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Abstract

Ovarian cancer is the leading cause of death among gynecological malignancies. Checkpoint
blockade immunotherapy has so far only shown modest efficacy in ovarian cancer and platinum-
based chemotherapy remains the front-line treatment. Development of platinum resistance is
one of the most important factors contributing to ovarian cancer recurrence and mortality.
Through kinome-wide synthetic lethal RNAi screening combined with unbiased datamining of
cell line platinum response in CCLE and GDSC databases, here we report that Src-Related
Kinase Lacking C-Terminal Regulatory Tyrosine And N-Terminal Myristylation Sites (SRMS),
a non-receptor tyrosine kinase, is a novel negative regulator of MKK4-JNK signaling under
platinum treatment and plays an important role in dictating platinum efficacy in ovarian cancer.
Suppressing SRMS specifically sensitizes p53-deficient ovarian cancer cells to platinum /in vitro
and /n vivo. Mechanistically, SRMS serves as a “sensor” for platinum-induced ROS. Platinum
treatment-induced ROS activates SRMS, which inhibits MKK4 kinase activity by directly
phosphorylating MKK4 at Y269 and Y307, and consequently attenuates MKK4-JNK activation.
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Suppressing SRMS leads to enhanced MKK4-JNK-mediated apoptosis by inhibiting MCL1
transcription, thereby boosting platinum efficacy. Importantly, through a “drug repurposing”
strategy, we uncovered that PL.X4720, a small molecular selective inhibitor of B-Raf\V/6%0E s

a novel SRMS inhibitor that can potently boost platinum efficacy in ovarian cancer /n vitro and
in vivo. Therefore, targeting SRMS with PLX4720 holds the promise to improve the efficacy of
platinum-based chemotherapy and overcome chemoresistance in ovarian cancer.
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INTRODUCTION

Ovarian cancer remains the most lethal gynecologic cancer(1). Platinum-based standard of
care in ovarian cancer (e.g. cisplatin or carboplatin plus taxane) usually leads to robust
initial clinical response but patients eventually succumb to chemoresistant recurrence(1). In
addition, checkpoint blockade immunotherapy has only shown modest efficacy in ovarian
cancer(2-4). Over the decades, extensive efforts have been made to identify key molecules
and events critical for platinum resistance in ovarian cancer. However, strategies developed
thus far have only achieved limited success(5). The anti-tumor activity of platinum is
mediated mainly through forming persistent DNA interstrand crosslinks (ICLs), leading to
DNA damage and apoptosis(6, 7). In addition to DNA, platinum can interact with a wide
number of cytoplasmic substrates such as reduced glutathione, methionine, and proteins,

all of which can also contribute to platinum’s antitumor effect(8, 9). Despite extensive
studies, the mechanism of platinum resistance in ovarian cancer is still not fully understood,
partly due to the complex nature of resistance mechanisms. Several potential mechanisms
for platinum resistance have been proposed including changes in drug efflux/breakdown,
increased repair of DNA damage, increased activation of pro-survival pathways or inhibition
of cell apoptosis pathways, among others(6, 7). Given the extensive use of platinum-based
therapy in ovarian cancer patients, identification of druggable pathways that regulate the
cellular response to platinum holds the key to improve platinum efficacy and overcome
resistance.

Given the fact that protein kinases play important roles in the regulation of pro-survival
signaling(10-13), we previously employed a kinome-wide shRNA screening and identified
microtubule-associated serine/threonine kinase 1 (MAST1) as a “synthetic lethal” partner of
cisplatin in head and neck cancer(14). In our attempt to develop a therapeutic strategy to
improve platinum-based therapy in ovarian cancer, we utilized this strategy and identified
Src-Related Kinase Lacking C-Terminal Regulatory Tyrosine And N-Terminal Myristylation
Sites (SRMS), a nonreceptor tyrosine kinase that belongs to the Brk family(15), as a critical
player in mediating platinum resistance, particularly in p53-deficient ovarian cancer. In this
study, we uncover that SRMS serves as a “sensor” for platinum-induced reactive oxygen
species (ROS). Platinum-induced ROS activates SRMS, which reduces platinum efficacy
by negatively regulating mitogen-activated protein kinase kinase 4 (MKK4) kinase activity
and c-Jun N-terminal kinase family (JNK) signaling. Inhibition of MKK4-JNK signaling
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by SRMS leads to reduced apoptosis in ovarian cancer cells. Through a drug repurposing
strategy, we further identify B-RafV6%0E inhibitor PLX4720 as a potent SRMS inhibitor that
can be used to boost the efficacy of platinum in ovarian cancer. This study suggests SRMS
may be a promising target to improve the platinum-based chemotherapy for ovarian cancer
patients.

SRMS expression is associated with platinum resistance in ovarian cancer.

As part of our larger effort to identify kinases that are required for resistance to cisplatin

or paclitaxel, two of the most widely used chemotherapy agents, we previously performed
a kinome-wide synthetic lethal RNAI screening using a lentiviral ShRNA library targeting
781 human kinase and kinase-related genes (4,518 clones)(14). We identified protein kinase
MAST1 as a synthetic lethal partner of cisplatin in head and neck cancer(14). To search for
additional candidates that maybe critical for conferring platinum resistance in other cancer
types where platinum currently serves as front-line treatment, we performed correlation
analysis on gene expressions of the top 50 candidates from our primary screening(14)

vs platinum sensitivity in a variety of cancer types using two drug sensitivity cell line
databases, CCLE(16) and GDSC(17). These unbiased analyses revealed that expressions
of SRMS and Macrophage Stimulating 1 Receptor (MST1R) are strongly correlated with
cisplatin or carboplatin resistance in ovarian cancer cell lines from both datasets (Figures
1A-1B). Because MST1R had been linked to cisplatin resistance in ovarian cancer in a
previous publication (18), we sought to explore whether SRMS plays a role in regulating
platinum sensitivity in ovarian cancer. To confirm the initial correlation analysis, we
assembled a panel of human ovarian cancer cell lines and determined their SRMS gene
expression levels and platinum sensitivity. Indeed, we were able to confirm the positive
correlation between SRMS level and platinum resistance (Figure 1C). Furthermore, we
developed platinum-resistant ovarian cancer cell lines (OVCAR4 and ES-2) using an
escalating dose of platinum (Figures S1A-S1B). Interestingly, SRMS levels were elevated
in these platinum-resistant sublines, compared to their parental lines (Figure 1D). We also
performed immunohistochemical staining using primary tissue microarray samples from
ovarian cancer patients and found that SRMS levels were correlated with progressive
stages of ovarian cancer in patients (Figure 1E). To further investigate the relevance of
SRMS to platinum resistance, we analyzed the association between SRMS expression and
patient survival using publicly available databases(19). The analysis of platinum-treated
ovarian cancer patients revealed that high SRMS expression was correlated with not only
worse overall survival but also lower progression-free survival (Figures 1F-1G). The inverse
correlation between SRMS expression and progression-free survival strongly suggests that
ovarian cancer patients with high SRMS expression may respond poorly to platinum-based
chemotherapy.

Silencing SRMS boosts platinum efficacy in ovarian cancer

To delineate the functional role of SRMS in ovarian cancer, we generated SRMS stable
knockdown ES-2 cells using two sequence-distinct SRMS shRNAs (Figure S1A). Cell
viability assays showed that silencing SRMS did not significantly affect cell viability, but
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markedly sensitized cells to platinum (Figure 2A, Figure S1C). Silencing SRMS in ES-2
cisplatin-resistant subline also sensitized them to platinum treatment (Figure 2B, Figure
S1D). We subsequently analyzed the 1Csq of platinum in a panel of ovarian cancer cell
lines expressing control vector or SRMS shRNA. We found that knockdown of SRMS
effectively reduced ICgq of platinum in all p53-deficient lines (OVCARS3, ES-2, SKOV3,
OVCARS8, OVCAR4, CAOV3) but only slightly altered 1Cgq of platinum in p53-competent
lines (TOV21G, HEY) (Figure 2C). Colony formation and cell counting assays further
demonstrated that silencing SRMS significantly attenuated cell viability in the presence of
platinum, but only marginally impacted cell viability in the absence of platinum (Figures
2D-2E). Xenograft assays using intraperitoneal model confirmed that silencing SRMS
sensitized both ES-2 parental line and platinum-resistant subline to platinum /n vivo (Figures
2F-2G, Figure S2). Immunohistochemistry analysis of tumors showed that SRMS silencing
enhanced platinum-induced apoptosis in tumors (Figure 2H). These results demonstrate
that SRMS plays an important role in regulating the platinum response in ovarian cancer
cells, particularly in p53-deficient ovarian cancer such as high-grade serous carcinoma that
accounts for three quarters of ovarian carcinoma and frequently shows p53 inactivation(5,
20).

Platinum compounds including cisplatin and carboplatin induce DNA damage in cancer
cells, causing cell cycle arrest and apoptosis(6, 7). To investigate the underlying mechanism
by which SRMS knockdown sensitizes cells to platinum, we first examined whether
silencing SRMS increases platinum-induced DNA damage. As shown in Figure 3A,
platinum treatment robustly induced p-yH2AX, the marker of DNA damage. Interestingly,
SRMS silencing did not further increased platinum-induced DNA damage, but strongly
boosted apoptosis, as measured by p-yH2AX and cleaved-PARP (c-PARP) levels (Figure
3A), suggesting SRMS knockdown promoted platinum-induced apoptosis through a DNA
damage-independent mechanism. We also performed single-cell gel electrophoresis (comet
assay) to examine platinum-induced DNA damage in vector control or SRMS knockdown
cells. Consistent with the data from p-yH2AX staining, comet assay also demonstrated
that platinum-induced DNA damage is comparable between vector control and SRMS
knockdown cells (Figure S3A). 7-AAD staining showed that SRMS silencing did not
significantly affect platinum-induced cell cycle arrest (Figure 3B). Platinum compounds
such as cisplatin have been shown to react with and deplete intracellular glutathione
(GSH), leading to oxidative stress(8, 21, 22). Indeed, platinum-induced ROS can contribute
to DNA damage and cell death. However, neither ROS nor GSH levels were affected

by SRMS silencing (Figures S3B-S3C), suggesting SRMS is unlikely to play a role in
regulating platinum-induced oxidative stress. To further investigate whether SRMS plays
any role in regulating cell cycle progression under platinum treatment, we synchronized
ES-2 cells expressing control vector or SRMS shRNA using double hydroxyurea (HU)
block, followed by release and platinum treatment (Figure S3D). We then collected cells at
different time points and examined the cell cycle progression, DNA damage and apoptosis
simultaneously. We found that silencing SRMS did not impact platinum-induced cell cycle
arrest or DNA damage, but still increased apoptosis (Figure S3D), further demonstrating a
potential regulatory role of SRMS in platinum-induced apoptosis. We therefore hypothesized
that SRMS silencing directly enhanced platinum-induced apoptosis. Indeed, annexin V/PI
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staining, caspase activity and cytochrome c release assays all demonstrated that silencing

of SRMS led to enhanced platinum-induced apoptosis (Figures 3C-3E). Consistently, RNA
sequencing with Gene Set Enrichment Analysis (GSEA) revealed that SRMS knockdown
cells were enriched for apoptosis signature genes (Figure 3F). We then analyzed other DNA
damaging agents with diverse modes of action as well as the anti-tubulin agent paclitaxel in
ovrian cancer cells and found that the pro-apoptotic effect of SRMS knockdown was specific
to platinum (Figures 3G-3H, Figure S3E). These data collectively suggest that SRMS may
reduce the efficacy of platinum by inhibiting platinum-induced apoptosis.

Platinum-induced reactive oxygen species activates SRMS

We initially observed that platinum treatment promoted SRMS autophosphorylation and
SRMS kinase activity (Figures 4A-4C). We therefore sought to investigate how SRMS

is activated by platinum. It has been well-documented that platinum compounds can

disrupt cellular glutathione homeostasis that leads to elevated reactive oxygen species
(ROS) level and oxidative stress(8, 22-24). Given that intracellular ROS has been shown to
activate certain kinases(25-27), we therefore explored whether platinum-induced ROS could
activate SRMS. Indeed, similar with platinum, H,0, treatment strongly increased SRMS
autophosphorylation and boosted SRMS kinase activity in ES-2 cells (Figures 4D-4F). An in
vitro SRMS kinase assay further demonstrated that H,O directly promoted SRMS activity
(Figure 4G). Importantly, ROS scavenger Trolox significantly reduced platinum-induced
ROS and blunted the increase of SRMS autophosphorylation and kinase activity induced by
platinum treatment (Figures 4H-4J). Collectively, these data suggest that SRMS can serve
as an ROS sensor in response to platinum treatment, and that platinum-induced ROS can
directly activate SRMS activity in ovarian cancer cells.

SRMS ameliorates platinum-induced JNK activation

Given that SRMS kinase activity is upregulated by platinum, we hypothesized that SRMS
may inhibit platinum-induced apoptosis by phosphorylating key downstream signaling
effectors involved in the apoptosis pathway. We performed a phospho-kinase array analysis
and identified a dramatic increase in c-Jun Ser63 phosphorylation (Ser63) in platinum-
treated SRMS knockdown cells, compared to vector control (Figure 4K), suggesting SRMS
may be an upstream negative regulator of c-Jun signaling. Ser63 of c-Jun is a well-known
JNK phosphorylation site. Importantly, the MKK-JNK-c-Jun axis plays a central role in
cellular stress signaling, by sensing a variety of stress factors, such as cytokines, growth
factors, oxidative stress, and chemotherapy agents. The prolonged activation of the MKK-
JNK-c-Jun pathway leads to induction of apoptosis(28-32). Indeed, we found that platinum
treatment led to strong activation of INK-c-Jun signaling and apoptosis in parental ES-2
cells, but not in platinum resistant line (Figure 4L). Therefore, we reasoned that SRMS may
prevent platinum-induced MKK-JNK-c-Jun activation, leading to reduced apoptosis. Indeed,
platinum induced much greater increase in p-c-Jun level in SRMS-knockdown than those

in control cells (Figure 4M). The phosphorylation of INK and MKK4, the upstream kinase
cascade for cJun signaling, were also increased in SRMS-knockdown when treated with
platinum, suggesting the MKK4-JNK-cJun axis is hyper-activated in SRMS-knockdown
cells in response to platinum (Figure 4M). We did not observe this hyper-activation in ERK
and p38 signaling (Figure 4M). Importantly, these results are consistent with our initial
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shRNA screening in which JNK1 was identified as a top hit whose knockdown made cells
more resistant to cisplatin treatment(14). Also, silencing JNK2 or MKK4, or treatment with
JNK inhibitor, all reduced platinum-induced apoptosis in multiple ovarian cancer cell lines
(Figure 4N, Figure S4A), confirming an important role of MKK-JNK signaling in mediating
platinum effect. Importantly, silencing MKK4 using shRNA partially rescued the enhanced
apoptosis induced by platinum in SRMS knockdown cells (Figure 40). In addition, INK
inhibitor, but not ERK or p38 inhibitor, significantly reduced the platinum-induced apoptosis
in SRMS knockdown cells (Figure 4P). In ovarian cancer patient samples, we also observed
that SRMS levels inversely correlated with p-c-Jun levels (Figures 4Q-4R). These results
collectively suggest that SRMS blocks MKK4-JNK-cJun signaling in response to platinum
in ovarian cancer cells. Inhibition of SRMS leads to hyper-activation of MKK4-JNK-cJun
signaling and consequently enhanced apoptosis.

SRMS directly phosphorylates and inhibits MKK4 kinase activity

Given that SRMS is a kinase, and that silencing SRMS increased the phosphorylation

of both JNK and its upstream kinase MKK4, we hypothesized that SRMS may directly
bind to and phosphorylate MKK4 to inhibit MKK4-JNK-cJun signaling. Indeed, both
immunoprecipitation and bimolecular fluorescence complementation (BiFC) assays(33)
demonstrated that SRMS directly interacts with MKK4 in the cell (Figures 5A-5C). Further
an SRMS /n vitro kinase assay demonstrated that SRMS directly phosphorylates MKK4

in vitro (Figure 5D). To determine whether SRMS is sufficient to inhibit MKK4 kinase
activity directly, we performed a two-stage SRMS and MKK4 kinase activity assay using
inactive JNK1 as a substrate and found that SRMS-mediated MKK4 phosphorylation
directly inhibits MKK4 kinase activity (Figure 5E).

To provide further mechanistic insight into how SRMS inhibits MKK4 activity, we
performed mass spectrometry analysis and identified MKK4 Y269 and MKK4 Y307 as
potential phosphorylation sites by SRMS (Figures 5F-5G). To investigate how Y269 and
Y307 phosphorylation regulates MKK4 activity, we generated MKK4 Y269F and Y307F
phosphor-deficient mutants. The two-stage SRMS and MKK4 kinase activity assay showed
that Y269F or Y307F mutations significantly attenuated SRMS-mediated MKK4 inhibition
(Figure 5H). Furthermore, compared to wild-type MKK4, expressing Y269F or Y307F
mutants led to increased MKK4 activity in the presence of platinum (Figure 51), as measured
by JNK phosphorylation, suggesting Y269 and Y307 serve as inhibitory phosphorylation
sites for MKK4. Overall, our data suggests a model in which SRMS inhibits MKK4 activity
via phosphorylation of MKK4 at Y269 and Y307 to limit platinum-induced MKK-JNK-cJun
signaling activation (Figure 5J).

SRMS-MKK4-JNK signaling promotes MCL1 expression to counter platinum-induced

apoptosis

MKK-JNK signaling plays an important role in mediating cellular stress responses such

as apoptosis(28-30). For example, JNK has been shown to promote apoptosis through c-Jun-
dependent transcription regulation by regulating the expression of Bcl-2 family members
such as NOXA, BIM, and MCL1(29, 32, 34). JNK can also regulate apoptosis through
c-Jun-independent mechanisms by directly phosphorylating Bcl-2 family members including
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MCL1 and BMF (28, 29, 34). To obtain further insight regarding how SRMS-MKK-JNK
modulates platinum-induced apoptosis in ovarian cancer cells, we profiled the expressions
of Bcl-2 family members by gRT-PCR and western blotting. We found that both protein
and mRNA levels of the anti-apoptotic protein MCL1 were significantly reduced in SRMS
knockdown cells, compared to vector control cells (Figures 6A-6C). This phenomenon is
particularly obvious after platinum treatment. No significant differences were found for
other Bcl-2 family members. Importantly, ectopic expression of MCL1 rescued enhanced
apoptosis in SRMS knockdown cells (Figure 6D), demonstrating an important role for
MCL1 in mediating the effect of SRMS.

Because MCL1 levels are regulated at both the transcriptional and post-translational
levels(35-37), and JNK has been shown to directly phosphorylate MCL1 and weaken its
stability in certain cancers(32, 34), we sought to determine whether the reduced MCL1
level observed in SRMS knockdown ovarian cancer cells were due to enhanced protein
degradation. However, cycloheximide chasing assay showed that MCL1 stability was

not decreased in SRMS knockdown cells (Figure S5A). Proteasome inhibitor MG-132
also failed to rescue the reduced MCL1 level in SRMS knockdown cells (Figure S5B).
Actinomycin D chasing assay also showed that compared with vector control cells, MCL1
mMRNA stability was not decreased but rather slightly increased in SRMS knockdown cells
when treated with cisplatin (Figure S5C). These data suggest that SRMS-IJNK may regulate
MCL1 levels through repressing MCL1 gene expression.

In support of this hypothesis, we observed that MCL1 promoter activity was greatly reduced
in SRMS knockdown cells (Figure 6E), which could be rescued by the JNK inhibitor
(Figure 6F). Given the critical role of c-Jun in mediating JINK’s effects on gene expression
regulation, we further performed p-c-Jun Cleavage Under Targets and Release Using
Nuclease assay (CUT&RUN)(38, 39) to examine whether c-Jun is directly recruited to the
MCL1 promoter. Indeed, SRMS silencing led to enhancement of p-c-Jun binding to the
MCL1 promoter, which could be blunted by the INK inhibitor (Figure 6G). Collectively, our
data support a model in which SRMS inhibits MKK4 activation in response to platinum in
ovarian cancer cells. Silencing SRMS promotes activation of MKK4-JNK-c-Jun in response
to platinum, resulting in repression of MCL1 expression and enhanced apoptosis (Figure
6H). It is conceivable that upon SRMS inhibition, c-Jun may recruit certain transcriptional
suppressors to MCL1 promoter to reduce MCL1 gene expression. The detailed mechanism
by which SRMS regulates MCL1 gene expression certainly warrants further investigation.

Identification of PLX4720 as novel SRMS inhibitor to boost platinum-based therapy

Our data that silencing SRMS sensitized ovarian cancer cells to platinum suggest the
potential to therapeutically target SRMS to enhance platinum-based chemotherapy in
HGSOC. In our attempt to target SRMS pharmacologically, we searched IUPHAR database
which provides binding reactivity of 72 inhibitors against 456 kinases (Figure 7A, (40))

and found 10 inhibitors that are capable of binding to SRMS. We subsequently performed
in vitro SRMS kinase assay and found that PLX4720, a B-RAFV600E jnhibitor(41), was

the most effective in inhibiting SRMS activity (Figure 7B). Consistently, previous studies
have also found that PLX4720 and its related B-RAFVY00E jnhibitors potently inhibit SRMS
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kinase activity /n vitro(42, 43). We therefore sought to test whether PLX4720 can sensitize
ovarian cancer cells to platinum treatment. Indeed, PLX4720 treatment significantly reduced
cisplatin 1Csq in ovarian cancer cells (Figure 7C). An ATP competition assay showed

that PLX4720 inhibited SRMS by competing with ATP (Figure 7D). In addition, western
blotting confirmed that PLX4720 dose-dependently inhibited SRMS autophosphorylation
(Figure 7E). We subsequently examined whether PLX4720 enhances platinum-induced
MKK4-JNK activation, and consequently reduces MCL1 level. Similar with the SRMS
knockdown cells, PLX4720 and cisplatin combination showed increased MKK4 and JINK
phosphorylation in ovarian cancer cell lines, compared with cisplatin alone (Figure 7F).

In addition, PLX4720 and cisplatin combination led to reduced MCL1 level and increased
PARP cleavage (Figure 7F). Based on these observations, we evaluated whether PLX4720
can boost platinum efficacy in ovarian cancer cells /n vivo. As previously reported,
PLX4720 is well-tolerated /in vivo(41). Strikingly, combined treatment of PLX4720 with
cisplatin led to reduced tumor growth, increased level of phospho-c-Jun, and caspase 3
activation in ES-2 xenograft mice (Figures 7G-71). Similar results were also obtained in
ES-2 cisplatin resistant subline (Figure S6). These results identify PLX4720 as a potential
therapeutic agent to suppress SRMS activity and boost platinum efficacy in ovarian cancer.

DISCUSSION

Here, we uncover SRMS as an important regulator of platinum sensitivity in ovarian cancer.
Although the physiological substrates of SRMS remain largely unknown(44), several recent
studies have provided insight into the cellular function of SRMS. For example, a previous
proteomic study identified DOKZ1, Vimentin and Sam68 as bona fide SRMS substrates(45).
Interestingly, a recent study has demonstrated that under nutrient-rich conditions, SRMS
inhibits autophagy and promotes breast cancer growth by phosphorylating the scaffolding
protein FKBP51(15), demonstrating a role for SRMS in regulating the cellular response to
environmental cues. In this current study, we found that SRMS plays an important role in
modulating MKK-JNK activation in response to platinum treatment. The stress-activated
c-Jun NH2-terminal kinase (JNK) pathway belongs to the family of MAP-kinases involved
in the regulation of cell proliferation, differentiation, and apoptosis(28, 29). INKs form the
last tier of the three-tier kinase module consisting of MAP kinase kinase kinase (MAP3K),
MAP kinase kinase (MAP2K), and MAP kinase (MAPK)(28). Although early studies have
identified JNK as an ultraviolet-responsive kinase, further studies have demonstrated a
broader role for JINK in response to a variety of external stimuli such as cytokines, growth
factors oxidative stress, and cytotoxic reagents(11, 28, 29, 46-48). The outcome of INK
activation, -whether it leads to cell proliferation or apoptosis, -depends on the cell type
involved, the nature of the stimuli and the duration of JNK activation(28). Persistent INK
activation induced by DNA damage, oxidative stress, loss of matrix contact, deprivation of
growth factors or chemotherapy treatment such as platinum leads to a robust pro-apoptotic
response(11, 28, 29, 31, 46-48). Therefore, tight regulation of JNK activation is critical for
maintaining cellular homeostasis and physiological functions.

Interestingly, it has been shown that the JNK pathway is activated differentially in response
to cisplatin in ovarian cancer cells, with the cisplatin-sensitive cells showing prolonged
activation (8-12 h) and the cisplatin-resistant cells showing only transient activation (1-3
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h) of INK(11), suggesting the duration of JNK activation is critical in determining whether
cells survive or undergo apoptosis in response platinum treatment. Modulating platinum-
induced JNK activation may be therapeutically exploited to enhance platinum efficacy;
however, therapeutical manipulating JNK pathway to improve platinum efficacy remains
unsuccessful due to the lack of comprehensive understanding of how JNK activation is
regulated in response to platinum treatment. This study has identified SRMS an important
negative regulator of MKK-JNK signaling under platinum treatment condition. Therapeutic
targeting SRMS with small molecular inhibitor enhanced JNK activation and platinum
efficacy /n vivo, suggesting SRMS may represent a promising therapeutic target to boost
platinum-based chemotherapy for ovarian cancer patients, especially for patients whose
tumor shows elevated level of SRMS.

MATERIALS AND METHODS

Cell lines.

Human ovarian cancer cell lines including ES-2, OVCAR4, OVCAR3, OVCARS, TOV21G
and HEY were provided by Dr. Shuang Huang (University of Florida). Human ovarian
cancer cell lines including CAOV3 and SKOV3 were purchased from American Type
Culture Collection. KB-3-1 cells were obtained as previously described (49). KB-3-1 is

a derivative of HeLa commonly used in multiple drug resistance studies (50). 293T cells
were purchased from Takara Bio. All cell lines were authenticated by STR profiling. ES-2
cisplatin resistant and OVCAR4 carboplatin resistant sublines were generated using a dose
escalating strategy, as previously described(14). Briefly, cells were initially treated with
0.5ug/ml of cisplatin (ES-2) or 5ug/ml of carboplatin (OVCARA4). After 48 hours, drug
was removed, and fresh medium was added to the cells. After cells started growing again,
another rounds of drug treatment with higher drug concentration were started (1pg/ml for
cisplatin, and 10ug/ml carboplatin). Similar rounds of drug treatment with escalating dose
were repeated until the cells can stand with 20ug/ml of cisplatin (ES-2) or 200ug/ml of
carboplatin (OVCARA4).

Inhibitors and drugs.

Cisplatin, Carboplatin, Paclitaxel, JNK inhibitor 11 and Mitomycin C were purchased from
Sigma-Aldrich. Etoposide, Camptothecin, Doxorubicin, Olaparib, SB203580, SCH772984,
pLX4720, Dasatinib, Bosutinib, Foretinib, TAE684, PD173955, tamatinib, AST487,
K120227, and SU-14813 were purchased from Selleckchem.

Western blot and qRT-PCR.

Western blot and gRT-PCR were carried out according to previously established
procedures(14, 51). The antibodies and Primers used in this study are listed in Tables S1-S2.

Lentivirus production and protein overexpression in human cancer cells.

To knock down endogenous human SRMS and MKKA4, lentivirus carrying ShRNA were
generated by transfecting 293T cells with lentiviral vector encoding ShRNA, psPAX2,
and pMD2.G. The following shRNAs from TRC-Hs1.0 (Human) shRNA library were
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used: shSRMS#1 (TRCNO000000938), sShSRMS#4 (TRCN0000000941), and shMKK4#2
(TRCN0000001830).

Cell viability and caspase 3/7, 8, 9 activity assays.

Cell viability and Caspases activities were measured using CellTiter-Glo Luminescent
Viability Assay and Caspase-Glo Assay System (Promega).

Colony formation assay.

For the colony forming assay, 300 ES-2 cells were seeded in 35-mm dishes and treated with
PBS or cisplatin for 24 hours. The colonies were stained with 0.5% crystal violet after 7
days.

Flow cytometry analysis.

Flow cytometry analysis of yH2AX, cleaved-PARP, BrdU and 7-AAD was performed using
Apoptosis, DNA Damage and Cell Proliferation Kit (BD) according to the manufacturer’s
instructions.

RNA-seq.
RNA was isolated by RNeasy kit (QIAGEN). RNA quantity check and sequencing was
performed at UF ICBR Gene Expression and Genotyping Core (GE). The Gene Set
Enrichment Analysis (GSEA) was accomplished by using the GSEA v4.1.0 software
according to the instructions (http://www.broadinstitute.org/gsea/index.jsp).

Phospho-kinase array.

Phospho-kinase array was performed using Proteome Profiler Human Phospho-Kinase
Array (R&D, ARY003B) according to manufacturer’s instructions.

Bimolecular fluorescence complementation (BiFC) assay and comet assay.

The vectors pDEST-ORF-V1 (Addgene #73637) and pDEST-ORF-V2 (Addgene #73638)
were gifts from Darren Saunders(33). The pENTR223.1-SRMS (DNASU #HscD00350795)
or pPDONR223_MAP2K4 (a gift from Jesse Boehm & William Hahn & David Root,
Addgene #82142) was cloned into pDEST-V1 or pDEST-V2 destination vectors. The BiFC
assay was conducted as previous described(33). Comet assay was conducted as previously
deprescribed(52).

In vitro kinase assays and mass spectrometry.

ES-2 overexpressing FLAG-tagged human SRMS was established and FLAG-SRMS was
immunoprecipitated by ANTI-FLAG M2 Affinity Gel (Millipore A2220), followed by a
kinase assay (40 mM Tris [pH 7.5], 20 mM MgCI2, 2mM MnCI2, 50uM DTT, and 200

mM ATP). For mass spectrometry, FLAG-SRMS was immunoprecipitated and a kinase
assay was performed using recombinant GST-MKK4 (Abnova) as a substrate. A gel piece
corresponding to GST-MKK4 was analyzed by mass spectrometry (MS Bioworks LLC, MI).

Oncogene. Author manuscript; available in PMC 2023 November 01.


http://www.broadinstitute.org/gsea/index.jsp

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jiang et al. Page 11

MCL1 promoter activity assay and CUT & RUN.

The promoter pGL2-Mcl-1 was a gift from Wafik El-Deiry (Addgene plasmid # 19132)(53).
The pGL2-Empty control-SV40-Luc was a gift from Rudolf Jaenisch (Addgene plasmid

# 26280)(54). Cleavage Under Targets & Release Using Nuclease (CUT&RUN) was
performed using CUT&RUN Assay (Cell Signaling Technology). The quantification was
done by qPCR. Primer for MCL-1 promoter was F: 5’-TAGGACTGGCCGCCCTAAAA-3’,
R: 5’-CCCCCCACAGTAGAGGTTGA-3".

Xenograft studies.

Animal studies were performed according to protocols reviewed and approved by the
Institutional Animal Care and Use Committee of University of Florida and University of
Texas Health Science Center at San Antonio. Female nude mice at 4-6-weeks old were
purchased from the Jackson Laboratory. 5x10° ES-2-BLI cell were intravenously injected
into the mice at Day 0. For the SRMS knockdown experiment, vehicle control or cisplatin
was given starting from Day 3 at 10 mg/kg at the first week. For the pLX4720 efficacy
experiment, vehicle control or pLX4720 was started on Day 3 at 25 mg/kg, daily; cisplatin
administration was started on Day 7 at 2.5 mg/kg per week for ES-2 parental cells and
5mg/kg for cisplatin resistant cells. Tumor growth was monitored by bioluminescence
imaging (BLI) as previously described(51, 55).

Immunohistochemical staining.

The paraffin-embedded high-density ovarian carcinoma tissue microarray (OV2001b) was
purchased from US Biomax. IHC analyses were performed as previously described(14).

Quantification and statistical analysis.

Statistical parameters including the statistical tests used, exact value of n, and statistical
significance are reported in the figures and figure legends. Each dot represents one
experimental result. Data with error bars represent mean + SD. No statistical method was
used to predetermine sample size. Statistical analysis of significance was based on two-tailed
Student’s t test unless specified in figure legends. For all animal studies, animals were
randomly chosen. Concealed allocation and blinding of outcome assessment were used.
Statistical tests performed are based on a set of assumptions including normal distribution
and homogeneity of variances. The variability within each group has been quantified with
standard deviation and used for statistical comparison.

Publicly available TCGA database analysis.

Protein kinase mMRNA expression z-scores and cisplatin/carboplatin sensitivity data were
downloaded from Depmap portal.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Oncogene. Author manuscript; available in PMC 2023 November 01.
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Figure 1. I dentification of SRM S asa potential driver of platinum resistance in human ovarian
cancer.

(A-B) Pearson correlation analysis between SRMS level (RNAseq) and carboplatin/cisplatin
sensitivity (AUC) using Cancer Cell Line Encyclopedia database (CCLE) and Sanger
Genomics of Drug Sensitivity in Cancer database (GDSC). (C) Pearson correlation between
cisplatin ICgq (cell viability assay, 72 hours) and SRMS mRNA levels (QRT-PCR) of ovarian
cancer cell lines. (D) gRT-PCR analysis of SRMS mRNA levels in ovarian cancer parental
and platinum resistant sublines. (E) Immunchistochemical staining using primary tissue
microarray samples from ovarian cancer patients. (F-G) Overall survival (F) and progression
free survival (G) of platinum-treated ovarian cancer patients. Kaplan—Meier graph is shown.
Data are mean + SD from three independent technical replicates and are representative of
three independent biological experiments for (C-D). Statistical analyses were performed by
Pearson’s correlation coefficient for (A-C), unpaired 2-tailed #test for (D), 1-way ANOVA
for (E), and logrank test for (F-G). (ns: not significant; */<0.05; **/<0.01; ***/<0.001).
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Figure 2. Silencing SRM S sensitizes cisplatin treatment in vitro and in vivo.
(A) Cell viability of ovarian cancer ES-2 cell with or without SRMS shRNA. Cells

expressing two different SRMS shRNA clones or control vector were treated with cisplatin
(1.875uM) or vehicle control. Cell viability was assessed by CellTiter-Glo viability assay
after 72 hours of treatment. (B) ES-2 cisplatin-resistant cells expressing SRMS shRNA#1
or control vector were treated with cisplatin or vehicle for 72 hours. Cisplatin 1Csq was
assessed using CellTiter-Glo viability assay. (C) Multiple ovarian cancer cells with or
without SRMS knockdown were treated with different concentrations of cisplatin for 72
hours. Cell viability was determined by CellTiter-Glo Luminescent Viability assay. (D)
Colony-formation assays (7days) were performed using ES-2 cells with or without SRMS
knockdown and cisplatin treatment. (E) ES-2 cells with or without SRMS knockdown
were treated with cisplatin, and cell counting was performed at indicated time points.
(F-H) Effect of cisplatin treatment and SRMS knockdown on tumor growth of ES-2
xenograft mice. Nude mice were injected with ES-2-GFP-luciferase cells with or without
SRMS knockdown and treated with cisplatin or vehicle control (5mg/kg). Average photonic
flux (F), bioluminescence images (G), and representative images of cleaved caspase-3
immunohistochemical (IHC) staining in harvested tumors (H) from each group at day

24 post tumor injection are shown. Scale bars represent 100 mm. Data are mean + SD
from three independent technical replicates for (A-C, E) and are representative of three
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independent biological experiments for (A-E). Statistical analyses were performed by
unpaired 2-tailed t test for (A, E, F). (ns: not significant; *P<0.05; **P<0.01).
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Figure 3. SRM Ssilencing promotes platinum-induced apoptosis.
(A-B) Flow cytometric analysis of DNA damage, cell apoptosis and cell cycle distribution.

ES-2 cells were treated with 15uM cisplatin and collected at indicated time points for

flow cytometric analysis of DNA damage (A, yH2AX), apoptosis (A, cleaved-PARP), and
cell cycle distribution (B, 7-AAD). (C) Apoptosis assay with Annexin V/PI staining in

ES-2 cells expressing control vector or SRMS shRNA treated with different concentrations
of cisplatin (from left to right: OuM, 2.5uM, 5uM, 7.5uM) for 48 hours. (D) ES-2 cells
expressing control vector or SRMS shRNA were treated with 15uM cisplatin for 25

hours, followed by cytosol and mitochondria fractionation and western blotting analysis

of cytochrome c. (E) ES-2 cells expressing control vector or SRMS shRNA were treated
with or without 15uM cisplatin for 24 hours and activities of caspase 3/7 (top), caspase 8
(middle), caspase 9 (bottom) were determined by Caspase-Glo 3/7, Caspase-Glo 8, Caspase-
Glo 9 activity assay, respectively. (F) RNA-seq analysis of ES-2 cells expressing control
vector or SRMS shRNA were treated with 15uM cisplatin for 8 hours. Gene set enrichment
analysis (GSEA) plot of apoptosis from hallmark categories of SRMS knockdown versus
control are shown. (G-H) ES-2 (G) and SKOV3 (H) cells with or without SRMS knockdown
were treated with different concentrations of DNA damaging agents or cytotoxic drugs for
72 hours. Cell viability and 1Cgq was determined by CellTiter-Glo assay. Data are mean *
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SD from three independent technical replicates for (E and G) and are representative of three
independent biological experiments for (A-E, G-H). Statistical analyses were performed by
unpaired 2-tailed t test for (E). (ns: not significant; *P<0.05; **P<0.01).
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Figure 4. Silencing SRM S leads to hyper-activation of MKK4-JNK-c-Jun axis upon platinum
treatment.

(A-F) ES-2 cells were treated with 20uM cisplatin (A-C) or 100uM H,0, (D-F) for 16
hours, followed by FLAG-immunoprecipitation. SRMS autophosphorylation (A and D),
kinase activity (B and E) and ROS levels were determined using western blotting, ADP-glo
kinase assay, HoDCFDA staining, respectively. (G) 293T cell was transfected with GST-
SRMS followed by GST-immunoprecipitated. GST-SRMS were incubated with H,O, /n
vitroin kinase reaction buffer and kinase activity was determined by ADP-glo kinase assay.
(H-J) ES-2 cells were treated with 20uM cisplatin with or without 1mM antioxidant Trolox
for 16 hours, followed by FLAG-immunoprecipitation. SRMS autophosphorylation (H),
kinase activity (1) and ROS levels were determined. (K) Phospho-kinase proteome profiling
of ES-2 cells with or without SRMS knockdown and cisplatin treatment (15uM for 8 hours).
Relative intensity was determined. (L) ES-2 parental and cisplatin-resistant subline were
treated with vehicle control or cisplatin (15uM for 16 hours), followed by western blotting
analysis. (M) ES-2 cells expressing control vector or SRMS shRNA were treated with 15uM
cisplatin, followed by western blotting at indicated time points. (N) ES-2 cells expressing
control vector or INK2 shRNA (top) or MKK4 shRNA (bottom) were treated with vehicle
control or cisplatin (15uM for 16 hours), followed by western blotting analysis. (O) ES-2
cells expressing SRMS and MKK4 shRNA were treated with 15uM cisplatin for 16 hours.
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Cell apoptosis and JNK activation were determined by western blotting of cleaved-PARP
and p-JNK. (P) ES-2 cells expressing control vector or SRMS shRNA were treated with
cisplatin (15uM, 16 hours) in the presence or absence of JNK inhibitor Il (JNKi, 20uM),
SB203580 (p38i, 10uM) and SCK772984 (ERK:i, 2uM). Cell apoptosis was determined
by western blotting of cleaved PARP (c-PARP). (Q) The correlation between levels of
SRMS and activated c-Jun (phospho-c-Jun S73) determined by immunohistochemistry in
ovarian cancer patient samples. (R) Representative IHC images for SRMS and phospho-c-
Jun are presented on the right for 0, +1, and +2 scores. Scale bars represent 100 mm.

p value was determined by chi-square test. Data are mean + SD from two independent
technical replicates for (B,C,E,F,G,I,J) and are representative of three independent biological
experiments for (A-J,L-P). (ns: not significant; *P<0.05; **P<0.01).
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Figure 5. SRM S directly phosphorylates MKK 4 and inhibits MK K 4-JNK -c-Jun activation upon
platinum treatment.

(A-B) Direct binding between SRMS and MKK4. 293T cells were transfected with
GST-MKK4 and FLAG-SRMS for 24 hours, followed by immunoprecipitation and
immunoblotting. (C) Interaction between SRMS and MKK4 was assessed by Bimolecular
Fluorescence Complementation (BiFC) assay in ES-2 cells. Scale bar, 100um. (D) /n vitro
SRMS kinase assay. FLAG-SRMS was immunoprecipitated from ES-2 cells, followed by
in vitro kinase assay using GST-MKK4 as substrate. MKK4 tyrosine phosphorylation was
determined by immunoblotting using two different phospho-tyrosine antibody, clone 4G10
and PY99. (E) Two-stage SRMS-MKK4 /n vitro kinase assay. GST-MKK4 was incubated
with or without FLAG-SRMS for SRMS /n vitro kinase assay. Then GST-MKK4 were
recovered by GST pulldown, extensively washed and subjected to MKK4 /n vitro kinase
assay using inactive JNK1 as substrate. MKK4 activity was determined by ADP-Glo assay.
(F-G) Identification of tyrosine phosphorylation sites in MKK4 protein. GST-MKK4 was
phosphorylated by SRMS using /7 vitro kinase assay and subjected to mass spectrometry
analysis. The tandem mass spectrum of the peptides contains c-Y269 (E) and phospho-Y307
(F) are shown. (H) Effect of phospho-deficient mutant (Y269F or Y307F) on MKK4 kinase
activity. Two stage SRMS MKK4 /n vitro kinase assay with or without SRMS using MKK4
WT, MKK4 Y269F or MKK4 Y307F mutant was performed as in (E). MKK4 activity
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was determined by ADP-Glo assay. (1) Effect of phospho-deficient mutant MKK4 (Y 269F,
top or Y307F, bottom) on cisplatin-induced JNK activation in ES-2 cells. (J) Proposed
model for SRMS-medicated inhibition of MKK4-JNK signaling in ovarian cancer. Data are
representative of three independent biological experiments for (A-E, H-I).
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Figure 6. SRM S sustains M CL-1 gene transcription to confer platinum resistance.
(A-B) gRT-PCR (A) and western blotting (B) analysis of gene expression of Bcl-2 family

members in ES-2 cells expressing control vector or SRMS shRNA upon 15uM cisplatin
treatment (8 hours for gRT-PCR). (C) ES-2 cells expressing control vector or SRMS shRNA
were treated with cisplatin (15uM) for indicated time points, and MCL1 mRNA levels

were determined by qRT-PCR. (D) Ectopic MCL1 expression rescues enhanced apoptosis

in SRMS knockdown cells with cisplatin treatment. (E) MCL1 promoter activity was
determined in control or SRMS knockdown ES-2 cells that were treated with 15uM cisplatin
for 16 hours. (F) JNK inhibitor Il treatment rescues reduced MCL-1 promoter activity in
SRMS knockdown cells with cisplatin treatment. ES-2 cells expressing control vector or
SRMS shRNA were treated with cisplatin and JNK inhibitor for 6h, followed by MCL1
promoter activity assay. (G) p-c-Jun (S73) CUT&RUN and qPCR on MCL-1 promoter
region. ES-2 cells expressing control vector or SRMS shRNA were treated with cisplatin and
JNK inhibitor 11 for 6h. (H) Proposed model for the role of SRMS in cisplatin resistance

in human cancer. Data are mean + SD from three independent technical replicates for
(A,C,E-G) and are representative of three independent biological experiments for (A-G).

Oncogene. Author manuscript; available in PMC 2023 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jiang et al.

Page 26
Kinase repurposing screening of - >10>10 >10 >10 >10 Drugs Cisplatin
72 FDA-approved or clinical g _ 1 1Cq, (M)
trial-staged kinase inhibitors 8BS Cis alone 3.57
Primary Binding activity $3; CistPLX4720 | 1.26
screening | assay for compounds S0 Cist+dasaatinib| 2.38
binding to SRMS %— Cistbosutinib | 2.61
10 candiates binding to SRMS w/ Kd<700nM »Q o e Cistforetinib 2.54
Secondary ] SRMS kinase &\q, &\{;9‘_\\59).\\«-\@ é’vrgf? *\\é\o&bg’ Q'\()’ g:b\ Ss-TARGRY 201
screening | activity assay for & {b@’b 090 &2 ?‘9 L E S QN
SRMS inhibitors RFE €A T LY
candidates inhibiting SRMS activity E F
Tertiary Cell viability assay PLX4720 - + - +
screening l for SRMS inhibitors cisplatin - - + +
sensitizing platinum IP: FLAG === MCL1
PLX4720 PLX4720 (uM) - - 0105 1 5 10 — c-_m(ilz
-+ + + + o+ o+ — P
D B o Tyeeto) SRS MK
~ ATE-AmM FLAG-SRMS | s e = FLAG S’NK
S A1 -.‘
1.5, ~+ ATP-100mM = . - p-c-dun

- ATP-1000mM

g > e s @ C-JUN
E ] 8 —empem—e— (3-aCti
%%10 H 58 B-actin
>9 23 H
5305 GRS I PLX4720
oS !
o
04 . .
-10 -8 -6 c
log[PLX4720], M 5
2.0 @
o
1x10" p-c:-Jun
- vehicle only
= 8x10"°1 . PLX4720 only A7
o2 ol = cisplatin only
ek 6x10"1  cisplatin+PLX4720
©
59 0.5 £
S 5 ©
s °
=3 3 2
x10°  ©
1 iRadiance
0 0 14 17 21 : - —
Days i(p/seclcme/sr) c-caspase

Figure 7. Characterization of pL X4720 as a potential SRM Sinhibitor that can boost platinum
efficacy in ovarian cancer cellsin vitro and in vivo.

(A) Screening strategy to identify potential SRMS inhibitors. (B) Top ten candidates

that potentially bind to SRMS were evaluated for their inhibitor activity using /n vitro
SRMS kinase assay. Compounds (10 uM) were incubated with purified FLAG-SRMS and
applied to the SRMS /n vitro kinase assay. (C) Top five SRMS inhibitors from (B) were
evaluated for their cisplatin sensitizing activity in ES-2 cells using Cell-Titer Glo assay.
Cisplatin ICsq are shown. (D) Effect of PLX4720 on SRMS kinase activity using ADP-Glo
kinase activity assay at a range of ATP concentrations. (E) Effect of pLX4720 on SRMS
autophosphorylation determined by immunoblotting with phospho-tyrosine antibody clone
4G10. (F) Effect of PLX4720 on JNK signaling and platinum-induced apoptosis. (G-1)
Effect of cisplatin and pLX4720 treatment on tumor growth of ES-2 xenograft mice.

Nude mice were injected with ES-2-GFP-luciferase cells and average photonic flux and
bioluminescence images of each group at day 24 post-tumor injection are shown (G and H).
Representative images of p-c-Jun and cleaved caspase-3 analyzed by immunohistochemical
(IHC) staining in harvested tumors from each group (1) . Scale bars represent 100 mm. Data
are mean + SD from three independent technical replicates for (D) and mean + SEM from 5
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mice for (G). Data are representative of three independent biological experiments for (D-E).
P values were determined by two-tailed Student’s t test (ns, not significant; *p < 0.05).
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