNA splicing in higher eukaryotic cells requires many auxiliary factors and involves a complex series
of protein-protein, protein-RNA, and RNA-RNA interactions (Black, 2003). One essential family of splicing
factors is serine-arginine (SR) proteins. SR proteins are characterized by the presence of multiple contig-
uous stretches of arginine-serine (RS) dipeptides, termed as RS domains, at their C-termini. The RS domains
undergo reversible phosphorylation, and their states affect multiple facets of SR protein activity, including
spliceosome assembly, splice site selection, mRNA export, and translation (reviewed in (Graveley, 2000;
Shepard and Hertel, 2009). The prototypic SR protein, SRSF1, is a proto-oncogene that is upregulated in
many forms of cancer (Das et al., 2012; Das and Krainer, 2014; Karni et al., 2007). Studies have shown
that SRSF1 plays a critical role in regulating the splicing of the vascular endothelial growth factor A
(VEGF-A, hereafter referred to as VEGF) and subsequently angiogenesis, a cancer hallmark essential for
tumors to grow beyond a critical size or metastasize to another organ (Gammons et al., 2014; Mavrou
and Oltean, 2016; Oltean et al., 2012).

VEGF is a multifunctional cytokine that plays critical regulatory roles in both pathological and physiological
angiogenesis by binding and activating two receptors VEGFR-1 and VEGFR-2 on endothelial cells and acti-
vating their downstream signal transduction pathways (Dvorak, 2002; Robinson and Stringer, 2001). VEGF is
implicated in a vast majority of solid human cancers, neovascular eye diseases, atherosclerosis, and
arthritis, making it a desired therapeutic target. VEGF can be alternatively spliced to form multiple isoforms
(Perrot-Applanat, 2012). Two major families of VEGF isoforms, the proangiogenic VEGF,,, and antiangio-
genic VEGF,b isoforms, are generated differentially through the selection of the proximal splice site (PSS)
or the distal splice site in the terminal exon 8 (Bates et al., 2013). Among the isoforms, VEGF¢s is the pre-
dominant regulator of both physiological and pathological angiogenesis in humans. VEGF;45 and its
antagonist, VEGF4sb, differ in the six C-terminal amino acid sequences (Pritchard-Jones et al., 2007; Varey
etal., 2008). VEGF4sb exhibits antiangiogenic potency and blocks angiogenesis in vivo (Cebe Suarez et al.,
2006). A splicing switch from VEGF4sp to the proangiogenic VEGF; 45 isoform promotes cell growth and
migration. Mechanistically, SRSF1 phosphorylation by SR protein kinase (SRPK) 1, the most well-studied
member of the SRPK family, promotes PSS usage and contributes to the augmented expression of
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VEGF;4s5 in several forms of cancer (Merdzhanova et al., 2010; Nowak et al., 2008). Knockdown of SRPK1 or
inhibition of SRPK1-mediated SRSF1 phosphorylation switches the balance to increase the levels of
VEGF¢sb and subsequently inhibits angiogenesis and tumor growth in vivo (Gammons et al., 2013b;
Nowak et al., 2010).

SRPKs and CDC2-like kinases (CLKs) are two major kinase families that phosphorylate SR proteins and play
pivotal roles in the regulation of their trafficking and function during splicing (Giannakouros et al., 2011).
While SRPKs selectively phosphorylate only RS dipeptides, CLKs are capable of phosphorylating both
RS and proline-serine dipeptides. This difference in substrate specificities allows the two kinase families
to fine-tune the extent of phosphorylation of SR proteins and regulate their functions in a coordinated
manner. For instance, SRPK1 has been shown to initiate the phosphorylation of SR proteins in the cyto-
plasm to promote their nuclear import, whereas nuclear CLK1 further phosphorylates the SR proteins to
relocate them from the nuclear speckles to the splicing sites (Colwill et al., 1996; Ngo et al., 2005). Because
the two kinase families play critical roles at different regulatory points of pre-mRNA splicing, their normal
expression and functions are critical for the well-being of cells (Dominguez et al., 2016; Nikas et al., 2020).

In particular, SRPK1 transduces EGF signaling through an Akt-SRPK-SR protein axis to regulate alternative
splicing (Zhou et al., 2012). Abnormal expression of SRPK1 has been implicated in multiple types of solid
tumors, including breast, pancreatic, colon, ovarian, and hepatocellular carcinomas (Bullock and Oltean,
2017; Gong et al., 2016; Hayes et al.,, 2007). In addition, SRPK1 is overexpressed in cancer cell samples
of adult T cell leukemia and chronic myelogenous leukemia (Hishizawa et al., 2005). In line with these
findings, Wang et al. reported that both overexpression and suppression of SRPK1 lead to constitutive
activation of the AKT pathway through the disruption of pleckstrin-homology-domain-leucine-rich-
repeat-protein-phosphatase-mediated dephosphorylation (Wang et al., 2014). This indicates that SRPK1
has the potential to function as either an oncogene or tumor-suppressor gene (Nikas et al., 2020). These
findings together make SRPK1 an attractive alternative therapeutic target for treating angiogenic pathol-
ogies and cancers (Patel et al., 2019).

Several small-molecular inhibitors that target the ATP-binding clefts of SRPKs, including the isonicotina-
mide compound SRPIN340 and its derivatives, have been reported to date (Batson et al., 2017; Fukuhara
etal., 2006; Gammons et al., 2013b). Among these inhibitors, SPHINX31 is the most potent one and inhibits
SRPK1 at a nanomolar range (Batson et al., 2017). However, despite it binding to SRPK2 and CLK1 with af-
finities 50-fold lower than that of SRPK1, it is expected to exhibit some off-target activity against the two
kinases. Given the unique regulatory roles of SRPKs and CLKs in splicing, it is important to identify specific
inhibitors that could distinguish the two families of kinase to precisely inhibit abnormal splicing events to
combat diseases. In addition, specific targeting of SRPKs might have therapeutic usage against infectious
diseases such as hepatitis B virus and hepatitis C virus infections (Daub et al., 2002; Karakama et al., 2010).
We and collaborators recently reported a highly potent irreversible SRPK inhibitor that covalently conju-
gates with Tyr227 of the spacer helix aS1 that is located immediately next to the ATP-binding cleft of
SRPK1 (Hatcher et al., 2018). The exploitation of the unique SRPK spacer in inhibitor development improves
both potency and selectivity. Yet, similar to all current SRPK-specific inhibitors, potential drawbacks still
exist. First, these inhibitors must compete with intracellular ATP level that is in the millimolar range, which
usually lowers the cellular potency of ATP-competitive kinase inhibitors. More importantly, a high possibil-
ity exists that drug-resistance-conferring mutation(s) develops at the ATP-binding clefts of SRPKs, such as
the mutations of the “gatekeeper” residues that have been observed in many clinically approved ATP-
competitive inhibitors (Ricci et al., 2002; Whittaker et al., 2010). Therefore, an alternative approach is
preferred to target SRPKs.

Our previous works have shown that SRPK1 binds to SRSF1 with high affinity (Ky ~ 50 nM) and phosphorylates its
C-terminal RS domain at approximately 12-14 sites, where the first eight serines are phosphorylated in a proc-
essive manner (Aubol et al., 2003; Velazquez-Dones et al., 2005). Crystal structures of SRPK1 in a complex with
SRSF1 and a substrate peptide derived from the yeast SR-like protein Npl3p reveal that a docking groove thatis
distal to its active site confers to the high-affinity substrate binding and regulates the phosphorylation mode by
interacting favorably with the arginines in alternating positions of the substrate peptides (Ngo et al., 2005,
2008). Alanine substitutions of four critical residues within the docking groove of SRPK1 significantly reduce
SRSF1 binding and adversely affect phosphorylation and subcellular localization of the SR protein. In addition,
we revealed that these critical docking groove residues are conserved among SRPKs and are responsible for the
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interaction and regulation of phosphorylation of other SR and SR-like substrates, including SRSF3 and AcinusS
(Liangetal., 2014, Long et al., 2019). Therefore, we hypothesize that inhibitors blocking the docking groove can
serve as specific therapeutic agents against SRPK functions.

In this study, by using a structure-based approach, we developed an SRPK-specific peptide inhibitor that
targets the unique SRPK docking groove directly. This inhibitor blocked PPl between SRPK1 and SRSF1 and
is cell permeable. It could switch the splicing of VEGF from the proangiogenic isoform to the antiangio-
genic isoform and block angiogenesis both in vitro and in vivo. More importantly, we evidenced that our
inhibitor could be used together with the ATP-competitive SRPK inhibitor to inhibit angiogenesis with
greater effectiveness. Our findings provide a new opportunity for cotargeting the ATP- and substrate-bind-
ing sites of SRPKs to combat angiogenic pathologies.

RESULT
Design of a non-ATP-competitive peptide inhibitor targeting the docking groove of SRPK1

Our previous works have identified an acidic SRPK-specific substrate docking groove in SRPK1 thatis formed
with the MAPK insert and a loop connecting helices aF and aG. We elucidated that this docking groove is
critical for binding basic residue-rich substrates and regulates the mechanism of processive phosphoryla-
tion of SR proteins (Ngo et al., 2005, 2008). Mutations of four docking groove residues that are critical for
substrate binding result in aberrant phosphorylation and subcellular localization of SRSF1. As this docking
groove is conserved in SRPKs but absent in all other kinases, we hypothesized that inhibitor targeting this
docking groove could block the binding and phosphorylation SRSF1 by SRPK1. Generally, the typical lack
of natural ligands for PPls as the starting template for inhibitor development and the relatively large surface
area of PPlinterface usually make it challenging to screen for drug-like small-molecule compounds that bind
effectively enough to block the PPI (Buchwald, 2010; Sperandio et al., 2010). Therefore, we developed pep-
tide inhibitors of SRPK1 based on the structural information of the kinase docking groove and the primary
structures of substrates that bind to it. Basic residue-rich peptides based on the structures of SRSF1 and Aci-
nusS were generated, and theirinhibitory activities were tested. However, these peptides showed no or little
inhibitory effects on the interaction of SRPK1 and SRSF1 at the tested concentrations (data not shown).

We have previously solved the crystal structure of SRPK1 bound to a 9-mer peptide (R-R-R-E-R-S-P-T-R)
derived from the substrate Npl3p of the yeast ortholog Sky1p (PDB ID: TWBP) (Ngo et al., 2005). This pep-
tide, like the RS domain of SRSF1, binds to the docking groove with a high degree of charge and confor-
mation complementarity. Therefore, we explored whether this Npl3p peptide serves as a better inhibitor of
SRPK1 by synthesizing a 7-mer mimic R-E-R-A-R-T-R. The two N-terminal arginines were truncated owing to
the lack of electron density in the complex structure, and the serine residue was mutated to alanine to pre-
vent phosphorylation. The proline residue, which makes no contact with SRPK1 and orients toward the sol-
vent, was mutated to arginine for enhancing the electrostatic interaction between the peptide and the
acidic docking groove.

Isothermal titration calorimetry (ITC) experiments determined that the 7-mer peptide binds SRPK1 with a
dissociation constant (Ky) of 112 £ 9.9 uM (Figure 1A). Next, we performed GST pull-down and kinase as-
says to evaluate whether the 7-mer could inhibit the interaction between SRPK1 and SRSF1. Our results re-
vealed that although the 7-mer directly bound to SRPK1, it inhibited the binding and phosphorylation of
SRSF1 by SRPK1 only at the highest concentrations tested (Figures 1D and 1G).

To further guide our peptide inhibitor design, we solved a high-resolution crystal structure of an active fragment
of SRPK1 (SRPK1ANS3) in complex with the 7-mer by soaking the peptide in apo-SRPK1 crystals. The overlay of
our new structure with that of SRPK1 in complex with the Npl3p peptide reveals that SRPK1 adopts the same
conformation in both models, and the 7-mer peptide also docks at the docking groove of SRPK1 (Figure 2A).
However, we only observed the electron density of five amino acids (R3-R7), suggesting that the two N-terminal
residues remain flexible. In addition, the peptide adopts a different conformation and shifts toward the right side
of the docking groove compared with the Npl3p peptide in TWBP and the N-terminal RS domain in the crystal
structure of SRPK1 in complex with SRSF1 (PDB ID:3BEG) (Figure 2B).

Owing to the shift, the side chain of H554, compared with the apo structure of SRPK1, adopts a different
rotamer to accommodate the peptide. The remaining peptides interact with the docking groove favorably
through charge complementarity as observed in TWBP and 3BEG. The carboxylates of residues D564 and
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Figure 1. 20-mer peptide inhibitor (DBS1) binds SRPK1 directly and inhibits its phosphorylation of SRSF1

(A-C) Isothermal titration calorimetry studies of the binding of SRPK1 to peptides of different lengths. The raw thermograms (top panels) and the binding
isotherms fitted to a single-site model (bottom panel) of (A) 7-mer, (B) 14-mer, and (C) 20-mer binding to SRPK1. (A) 7-mer binds to SRPK1 with a Ky value of
112 £+ 9.5 uM. (B) 14-mer binds to SRPK1 with a Kyvalue of 7.85 + 1.22 uM. (C) 20-mer binds to SRPK1 with a Ky value of 5.55 + 1.12 uM. The reported errors
correspond to the standard deviation (S.D.) of the fit. Each experiment was repeated at least three times with consistent results obtained, and only
representative graphs are shown.

(D=F) In vitro GST pull-down assays of GST-tagged SRSF1 with SRPK1ANS3 in the presence of different peptide inhibitors. Samples were separated by SDS-
PAGE and stained by Coomassie Blue. The top panels show the pull-down results and the bottom panels show the input. (C) The binding of GST-SRSF1 and
SRPK ANS3 was blocked by the 7-mer at concentration of 400 uM or higher. (D) 14-mer and (E) 20-mer inhibited the binding of GST-SRSF1 and SRPK1ANS3in
dose-dependent manner.

(G-1) GST-SRSF1 was phosphorylated by SRPK1 in the presence of different concentrations of peptide inhibitors using 50 uM [*2P] ATP. Radiolabeled protein
bands corresponding to the phosphorylated GST-SRSF1 were quantified by using a phosphor imager and the Image Quant software. (G) 7-mer did not
significantly inhibit the phosphorylation of SRSF1. (H) Top panel: 14-mer inhibited SRPK1-medated SRSF1 phosphorylation in a dose-dependent manner.
Bottom panel: The band intensity of phosphorylated SRSF1 was plotted as a function of inhibitor concentration. The ICsq value represents the concentration
of peptide inhibitor that reduced the phosphorylation of SRSF1 by 50% when compared with the no-peptide treatment control group. 14-mer inhibited
SRPK1-mediated SRSF1 phosphorylation at an ICsq value of 91.18 uM. (1) 20-mer inhibited SRPK1-mediated SRSF1 phosphorylation at an ICsq value 10.77 uM.
Data are expressed as mean + S.D. for at least three independent experiments.

See also Figure S1.

E571 from helix «G of SRPK1 interact with R3 through electrostatic interactions. In addition, the guanidi-
nium group of the arginine R7 forms hydrogen bonds with the backbone carbonyl of L550 and the phenolic
hydroxyl group of Y616. The insertion of the R7 sidechain displaces the sidechain of W606 and pushes it
away from the groove compared with the apo kinase (Figure 2C). The same change in the rotamer of
W606 is observed in the models of TWBP and 3BEG, suggesting that W606 might function as a gate of
the substrate docking groove and must be flipped out for substrate binding.

Given the alternate binding position of the 7-mer peptide, we speculated that the low inhibitory activity
observed is due to the bound peptide “sliding out” of the docking groove during the assay, as “sliding”
of the bound peptide/motif of the substrate along the docking groove is an intrinsic property that makes
processive phosphorylation possible.
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Figure 2. Complex crystal structure of SRPK1:7-mer peptide

(A) Overall structure of 7-mer in complex with SRPK1. 7-mer is colored in yellow and docks at the docking groove of SRPK1. Inset: Four SRPK1 residues that
are previously identified to play critical roles in substrate binding and phosphorylation are shown in dark blue.

(B) Overlaid of the SRPK1: 7-mer and the structure of SRPK1 in complex with a 9-mer Npl3p peptide (PDB ID: TWBP). The two structures were superimposed
using the a carbons of the kinases. The 7-mer and 9-mer peptides are colored in yellow and light magenta, respectively. Comparison of the positions of
peptides reveals that 7-mer shifts to the right side of the docking groove.

(C) Overlaid of the SRPK1:7-mer and the apo-SRPK1 (PDB ID: TWAK) structures. The two structures were superimposed using the o carbons of the kinases.
SRPK1:7-mer complex and apo-SRPK1 are colored light blue and wheat respectively. Upon binding of the 7-mer, the sidechains of H554 and W606 of SRPK1
flip outward. R3 of 7-mer interacts with the sidechains of D564 and E571 of SRPK1 through electrostatic interactions (magenta). R7 of 7-mer hydrogen bonds
with the backbone carbonyl of L550 and the hydroxyl of Y616 of SRPK1 (gray).

See also Table S1.

We therefore attempted to improve its inhibitory activity with proximity effect by generating 14-mer and
20-mer peptide ligands that resemble a dimer and trimer of the 7-mer peptide, respectively, to increase
its local concentration and minimize the loss of inhibitory activity owing to sliding. ITC studies showed
that both the 14-mer and the 20-mer peptides bound with significantly higher affinities to SRPK1T with Ky
values of 7.9 + 1.2and 5.6 + 1.1 uM (Figures 1B and 1C), respectively. We next tested the inhibitory effects
of the peptides by using GST pull-down and kinase reaction assays. Our results revealed that both the 14-
mer and the 20-mer effectively blocked the interaction between SRPK1 and SRSF1 in a dose-dependent
manner and inhibited SRPK1 activity with ICso values of 90 and 11 uM, respectively (Figures 1E, 1H, 1F,
and 11). Considering the improved binding affinity and inhibitory activity of the 20-mer peptide, we selected
it as our inhibitor candidate and hereinafter referred to it as Docking Blocker of SRPK1 (DBS1). To demon-
strate that DBS1 inhibits SRPK1 activity in a non-ATP-competitive manner, we tested the inhibitory activity
of DBS1 in the presence of increased ATP concentrations. The ATP-competitive SRPK inhibitor SRPIN340
was used as a control (Fukuhara et al., 2006). The results revealed that the inhibitory activity of SRPIN340,
but not DBS1, was reduced when excess ATP was present (Figure STA). We next assayed the SRPK1-medi-
ated SRSF1 phosphorylation at different SRSF1 or ATP concentrations in the presence of increasing amount
of DBS1. Lineweaver-Burk plots of these assays revealed that DBS1 inhibited the kinase activity of SRPK1 in
a competitive manner against the substrate SRSF1, but not ATP, with a K; value of 2.12 uM (Figure S1B).
Together, our results confirm that DBS1 is a new class of non-ATP-competitive SRPK inhibitor.

DBS1 inhibits SRPK docking groove selectively

To confirm whether DBS1 exerted its inhibitory effect through blocking of the docking groove, both ITC
and microscale thermophoresis (MST) experiments were performed to compare the binding of DBS1
with SRPK1ANS3 and a docking groove mutant (SRPKTANS3(DM)) in which four residues (D548, D564,
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Figure 3. DBS1 blocks the SRPK1 docking groove using its arginines

(A) Schematic diagram of the organization of SRPKTANS3 and its docking groove mutant protein. Four residues at the docking groove that are critical for
substrate interaction are mutated to alanine.

(B) In vitro GST pull-down assays of GST-tagged SRSF1 with SRPKTANS3 or SRPK1ANS3_DM. Samples were separated by SDS-PAGE and stained by
Coomassie Blue. Mutations at the docking groove abolish the interaction with SRSF1.

(C) ITC studies of the binding of DBS1 to SRPKTANS3_DM. No binding between SRPK1ANS3_DM and DBS1 was detected. Experiment was repeated at least
three times and only the representative data are shown.

(D) MicroScale Thermophoresis (MST) analysis to measure the binding affinity between SRPK1 and DBS1. A Ky of 3.15 + 1.5 uM was determined for the
interaction between DBS1 and SRPK1ANS3 using standard data analysis with MO. Affinity Analysis Software (5 s MST-on time for evaluation), while the
interaction between SRPK1_DM with DBS1 showed no binding. Values are means + S.D. for three independent experiments.

(E) The sequences of DBS1 and mutant peptides. Arginine at different locations of DBS1 (bolded) were substituted by alanine and the mutants are termed
M1, M2, M3, and M4, respectively.

(F) In vitro GST pull-down assays of GST-tagged SRSF1 with SRPK1ANS3 in the presence of different concentrations of DBS1 or DBS1 mutants. Samples were
separated by SDS-PAGE and stained by Coomassie Blue. Left panel: Input samples containing 500 nM GST-SRSF1 and SRPK1 in the presence of different
concentrations of DBS1 or DBS1 mutants were shown. Right panel: DBS1 effectively blocked the interaction between SRPK1 and SRSF1 in a dose-dependent
manner. M2 showed no inhibitory effect while the inhibitory activities of the other mutants were partially impaired.

(G) In vitro radioactive kinase assays in the presence of DBS1 or DBS1 mutants. GST-SRSF1 was phosphorylated by SRPK1 in the presence of different
concentrations of DBS1 or mutants using 50 pM [2P] ATP. Radiolabeled GST-SRSF1 protein bands were scanned using a phosphor imager. DBS1 inhibited
SRSF1 phosphorylation in a dose-dependent manner. In comparison, M2 mutant totally lost inhibitory effect and the other three mutants exhibited impaired
inhibitory effects. Each experiment was performed three times independently, only the representative results are shown.

See also Figure S2.

E571, and Ké615) critical for substrate binding are mutated to alanines (Figure 3A) (Ngo et al., 2005). Our
results revealed that the mutations abolished the binding of DBS1, confirming the inhibitor specificity
for the SRPK1 docking groove (Figures 3B and 3C). The Ky value of DBS1 obtained through MST measure-
ments is 3.2 + 1.5 uM, which is in line with the ITC result (Figure 3D).

Although the docking groove is unique to the SRPK family, the four critical residues are conserved among
all family members (Liang et al., 2014). We next tested whether DBS1 could inhibit the highly homologous
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SRPK2 as well as two other SRSF1 kinases CLK1 and Akt/PKB that do not contain the docking groove (Fig-
ure S2A) (Blaustein et al., 2005; Colwill et al., 1996). DBS1 inhibited both SRPKs but not CLK1 or Akt/PKB,
further confirming it specifically targets the SRPK docking groove. Interestingly, DBS1 appeared to be se-
lective against SRPK1 over SRPK2, suggesting that targeting the docking groove may provide a new route
to develop member-specific SRPK inhibitors, which will be discussed later.

The selectivity of DBS1 against SRPK was further evaluated by screening its inhibitory activity against 140
different kinases by using the kinase inhibitor profiling service provided by the International Center for Ki-
nase Profiling at the MRC Protein Phosphorylation Unit. DBS1 showed high selectivity and did not signifi-
cantly inhibit other protein kinases (Figure S2B). Interestingly, DBS1 did not inhibit SRPK1 in this screen,
likely because a free RS-rich peptide instead of SRSF1 was used as the substrate in the phosphorylation
assay. This observation matches our results that DBS1 targets the distal substrate docking groove instead
of the ATP-binding or substrate-binding sites near the active site.

Arginines in the central region of DBS1 are critical for inhibition

The docking groove of SRPK1 preferentially interacts with basic residues on its substrates. To examine
whether all arginines of DBS1 are necessary for its inhibitory activity and to identify the particular residues,
if any, that play more important roles, we generated arginine-to-alanine mutations at four different regions
of DBS1. These mutants are termed as DBS1 M1, M2, M3, and M4, and their inhibitory activities were tested
using GST pull-down and kinase assays. We observed that compared with DBS1, all four mutants exhibited
reduced inhibitory activities. In particular, DBS1 M2, which contains mutations in the midregion (i.e. R7, R8,
and R10), failed to inhibit the interaction and phosphorylation of SRSF1 through SRPK1 (Figures 3E-3G).
These results suggested that all arginines are required for the inhibitory activity of DBS1, and three argi-
nines in the midregion play the most critical roles.

DBS1 is cell-penetrating

DBS1 is rich in arginines that mimic cell-penetrating peptides (CPPs) (Schmidt et al., 2010). To test whether
DBS1 could enter cells without the aid of delivery reagents, we conjugated the peptide with fluorescein
5'-carboxylic acid (5-FAM) and transduced it into the metastatic melanoma cell line A375 and the cervical
cancer cell line HelLa. Confocal microscopy showed that DBS1 alone was able to penetrate into the cells.
However, the use of pyrenebutyrate, a delivery agent that enhances cellular uptake of basic peptides,
further enhanced the cellular uptake of DBS1 (Takeuchi et al., 2006). By contrast, a 5-FAM-conjugated
20-mer control peptide with irrelevant amino acid sequence (LNGHEDAQAFPTRIVYLSKM) could not enter
the cells without the aid of pyrenebutyrate (Figure 4). These findings indicate that the arginine-rich
sequence of DBST might have conferred its cell-penetrating property to overcome the cell membrane
permeability issue. Nevertheless, to ensure that the cellular delivery of DBS1 is efficient and consistent,
we used pyrenebutyrate in the following experiments.

Next, we tested the inhibitory effect of DBS1 on SR protein phosphorylation in cells. A375 or Hela cells
were treated with different concentrations of DBS1 with the aid of pyrenebutyrate. Western blot analysis
with anti-phospho-SR protein antibodies revealed that DBS1 inhibited SR protein phosphorylation in
treated cells (Figures 5A and 5B).

DBS1 alters VEGF splicing from proangiogenic to antiangiogenic isoform

VEGF splicing is tightly regulated with SRPK1-mediated SRSF1 phosphorylation. Knockdown or inhibition
of SRPK1 with different inhibitors switches VEGF splicing to produce the antiangiogenic VEGF4sb isoform
(Gammons et al., 2013a; Mavrou and Oltean, 2016). Because DBS1 inhibits SRSF1 phosphorylation through
SRPK1 in vitro and the phosphorylation of endogenous SR proteins in cells, we tested the effect of DBS1 on
VEGEF splicing.

A375 or Hela cells were treated with varying DBS1 dosages. We observed a clear dose-dependent shift in
splicing to the VEGF4sb isoform in both cell lines. Consistent with the shift in mRNA levels, treatment of
25 uM DBS1 in A375 cells also significantly suppressed and increased the protein expression of VEGF 45
and VEGF4sb, respectively (Figures 5C and 5D). Similar results were observed in Hela cells. The protein
expression level of VEGF;45 decreased on DBS1 treatment, whereas that of VEGF4sb increased signifi-
cantly at 25 uM or higher concentrations (Figures 5E and 5F).
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Figure 4. DBS1 is a cell-permeable inhibitor

Internalization of the FAM tagged DBS1 and control peptide into A375 (left two panels) and Hela cells (right two panels). The peptides were conjugated with
fluorescein 5'-carboxylic acid (5-FAM) at the N-termini and imaged using confocal laser scanning microscopy (CLSM). Top panels: Cells without
pyrenebutyrate treatment were incubated with 50 uM peptides overnight only. Bottom panels: Cells were first incubated with 50 uM peptides overnight,
followed by treatment with 50 uM pyrenebytyrate for 15 min on the second day. Cells were washed three times before images were taken. DBS1 alone
permeated into the cell. In contrast, the control peptide was hardly detected inside the cell. The efficiency of peptide internalization increased notably with
the aid of pyrenebutyrate. The scale bar represents 30 um.

DBS1 suppresses angiogenesis

The balance of the VEGF 45 and VEGF45b expressions dictate angiogenesis. On the basis of the observed ef-
fects of DBS1 on the switching of VEGF splicing, we examined whether DBS1 could attenuate angiogenesis
through an in vitro tube formation assay that models the reorganization stage of angiogenesis (DeCicco-Skinner
et al,, 2014). In brief, trypsinized human umbilical vein endothelial cells (HUVECs) were cultivated using condi-
tioned media (CM) collected from A375 or Hela cells treated with different concentrations of DBS1 or an irrel-
evant control peptide derived from the RRM2 of SRSF1 fused with a CPP (GRKKRRQRRRPQSWQDLKDH), a
sequence derived from the transactivator of transcription (TAT) protein of HIV-1. Pull-down and kinase activity
assays were performed to confirm that the control peptide did not inhibit the binding and phosphorylation of
SRSF1 through SRPK1 (Figure S3). HUVECs cultured in the endothelial cell growth medium with DBS1 served
as a negative control to discount any antiangiogenic effect of DBS1 on HUVECs directly. After the HUVECs
reached appropriate density, they were added on top of a growth-factor-reduced basement membrane matrix
(Matrigel). We first measured the cytotoxicity of both DBS1 and the control peptide by using MTT. Our results
illustrated that they have no significant cytotoxicity on both cell lines at the concentrations we tested (Figure S4A).

The antiangiogenic activity of DBS1 was determined by counting the branch points of the formed capillary-
like tubes. Our results demonstrated that when HUVEC cells were treated with CM collected from DBS1-
treated A375 or Hela cells, the formation of capillary-like structures and branch points reduced significantly
in a dose-dependent manner (Figure 6A). By contrast, HUVECs treated with either CM collected from the
control peptide treated cells or DBS1 directly showed no effect on tube formation (Figures 6A and S4B).
These results indicate that DBS1 is noncytotoxic to HUVECs and could potently inhibit angiogenesis.

We next used chick embryo chorioallantoic membrane (CAM) assay to validate the antiangiogenic effect of
DBS1 in vivo (Lokman et al., 2012; Ribatti, 2017). Different dosages of DBS1 or control peptide (130, 260, and
390 ug) were applied to the CAM of an 8-day-old chicken embryo, and vascularization in the area of application
was examined 6 days later. Our results revealed that DBS1, but not control peptide, significantly inhibited
vascularization (Figure 6B). Together, our results clearly demonstrated that DBS1 is an antiangiogenic inhibitor.

Cotreatment of DBS1 with ATP-competitive inhibitor of SRPK1 inhibits angiogenesis more
effectively

Our findings thus far indicate that the inhibition of the PPl of SRPK1 and its substrate lead to antiangiogenic
activity. Studies have demonstrated that ATP-competitive inhibitors of SRPK1 are also antiangiogenic
(Gammons et al., 2013b). Therefore, we tested whether combining DBS1 and SRPIN340 inhibits
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Figure 5. DBS1 switches the VEGF pre-mRNA splicing from VEGF 45 to VEGF 45, dose-dependently

(A and B) Effects of DBS1 treatment on the phosphorylation of SR proteins. Total cell lysates from A375 or Hela cells treated with the indicated
concentrations of DBS1 was subjected to western blotting probed with the anti-phospho-SR protein antibody mAb1H4. (A) Top panel: The phosphorylation
levels of multiple SR proteins were reduced upon DBS1 treatment in A375 cells. Bottom panel: The ratios of phospho-SR proteins versus tubulin were
analyzed. (B) The phosphorylation levels of phospho-SR proteins were downregulated upon DBS1 treatment in Hela cells.

(C and D) DBS1 switched the expression of VEGF isoforms in A375 cells in dose-dependent manner. Expression levels of VEGF 45 mRNA or protein in DBS1-
treated cells were analyzed by RT-PCR or western blotting. (C) Top panel: Expression levels of VEGF 45 decreased in A375 cells upon treatment with DBS1.
Bottom panel: The ratios of VEGF;,5 MRNA or protein versus GAPDH or tubulin, respectively, were quantified. (D) DBS1 increased VEGF4sb expression. Top
panel: Both mRNA and protein levels of VEGF4s increased upon DBS1 treatment in A375 cells. Bottom panel: The ratios of expression levels of VEGF;4sb
relative to the reference were analyzed.

(E and F) Treatment of Hela cells with DBS1 altered the expression of VEGF isoforms. (E) DBS1 decreased VEGF 45 expression in Hela cells. (F) The
expression of VEGF4sb significantly increased upon DBS1 treatment. Values are means + S.D. for three independent experiments. *, p < 0.05; **, p < 0.01;
x5 0 < 0,008,

angiogenesis more effectively (Fukuhara et al., 2006). The first-generation SRPK1 inhibitor SRPIN340 was
selected instead of other more potent inhibitors so that any significant improvement in inhibitory activity
could be easily observed. We first tested whether combining the two inhibitors induces cytotoxicity to
either A375 or Hela cells. MTT assays revealed that cotreatment with 10 pM SRPIN340 and 50 uM DBS1
did not affect the viability of either A375 or Hela cells (Figure S5A). In addition, HUVECs were directly
treated with the combination of SRPIN340 and DBS1 to examine the effect of inhibitors on tube formation.
We found no difference in tube formation when compared with the control (Figure S5B), indicating that co-
treatment exerted neither toxicity nor antiangiogenic effects on HUVECs directly. Moreover, we performed
an in vitro kinase assay by using SRPIN340 alone or in a mixture that contained a fixed amount of DBS1
(10 uM or 50 uM) and varying amounts of SRPIN340. We found that the cotreatment further suppressed
SRSF1 phosphorylation, suggesting that dual inhibition may inhibit SRPK1 more potently (Figure 7A).

Atube formation assay was then performed as described earlier in the presence of SRPKIN340 only or the com-
bination of SRPIN340 and DBS1. CM collected from either A375 or Hela culture cotreated with SRPIN340 and
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Figure 6. DBS1 inhibits angiogenesis

(A) DBS1 dose-dependently inhibited endothelial cell tube formation on Matrigel. Top panel: Human umbilical vein endothelial cells (HUVECs) were
detached and resuspended in Media 199. The cells (3 x 10* cells/well) together with 100pL of conditioned media (CM) collected from DBS1 or control
peptide treated A375 (Left panel) or Hela cells (Right panel) for 24 h were added to 96-well cell culture plates coated with growth factor reduced Matrigel.
After 6 hincubation at 37°C, the capillary-like tubes formed by HUVECs in each well were pictured using an inverted microscope with 10x magnification from
three different viewing fields. Representative images are shown. The scale bar represents 50 pm. Bottom panel: Relative tube formation ability was
calculated by comparing the tube knots formed in each sample with those of the no treatment control. DBS1 treatment suppressed angiogenesis in a dose-
dependent manner while the control peptide exhibited no effect on tube formation. Assays were performed in triplicate with consistent results. Values are
means * S.D. for independent experiments.

(B) DBS1 suppressed angiogenesis in chick embryo chorioallantoic membrane (CAM). Left panel: CAMs were photographed 6 days after the application of
either PBS or 100pL of 0, 0.5, 1, and 1.5 mM DBS1 (top panel) or control peptide (bottom panel). Right panel: Vessel number was quantified by ImageJ and
quantified. Values are means + S.D. for three independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.005.

See also Figures S3 and S4.

DBS1 exhibited significantly lower angiogenic activity than with SRPIN340 treatment alone. In particular, co-
treatment of A375 or Hela cells with 10 pM SRPIN340 and 50 pM DBS1 suppressed tube formation nearly by
85% and 65% (Figure 7B), respectively. These results indicated that cotreatment of cancer cell lines with
ATP-competitive inhibitor and PPl inhibitor of SRPK1 could inhibit angiogenesis more effectively.

DISCUSSION

Overthe past decade, accumulated evidence has indicated that SRPK1 plays important roles in multiple hallmarks
of cancer, including angiogenesis and metastasis (Amin et al., 2011; Chang et al.,, 2015; Lin et al., 2014; van
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Figure 7. Cotreatment of SRPIN340 and DBS1 suppresses angiogenesis more potently

(A) Left Panel: SRSF1 was phosphorylated by SRPK1 with 50 uM [*2P] ATP in the presence of various concentrations of SRPIN340 alone, or with the addition of
10 uM or 50 uM DBS1. Radiolabeled SRSF1 protein bands corresponding to the phosphorylated SRSF1 were scanned. Right panel: The band intensity of
phosphorylated SRSF1 was plotted as a function of SRPIN340 concentration. SRPIN340 inhibited SRPK1-mediated SRSF1 phosphorylation dose-
dependently (Fukuhara et al., 2006). Combination of SRPIN340 and 50 pM DBS1 inhibited SRSF1 phosphorylation more effectively. Error bars represent the
standard deviation for triplicate measurements.

(B) A375 or Hela cells were treated with different concentrations of SRPIN340 alone or with the addition of 50 uM DBS1 for 24 h. The corresponding CM were then
collected and subjected for tube formation assay. Top panel: The HUVECs (3 x 10* cells/well) together with 100 uL of CM collected from A375 (left panel) or Hel a cells
(right panel) were added to 96-well cell culture plates coated with growth factor reduced Matrigel. Capillary-like tubes formed by HUVECs in each well were pictured
using an inverted microscope with 10x magnification from three different viewing fields. Representative images are shown. The scale bar represents 50 um. Bottom
panel: Relative tube formation ability was quantified by comparing the number of tube knots of each sample with those of the no treatment control. Assays were
performed in triplicate. Values are means + S.D. for three independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.005.

See also Figure S5.

Roosmalen et al., 2015). SRPK1 is overexpressed in many forms of cancer and is correlated with advanced tumor
staging and poor prognosis (Nikas et al., 2020). Downregulation or inhibition of SRPK1 in preclinical models usu-
ally results in tumor growth reduction, implicating SRPK1 as a potential cancer drug target (Mavrou et al., 2015).
SRPK1 influences many oncogenic processes across diverse cancer forms. Among these processes, the role of
SRPK1 in angiogenic pathogenesis has been the most elaborated. In particular, SRPK1-mediated phosphoryla-
tion of SRSF1 serves as a key pathogenic mechanism through alteration of VEGF pre-mRNA splicing to produce
its proangiogenic isoform and to promote angiogenesis (Oltean et al., 2012). Although several ATP-competitive
inhibitors of SRPKs have been developed, concerns regarding their abilities to compete with a high concentration
of cellular ATP and the high potential of occurrence of drug resistance-conferring mutation(s) remain unsolved.
We therefore aimed to identify an inhibitor that targets the region outside the ATP-binding site of SRPK1.
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Currently, most non-ATP-competitive kinase inhibitors are often peptide inhibitors derived from their native sub-
strates, inhibitor proteins, or other binding partners. For example, a 20-mer peptide inhibitor derived from the
heat-stable inhibitor protein of PKA targeting a substrate-binding region near the active site serves as a potent
competitive inhibitor of PKA (Dalton and Dewey, 2006). A series of pseudosubstrate peptide inhibitors designed
on the basis of an optimal peptide substrate sequence of AKT 1 inhibits the kinase in a competitive manner with K;
aslowas0.1 uM (Luo et al., 2004). However, no inhibitor protein for SRPKs has been identified thus far, and owing
to a lack of structural information on how the substrate binds near the active site, developing inhibitors for SRPK1
by using similar strategies is difficult. Molecular dynamic simulations and structural studies have demonstrated
that the RS domain of SRSF1 is highly dynamic and gets phosphorylated in a processive manner, suggesting
that the RS region most likely binds near the active site in a transient manner.

To overcome these limitations, we targeted a unique SRPK-specific docking groove that is distal to the active site.
This docking groove is critical for the binding and phosphorylation of different substrates by SRPKs, so its blockage
would lead to PPl inhibition. PPl interfaces are promising drug-targeting sites. However, PPl interfaces are usually
large and lack deep pockets for inhibitors to specifically bind to. In addition, the presence of noncontiguous bind-
ing sites makes targeting PPls much challenging. However, for SRPK1, the docking groove is a deep concave
pocket that serves as an ideal inhibitor-targeting site. We first solved a new crystal structure of SRPK1 in complex
with a 7-mer peptide inhibitor at the docking groove. This peptide was designed based on previous structural in-
formation obtained from SRPK1, substrate complex structure, but it exhibits surprisingly low inhibitory activity
in vitro. The crystal structure revealed that the inhibitor shifts to an alternate binding position within the docking
groove compared with previous SRPK1 complex structures. This finding suggests that the interaction at the dock-
ing groove is likely dynamic and explains the low activity of the 7-mer inhibitor. Inspired by this observation, we
rationally designed DBS1, which serves as a PPl inhibitor for SRPK1. We demonstrated that DBS1 specifically binds
to the docking groove, interferes with the binding of SRSF1, and inhibits its phosphorylation. This altered the
expression of VEGF; 45 and VEGF¢sb, resulting in the inhibition of angiogenesis both in vitro and in vivo.

Given its specificity against the SRPK docking groove, DBS1 also inhibited the homologous SRPK2 which dock-
ing groove is conserved. Conversely, it did not inhibit other SRSF1 kinases such as CLK1, CLK2 (based on the
phosphorylation screen), and Akt/PKB. It also failed to inhibit the panel of kinases tested. Although some kinases
appear to be activated instead, this is likely owing to a charge or buffer effect caused by the high concentration
of DBS1 being used. Alternatively, the presence of a threonine in DBS1 might also lead to off-target phosphor-
ylation by the tested kinases. Nonetheless, these results revealed that DBS1 is an SRPK-specific inhibitor.

Because of the non-ATP-competitive nature of DBS1, it can be coadministered with other SRPK inhibitors that
target the ATP-binding clefts. The observation that cotreatment with DBS1 and SRPIN340 inhibited angiogen-
esis with improved effectiveness provides a new direction for developing antiangiogenic treatment. Such a strat-
egy will likely achieve better selectivity, lower the inhibitor dosage, and reduce cytotoxic and side effects.

SRPK inhibitors that have been reported thus far are specific to the family, but they failed to distinguish between
different family members, thatis, SRPK1, SRPK2, and so on. Here we showed that DBS1 is more selective toward
SRPK1 compared with SRPK2. Therefore, our strategy to target the docking groove of SRPK might provide a
new solution to overcoming this caveat. We recently demonstrated a residue that is located at the core of
the docking groove, L568 in SRPK1 and H601 in SRPK2, plays regulatory role in the processive phosphorylation
mechanism of SR proteins. SRPK1 processively phosphorylates SRSF1 at approximately eight sites, whereas
SRPK2 does so with a lower processivity of approximately five sites. When H601 of SRPK2 is converted to a
leucine residue as in SRPK1, the processivity increases to eight sites, underscoring the importance of this
coreresidue (Long et al., 2019). We hypothesize that such increase in processivity is likely because histidine res-
idue can adopt different protonation states. Therefore, although docking groove residues critical for substrate
binding are conserved among all SRPKs, differences in the amino acid identity within the core of the groove
could provide a new opportunity to develop member-specific inhibitors for the SRPK family.

We chose peptides instead of small molecules as the docking-groove blocker because small molecules
could not effectively block the large PPl interfaces. Furthermore, peptides consist of natural amino acids
or closely related analogs, are generally nontoxic, and rarely undergo drug-drug interactions. Although
peptide inhibitors generally could not permeate the cellular membrane, the identification and application
of CPPs, such as the TAT tag in our control peptide, has mostly solved the problem (Futaki et al., 2001).
Many CPPs are basic, and it is believed that their electrostatic interactions with the negatively charged
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phospholipids and proteoglycans on the cellular membrane initiate the cellular entry. Further investiga-
tions revealed that the guanidinium group of arginine makes it a more effective residue than lysine in facil-
itating the uptake (Bechara and Sagan, 2013). Therefore, the arginine-rich design of DBS1 not only makes it
effective to compete with the RS domain of SRSF1 at the SRPK1 docking groove but also confers it self-cell-
permeability characteristic without further modifications.

Here, we demonstrated that a peptidyl inhibitor that targets the SRPK-specific docking groove could block
the interaction between SRPK1 and SRSF1 and subsequently inhibit angiogenesis, providing evidence that
the interference of the docking groove is a feasible and promising direction for designing highly specific
SRPK PPl inhibitors. Although effective delivery of peptide inhibitors orally remains challenging, advances
in nasal, pulmonary, and other noninvasive delivery approaches or the usage of nanocarriers could provide
solutions in future. Optimization of peptides is comparatively simpler and more diversified than using small
molecules. Further structural modifications of DBS1 such as D-amino acid or unnatural amino acid substi-
tutions, N-terminal acetylation and C-terminal amidation, PEGylation, and lipidation could help enhance
the stability and delivery of the inhibitor and develop it into a potent drug candidate.

Limitations of the study

Our study has identified a peptide inhibitor DBS1 that blocks the protein-protein interaction between
SRPK1 and SRSF1. While it specifically targets SRPKs and appears to be more selective against SRPK1
than SRPK2, further work is still required to optimize it into an SRPK-family-member-specific inhibitor. In
addition, DBS1 is still an early inhibitor whose inhibitory activity remains to be improved. Fortunately, given
its peptidyl nature, rational modifications to improve its activity and stability is highly feasible.

Despite SRPKs serving as promising antiangiogenic drug targets, several inhibitors have been developed,
but so far no comprehensive splicing analysis has been performed to investigate the effects of SRPK inhi-
bition at the transcriptome-wide scale. It would be of interest how inhibition of specific members of the
SRPK family affects splicing on a global level.
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Table S1. Crystallographic data and refinement

SRPK1: Tmer

Data collection
Space group
Resolution (A)

Cell dimensions
a, b, c(A)
a, B y(°)

Rmerge

I'lol/
Completeness (%)
Redundancy

Refinement
Resolution (A)
No. reflections
Rwork /Rfree

No. atoms
protein

ligand

Water and solvents
r.m.s. deviations
Bond lengths (A)
Bond angles (°)

P 6522

30.00-2.05 (2.09-2.05)

74.95,74.95, 313.25

90, 90, 120
0.057
101.35 (16.5)
99.9 (100)
20.6 (20.8)

30.00-2.05
32136
0.179/0.219

2864
66
272

0.012
1.8

Values in brackets are for highest resolution shell
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Figure S1. DBS1 is a non-ATP competitive inhibitor. Related to Figure 1.
SRSF1 was phosphorylated by SRPK1 in the presence of different concentrations of

inhibitors with 15, 75, and 150 uM [32P] ATP, respectively. Radiolabeled protein bands
corresponding to the phosphorylated SRSF1 were quantified by using a phosphor imager
and the Image Quant software. Left panel: Similar ICso were obtained for DBS1 regardless
of the ATP concentration being used. Right panel: ICs calculated for SRPIN340 increased
when higher ATP concentration was used. The data was obtained from three independent
measurements (error bars represent the standard deviation of the measurements).

(B) Lineweaver-Burk plots showing the competitive inhibition of SRSF1 by DBS1. Left
panel: SRSF1 was phosphorylated by SRPK1 in the presence of different concentrations
of [*P] ATP (0.05, 0.1, 0.5,1 and 5 uM). For each ATP concentration, five concentrations
of DBS1 (0, 10, 50, 100 and 200 uM) were used. Radiolabeled protein bands
corresponding to the phosphorylated SRSF1 were quantified by liquid scintillation
counting. The pattern of the double reciprocal plot for ATP is consistent with a non-ATP-
competitive mode. Right panel: Five different concentrations of SRSF1 (0.05, 0.1, 0.25,
0.5 and 1 uM) was phosphorylated by SRPK1 in the presence of different concentrations
of DBS1. DBS1 acted as a SRSF1-competitive inhibitor with a K; value of 2.12 yM and
Vmax Value of 1.4 ymol x 10®/min/ng. Error bars represent the standard deviation for
duplicate measurements.
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Figure S2. DBS1 is highly selective. Related to Figure 3.

(A) SRSF1 was phosphorylated by SRPK1, SRPK2, Akt/PKB and CLK1 with 50 uM [*?P]
ATP in the presence of different concentrations of DBS1. DBS1 inhibited both SRPK1 and
SRPK2 but not Akt/PKB or CLK1. The assays have been repeated three times and the
most representative results are shown. (B) Screening of DBS1(100 pM) against 140
protein kinases was performed by MRC PPU International Centre at the University of
Dundee. Experiments were performed in triplicate and data presented as the mean kinase
activity £ S.D.. Abbreviations and assay conditions used for each kinase are defined at
http://www. kinase-screen.mrc.ac.uk.
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Figure S3. Control peptide has no inhibitory effects toward SRPK1. Related to
Figure 6.

Top panel: In vitro GST pull down assays of GST-tagged SRSF1 with SRPK1ANS3 in the
presence of different concentrations of the control peptide. The samples were separated
by SDS-PAGE and stained by Coomassie Blue. The control peptide did not inhibit the
interaction between SRPK1 and SRSF1. Bottom panel: SRSF1 was phosphorylated by
SRPK1 with 50 uM [°P] ATP in the presence of control peptide. Radiolabeled SRSF1
bands were exposed and scanned. The control peptide failed to reduce the
phosphorylation of SRSF1 by SRPK1. Experiments were repeated three times
independently and only the representative data is shown.
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Figure S4. DBS1 or control peptide shows no cell cytotoxicity. Related to Figure 6.
(A) A375 or Hela cells were treated with different concentrations of DBS1 (left panel) or
control peptide (right panel) for 24 h, respectively. Total amount of viable cells was
determined using MTT by measuring the ODsso690 and normalizing the absorbances to
those of the control. Neither DBS1 nor control peptide exhibited cytotoxicity at
concentration up to 100 uM. Experiments were repeated three times independently.
Standard deviation was calculated using built-in stdev function in Excel.

(B) Left panel: HUVECs treated directly with DBS1 were added to 96-well cell culture
plates coated with growth factor reduced Matrigel. After 6 hours incubation at 37°C, the
capillary-like tubes formed by HUVECs in each well were pictured. Representative images
are shown. The direct treatment of DBS1 exhibited no effects on the tube formation ability
of HUVECs. Right panel: Relative tube formation ability was calculated by comparing the
number of tube knots of each sample with that of the control, DBS1 did not exert
cytotoxicity or other effects on HUVECs. Values are means + S.D. for three independent
experiments.
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Figure S5. Co-treatment of SRPIN340 and DBS1 shows no cytotoxicity. Related to
Figure 7.

(A) A375 or Hela cells were treated with SRPIN340 alone or a combination of SRPIN340
and 50 uM DBS1 for 24 h (Fukuhara et al., 2006). The cell viability was determined by
MTT assays. Neither SRPIN340 alone nor co-treatment of SRPIN340 with 50 yM DBS1
exerted cytotoxicity on A375 (left panel) or HeLa (right panel) cells. Values are means +
S.D. for three independent experiments.

(B) Left panel: Tubes formed by HUVECSs that were incubated directly with SRPIN340 only
or together with DBS1 showed no significant difference with that of the control. Right panel:
Co-treatment of SRPIN340 and DBS1 exerted no cytotoxicity or other effects on HUVECs.
Values are means = S.D. for three independent experiments.



Transparent Methods

Cell lines used in this study

A375 (ATCC, Cat. No. CRL-1619) and HelLa (ATCC, Cat. No. CRL-2) cell lines were
routinely cultured in Dulbecco’s modified Eagle’s medium with 10% Fetal Bovine Serum
plus 1% penicillin/streptomycin. HUVEC (Gibco, Cat. No. C01510C) cell line was cultured
in M199 media (Thermo Fisher, Cat. No. 31100035) with 20% Hi-Fetal Bovine Serum, 50
pMg/mL ECGS (Corning Cat. No. 356006) and 100ug/mL Heparin (Sigma, Cat. No. H3393-
100KU). All cell cultures were incubated at 37°C in a humidified 5 % CO2 atmosphere.
Cell passage was performed in 3 to 5 ratios.

Peptide synthesis and protein purification

All peptides were commercially synthesized from Genscript. The amino acid sequences
of DBS1 and DBS1 mutants are shown in Figure 3E. The sequences of 7-mer and the
two control peptides are indicated in the text. The sequence of 14-mer was
RERARTRRERARTR. The FAM or TAT sequence was attached at the N-terminus of the
respective peptides. The purity of peptides used in this study was over 95%. Desalted
peptides were used in cell experiments. Recombinant human Akt/PKB protein (ab62279)
was purchased from Abcam.

pET15b-SRPK1ANS3 and pET15b-SRPK1ANS3(DM) plasmids were transformed into
BL21(DE3) pLysS strain of E.coli cells and induced with 0.2 mM isopropylthiogalactoside
(IPTG) for 16 h at 16°C. Cells were lysed in buffer containing 20 mM MES pH 6.0, 50 mM
NaCl, 5% glycerol, 2.5 mM PMSF, and 1 mM benzamidine hydrochloride via
ultrasonication. The proteins were purified by anion exchange chromatography and Ni?*
affinity chromatography. The poly-histidine tags of the eluted proteins were removed by
thrombin digestion prior to gel filtration purification conducted using Superdex 75 size
exclusion column (GE Healthcare). The peak fractions were collected, concentrated, then
flash frozen in liquid nitrogen and stored at -80°C. SRPK1ANS3 protein used in ITC assay
was purified in the same way except the protein was dialyzed into buffer containing 50
mM HEPES pH7.5, 300 mM NaCl, and 5% glycerol.

pGEX-6P-1-CLK1 plasmid was transformed into E. coli BL21(DE3) pLysS cells and were
grown in terrific broth (TB) and induced with 0.2 mM IPTG for 5 h at 37°C. Cells were lysed
by ultrasonication in buffer containing 20 mM Tris pH 7.5, 50 mM NaCl, 10% glycerol, 1
mM DTT, and 2.5 mM PMSF. The proteins were purified by anion exchange
chromatography, followed by glutathione affinity chromatography. Proteins eluted in
buffer containing 20 mM Tris pH 7.5, 300 mM NaCl, 10% glycerol, 3 mM DTT, and 20
mM reduced glutathione were dialyzed to remove reduced glutathione prior to the kinase
assays.

E.coli BL21(DE3) pLysS cells transformed with pGEX-4T-2-SRSF1 were grown in LB
broth (Miller) and induced with 0.2 mM IPTG for 16 h at 16°C. Cells were lysed by
ultrasonication in buffer containing 20 mM Tris pH 7.5, 50 mM NaCl, 10% glycerol, and
2.5 mM PMSF. The proteins were purified by anion exchange chromatography, followed
by affinity chromatography using glutathione resin pre-equilibrated with buffer containing
20 mM Tris pH 7.5, 300 mM KCI, 10% glycerol, and 3 mM DTT. GST-SRSF1 proteins
were eluted using the same buffer supplemented with 20 mM reduced glutathione. The
reduced glutathione was removed by dialysis prior to the kinase assays.



Isothermal titration calorimetry (ITC)

MicroCal iTC200 was utilized to perform all the ITC experiments under the condition of
25°C and a differential power of 7 pcal/sec. Both proteins and peptides were prepared in
degassed buffer which contains 50 mM HEPES pH7.5, 300 mM NaCl, 5% glycerol and 1
mM beta-mercaptoethanol. 100 yM protein was injected into the reaction cell to titrate
against 1 mM peptide. 0.5 L of peptide was initially injected followed by the addition of
2.5 yL for all subsequent titration points with 60 s initial equilibrium delay and 150 s pauses
between injections. The sample were stirred at a speed of 750 rpm throughout the
experiments. To determine the dissociation constant (Ky), the thermal titration data were
fitted to the “one binding site mode”, origin scientific plotting software version 7 was used
to analyze the data. Each set of experiment was repeated three times independently.

In vitro kinase assay

SRPK1ANS3 protein (5 nM), SRPK2ANS3 (5 nM), Akt/PKB (25 nM), CLK1 (25 nM) were
incubated with different concentration of inhibitors or buffer (control) in kinase buffer
(50mM Tris-HCI pH 7.5, 10 mM MgCl; and 5 mg/mL BSA) at room temperature for 15 min.
500 nM purified SRSF1 protein was then added into the mixture. Reactions were started
by adding radioactive ATP cocktail consists 50 uM ATP and 0.5 uCi of [*’P]-ATP
(PerkinElmer Life Sciences) and allowed to react for 2 min, then quenched by the addition
of 4X SDS loading buffer and subsequent boiling. Reaction mixtures were run on a 10%
SDS gel. The gel was dried and the band intensities were quantitated using a phosphor
imager scanner and the Image Quant software (Fuijifilm, FLA-9000). ICso were calculated
using the sigmoidal curve fit with GraphPad Prism software.

Kinetic experiments were performed under the same conditions, except that the band
intensities were determined by excising the corresponding bands and subjecting them to
liquid scintillation counting. SRPK1ANS3 (50 nM) were incubated with the indicated
concentrations of DBS1, SRSF1 or ATP shown in Figure S1B. The inhibitory activity was
analyzed by Michaelis-Menten and Lineweaver-Burk Plot using GraphPad Prism software.

GST Pull-Down assay

GST-SRSF1 (500 nM) in GST-pull down buffer (0.5% Triton-X100, 20 mM Tris-HCI pH
7.5, 300 mM NaCl, 5% glycerol, 1 mM DTT, 1 mM benzamidine) was immobilized on
glutathione resin for overnight at 4°C. After the unbound protein was washed away,
SRPK1 (500 nM) and different concentrations of peptides were then added and incubated
at 4°C for another 3 h. Then resins were washed with buffer for three times and boiled at
95°C for 5 min with SDS dye. Samples were analyzed by denaturing polyacrylamide gel
electrophoresis to evaluate the ratio between the two proteins.

MicroScale Thermophoresis (MST) assay

Label-free SRPK1ANS3 was used as target at a concentration of 200 nM, meanwhile non-
fluorescent peptide ligands were titrated in a 1:1 dilution series (concentrations between
0.5 mM and 15.3 nM). Complex samples were loaded into NT.115 MST Standard Coated
Capillaries and measured using a Monolith NT.115 and MO. Control software at room
temperature (LED/excitation power setting medium, MST power setting 20%). Data was
analysed using MO.Affinity Analysis software (version 2.2.5, NanoTemper Technologies)
at the standard MST-on time of 5 s.



Crystallization and Data collection

Protein SRPK1ANS3 crystals were obtained by hanging drop vapor diffusion at 16°C in a
reservoir condition containing 3% PEG3350, 100 mM sodium citrate (pH 5.6) and 200 mM
ammonium acetate. Electron density map calculated using X-ray data from crystals
formed by co-crystallization of SRPK1 and 7-mer peptide, or apo-enzyme crystals soaked
in stabilization buffer containing 7-mer peptide showed no electron density for the 7-mer
peptide. Hence, we exchanged the sodium citrate (pH5.6) for MES (pH 6.5) and HEPES
(pH 7.5) by dialysis. Apo-enzyme crystals could be dialyzed into both MES (pH 6.5) and
HEPES (pH 7.5) overnight without cracking. Dialyzed crystals were soaked in stabilization
buffer containing 5mM of 7-mer peptide for 24 or 72 h at 16°C. Crystals were then cryo-
protected in soaking condition supplemented 30% ethylene glycol (v/v) and flash frozen in
liquid nitrogen prior to data collection.

Structure determination and refinement

The structure of SRPK1ANS3:7-mer complex was initially solved by molecular
replacement using the program PHASER in the CCP4 program suite (McCoy et al., 2007).
The structure of SRPK1ANS1(PDB ID: 1WAK) was used as the search model. After
restrained refinement using the program REFMAC, F.-F. density revealed positive peak
and readily interpretable density for arginine-containing peptide at the docking groove of
SRPK1. Model building was performed using Coot (Emsley et al., 2010) and the structure
was refined with several cycles of TLS and restrained refinements using REFMAC. The
model of the complex includes 67-236 and 475-655 residues of the kinase, 1 molecule of
7-mer peptide, and 275 molecules of water.

Cell-penetrating assay

A375 or Hela cells were seeded in 35 mm confocal dish and grown to 70% confluency at
37°C. Media were aspirated and cells were washed three times with PBS. After washing,
N-terminally FAM-labelled DBS1 (50 uM) or the control peptide with irrelevant sequence
(50 uM) was dissolved in fresh opti-MEM (Life technologies) and was used to treat the
cells overnight. For groups with pyrenebutyrate treatment, 50 uM 1-pyrenebutyric acid
(Sigma, Cat. No. 3443-45-6) was added to the cells and incubated for 15 min on the
second day. Cells were washed with opti-MEM for A375 or PBS for Hela three times.
Distribution of the fluorescently labelled peptide was analyzed without fixing using a
confocal scanning laser microscopy (Olympus, FV1000 1X81) equipped with a 40x
objective lens (excitation, 488 nm; emission, 520 nm).

Inhibitor treatment

A375 or HelLa cells were grown in 12 or 96 well plates to 70% confluence in growth
medium (DMEM+10%FBS+1% pen/strep) and serum starved with opti-MEM for 24 h
before treatment. 750 pL of different concentrations of inhibitor were diluted in fresh opti-
MEM and pre-incubated with cells for 1 h, then 250 yL of 200 uM 1-pyrenebutyric acid
was added to treat the cells for another 15 min. Media were aspirated and cells were
washed with PBS, then fresh growth medium was added to the plates. Cells or conditioned
media samples were collected at various time points as indicated in the text.

Cell viability analysis

Viability of different cell lines was evaluated in the presence of inhibitors using 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. Cells were



proliferated at log phase in DMEM growth medium and then seeded on 96-well plates.
After incubation for 24 h at 37°C, cells were treated with inhibitors or control peptide
accordingly. They were exposed to MTT labeling reagent (final concentration 0.5 mg/mL)
for 4 h and 100 pl solubilization reagent was added and incubated overnight. Cell viability
was determined by measuring the absorbance at 550 nm using microplate reader (BMG,
CLARIOstar).

Western blotting

After treatment with inhibitor or buffer (control) for 2, 12 or 24 h, A375 or Hel.a cells were
washed once with cold PBS and immediately placed on ice for detecting of phospho-SR,
VEGF+s5 and VEGF1esb respectively. Cells were then harvested with RIPA buffer (Cell
Signaling, Cat. No. 9806S) supplemented with protease and phosphatase inhibitors
before use. Cell lysate were centrifuged at 14000xg for 10 min and the supernatant was
collected. Proteins were separated by denatured polyacrylamide gel electrophoresis and
then transferred onto nitrocellulose membrane using semi-dry (Bio-Rad) at 350 mA for 50
min. Membranes were blocked in 5% BSA in TBST buffer (TBS with 0.1% Tween 20, pH
7.5) for 1 h at room temperature, then the membranes were washed three times with TBST.
Anti-phospho-SR protein antibody mAb1H4 (Millipore, Cat. No. MABES50), anti-VEGF1es
antibody (R&D system, Cat. No. AF-293-NA), anti-VEGF+gsb antibody (R&D system, Cat.
No. MAB3045), and anti-B-tubulin (Genscript, Cat. No. 2G7D4), respectively, were used
to incubate the membrane at 4°C overnight. Membranes were washed three times with
TBST, then blotted with secondary antibodies for 1 h at room temperature. For anti-
VEGF 165, mouse anti-goat IgG-HRP diluted at 1:10000 (Santa Cruz Biotechnology, Cat.
No. H2119) was utilized. For anti-VEGF6sb, anti-phospho-SR protein and anti-B-tubulin,
secondary antibody m-IlgGk BP-HRP diluted at 1:10000 (Santa Cruz Biotechnology, Cat.
No. sc-516102) was used. Non-specific secondary antibodies were washed away in TBST
for three times, 10 min each. The membrane was then developed by Enhanced
Chemiluminescent (ECL) detection system (GE Healthcare, Piscataway, NJ).

RT-PCR

After treatment with inhibitor or buffer (control) for 7 h, A375 or HelLa cells were washed
once with cold PBS and the total cellular RNA was then isolated using RNeasy Mini kit
(Qiagen, Cat. No.74106) and reverse transcribed with Oligo (dT) using MLV-RT. 10% of
the obtained cDNA was used as template in PCR reactions to amplify VEGF1es with a pair
of primers flanking exon 7a (5-TTGTACAAGATCCGCAGACG-3’) and 3’ UTR of the
exon8b (5'-ATGGATCCGTATCAGTCTTTCCTG-3’) , and VEGF1gsb with forward primer
5-GAGCAAGACAAGAAAATCCC-3 and reverse primer 5-
GTGAGAGATCTGCAAGTACG-3'(Bates et al., 2013). Negative controls containing no
cDNA were subjected to PCR in parallel. The products were resolved by 3%
polyacrylamide gel electrophoresis and imaged with Bio-Rad Gel Doc system to evaluate
the splicing products of VEGF pre-mRNA.

Tube formation assay

A375 or Hela cells were treated with DBS1 or control peptide for 24 h. For co-treatment,
A375 or HelLa cells were treated with 0, 5 and 10 uM SRPIN340 or SRPIN340 combined
with a constant amount of 50 uM DBS1, respectively, for 24 h. The conditioned media
were collected, centrifuged and stored at -80°C. Growth factor-reduced Matrigel (Corning,
Cat. No. 356231) after being thawed in 4°C overnight, 50 pul of it was added into each well
of pre-cooled 96 well cell culture plate (SPL, Cat. No. 30096) by reverser pipette and then



incubated at 37°C for 1 h to allow the Matrigel to polymerize. HUVECs were trypsinized
and resuspend in 50 pl of M199 with 1% FBS (3x10* cells per well) seeded in each
Matrigel-coated well with 100 pL of conditioned medium or inhibitor solution, slap the
edges of plate gently to make the cells spread evenly. The plate was incubated at 37°C
for 6 h to allow the formation of capillary-like structures. Each well was photographed from
three different viewing fields at 10x magnification using an inverted microscope (Nikon,
TS100), tube knots were counted by image J. Tube formation assay were performed in
triplicate.

In vivo chicken embryo chorioallantoic membrane (CAM) assay

Chicken embryos (Wens Foodstuff Group Co. Ltd., Guangzhou, China) at day 0 were
steriled with 75% ethanol and cultured in 65-75% humidity incubator for 7 days. A small
hole was then made on the air chamber of the eggshell with blood collection needle.
Different concentrations of peptides or PBS were applied through the air hole with 100 pl
per egg in triplicate. Then the air hole was blocked with medical adhesive tape and the
embryos were continually incubated for another 6 days. After incubation the
chorioallantoic membranes were collected, washed with PBS and photographed to record
the formation of vessels in the chicken embryo, vessels were quantified in image J.

Statistical Analysis

Experiments presented in the figures are representative of three or more different
repetitions. All data, graphs, and statistical analyses were calculated with Microsoft Excel
(Microsoft Office Software, Seattle, WA) and GraphPad Prism (GraphPad Software Inc.,
La Jolla, CA). Comparisons between groups were evaluated by an unpaired Student’s t
test. *, p< 0.05; **, p< 0.01; ***, p< 0.005.
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