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Purpose: Prostate cancer is the second leading cause of cancer death in men worldwide.
Olaparib is clinically approved for the treatment prostate cancer, but cytotoxicity and off-
target effects including DNA damage limit its clinical applications. In the current study, new
strategies to improve the therapeutic efficacy of olaparib for the treatment of prostate cancer
were investigated.

Methods: Two prostate cancer cell lines were exposed to the c-MET inhibitor PHA665752
and/or the PARP inhibitor olaparib. Cell counting kit-8, colony formation assays, and
transwell assays were conducted to evaluate the cytotoxicity of olaparib alone or in combi-
nation with PHA665752 in prostate cancer cell lines. Western blotting, immunofluorescence
staining, and the comet assay were used to assess the effects of PHA665752 on olaparib-
induced DNA damage.

Results: Combined inhibition of ¢c-MET and PARP resulted in effective and synergistic
blocking of the growth of prostate cancer cell lines. Invasion and migration were signifi-
cantly suppressed when the agents were combined. Mechanistically, dual blocking of PARP
and c-MET in prostate cancer cell lines was associated with an impaired DNA damage
response. Interestingly, immunofluorescence staining analysis of RADS51 protein indicated
that the c-MET inhibitor PHA665752 significantly impaired homologous repair via down-
regulated translocation of RADS1 into the nucleus in prostate cancer cells.

Conclusion: The combination of the c-MET inhibitor PHA665752 and the PARP inhibitor
olaparib may be a promising therapeutic strategy in patients with prostate cancer.
Keywords: combination therapy, PARP inhibitor, PHA665752, prostate cancer

Introduction

Prostate cancer (PCa) is the most common cancer diagnosed in men and is
the second leading cause of cancer death in men after lung cancer in the United
States.' Improved therapeutic options for patients with advanced PCa in the past
decade have dramatically increased survival rates, but castration-resistant PCa
(CRPC) remains a lethal disease.” After the emergence of CRPC, docetaxel che-
motherapy is evidently therapeutically efficacious, but in a recent study, the median
increase in survival was only 4 months.® Thus, there is a need for targeted drugs for
the treatment of advanced PCa.

The oral PARP-1 and PARP-2 inhibitor olaparib (Lynparza, AstraZeneca
Pharmaceuticals, LP) increases DNA damage in cancer cells by inhibiting base exci-
sion repair. After being approved by the USA Food and Drug Administration (FDA) in
2014, olaparib has been used in BRCA-mutated advanced ovarian cancer and breast
cancers.* In a Phase II clinical trial, it exhibited durable antitumor activity in sporadic
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cases of metastatic CRPC patients who had defects in DNA-
repair genes.” The FDA recently approved olaparib for use in
patients with deleterious or suspected deleterious germline or
somatic homologous recombination repair gene-mutated
metastatic CRPC who had previously been administered
a second-generation hormonal agent. In addition, the
Gleason score is higher, overall prognosis is poor, and overall
survival is lower in PCa patients carrying germline mutations
in the Homologous repair (HR) DNA repair gene.6 There are
several DNA repair genes including BRCAI/BRCA2, ATM,
FANC A/F, CHK2, RAD51B/C, and CDK1?2 that can predict
PARP-inhibitors sensitivity in prostate cancer cells.”
Notably, however, a substantial fraction of PCa patients with-
out HR relative gene deficiency do not respond to PARP
inhibitors (PARP1). Increasing the response rate of PCa to
PARP inhibitors and enhancing their therapeutic potential
would expand their application and increase their effective-
ness in PCa.

The MET receptor tyrosine kinase system regulates
important biological processes, including cell scattering,
invasion, and survival as well as epithelial remodeling and
angiogenesis.® Hepatocyte growth factor/scatter factor and its
receptor MET may play important roles in CRPC progres-
sion. MET has been suggested as a promising target because
its expression is detected in 75% to 100% of metastatic
prostate tumors® and has been associated with the emergence
of castration-resistant tumor growth. The role of c-MET in
HR-mediated repair is not clear. Medova et al'® reported that
blocking MET with the small-molecule PHA665752 reduced
HR in the DNA damage response pathway of cells via effects
on the formation of the RAD51-BRCA2 complex, which is
crucial for error-free HR repair of double-stranded DNA
lesions. Furthermore, the combination of c¢c-MET and
PARP-1 inhibitors has synergistic therapeutic effects in the
treatment of triple-negative breast cancer in vitro, as well as
in breast cancer and lung cancer xenografted tumor models."'

To date, the combination of ¢c-MET and PARP inhibi-
tors in PCa has not been investigated. In the current study,
the effects of c-met inhibitors and olaparib on the growth
of PCa cells were investigated, as were the underlying
mechanisms involved.

Materials and Methods

Cell Lines and Cell Culture

The human PCa cell lines LNCaP and DU-145 were
purchased from the Type Culture Collection of the
Chinese Academy of Sciences (Shanghai, China). DU-

145 cells were cultured in Hyclone DMEM medium, and
LNCaP cells were cultured in Gibco RPMI-1640 medium.
All culture media were supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin. All cells
were maintained in a humidified incubator at 37°C and 5%
COs,.

Proliferation Assays

Cells were seeded into 96-wells plates (3000 cells/well).
After a 24-h incubation, the cells were divided into four
groups: control, PHA665752, olaparib, and olaparib com-
bined with PHA665752. Cell viability was determined 3
days later via the cell counting kit-8 assay (Dojindo
Molecular Technologies) as previously —described.'?
Combination indexes were calculated using the Calcusyn

software program (Biosoft).*!*

Colony Formation Assays

Cells were seeded into 6-well plates (1000 cells/well).
After a 24-h incubation, the cells were divided into four
groups: control, PHA665752 (1 uM), olaparib (3 uM), and
PHA665752 (1 uM) + olaparib (3 puM). Medium was
replaced every 3 days. Ten days later, the cells were
treated with cold methanol, stained with crystal violet
(Sigma—Aldrich), then extracted with 10% glacial acetic
acid. Optical density was measured at 570 nm by EnSpire™
Multimode Plate Readers (PerkinElmer).

Transwell Assays

For migration assays, a total of 5x10* cells treated with the
specified drugs were seeded into transwell inserts (BD
Biosciences) and cultured for an additional 24 h. For inva-
sion assays 10° cells treated with the specified drugs were
seeded into a thick layer of Matrigel in a transwell insert.
Cells that adhered to the lower surface of the filter were
washed with phosphate-buffered saline, stained with 0.1%
crystal violet solution, then examined via light microscopy
at 100x magnification (Carl Zeiss, Inc.).

Comet Assays

Cells were treated with drugs for 12 h, then detached
mechanically and added to low-melting-point agarose.
After lysis, the cells were subjected to electrophoresis
and the resulting “comets” were stained with ethidium
bromide and viewed using a fluorescence microscope at
100x magnification (Carl Zeiss, Inc.). For each condition,
a minimum of 50 cells were analyzed using Pect Comet
Assay software (CaspLab).
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3D Sphere Culture

A total of 3x10° cells were suspended in serum-free med-
ium mixed with 2% fetal bovine serum and 2% Matrigel.
The media with drugs were replaced every 3 days. Two
weeks later, floating cells were counted manually under

a microscope.

Immunofluorescence

Cells treated with the specified drugs were cultured on
coverslips. After 48 hours, they were fixed with 4% par-
aformaldehyde and blocked with a 5% bovine serum albu-
min-phosphate-buffered solution. They were then stained
with rabbit anti-RADS51 (Santa Cruz Biotechnology). After
washing with phosphate-buffered saline, they were treated
with secondary antibodies. Slides were mounted in
Vectashield with DAPI. Analyses were performed using

an immunofluorescence microscope (Leica).

Statistical Analysis

Numerical results are presented as means + S.D. The #-test
was used to compare means in different groups via
GraphPad Prism 6.0 software (San Diego, CA, USA). In
all statistical analyses p < 0.05 was considered statistically
significant.

Results
PHA665752 and Olaparib Synergistically
Inhibited the Growth of PCa Cells

In cell proliferation assays, the respective IC50s of
PHA665752 in LnCAP cells and DU145 cells were 0.70
uM and 3.71 puM, and the respective IC50s of olaparib in
LnCAP cells and DU145 cells were 13.55 uM and 22.21
uM (Figure 1A). To assess the combined effects of the
drugs on cell viability, PCa cells were treated with increas-
ing concentrations of olaparib and PHA665752. In the
majority of concentrations tested, the combination treat-
ment resulted in a synergistic increase in viability inhibi-
tion at combination index values and 0.5 fractions affected
(Figure 1B). In colony formation assays, the combination
treatment strongly decreased the long-term growth of
LNCaP and DU145 cells (Figure 1C). In 3D sphere culture
experiments investigating the combined effects of the
drugs on PCa cells,'”” inhibition of ¢-MET and PARP
induced dramatic LNCaP and DU145 death
(Figure 1D).

cell

Combined Inhibition of c-MET and PARP
Synergistically Inhibited PCa Cell

Migration and Invasion

In transwell assays, the combined use of PHA665752 and
olaparib reduced the migratory and invasive capacities of
LNCaP and DU145 cells compared with the corresponding
parameters in vector control or single-drug cells (Figure 2).
These results suggested that combined treatment of c-MET
and PARP may have a therapeutic value for PCa.

Combined Inhibition of c-MET and PARP
Synergistically Induced DNA Damage and
Apoptosis in PCa Cells

In comet assays, treatment with a combination of agents
resulted in higher tail intensities in two PCa cell lines than
treatment with single agents (Figure 3A and B). Treatment
with a combination of agents also induced an abundance
of cleaved PARP in LNCaP cells and DUI145 cells
(Figure 3C). These data indicate that combined treatment
may synergistically influence PCa cell lines by altering
DNA damage and apoptosis.

Combined Inhibition of c-MET and PARP
Synergistically Resulted in DNA Damage

via Inhibition of Nuclear Translocation of

RADS5I in PCa Cell Lines

Adding c-MET inhibitors to PCa cell line cultures mark-
edly decreased nuclear levels of RADS1 (Figure 4A). In
Western blotting analyses nuclear localization of RADS1
was significantly impaired in PCa cells after treatment
with PHA665752 (Figure 4B). Previous studies indicate
that nuclear transport of RADS1 is an integral part of the
cellular response to DNA damage.'® The above evidence
suggests that combined treatment may synergistically
influence DNA damage by altering the nuclear localization
of RADSI.

Discussion

Olaparib, a first-in-class PARP inhibitor, kills cancer cells
by exploiting tumor DNA repair pathway deficiencies. In
May 2020, The FDA approved olaparib for use in adults
with metastatic CRPC carrying a germline or somatic HR
gene mutation (specifically, BRCAI1/2, ATM, BARDI,
BRIPI, CDKI12, CHEKI, CHEK2, FANCL, PALB2,
RADS51B, RAD51C, RADS5ID, or RAD54L), who have
progressed following prior treatment with enzalutamide
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Figure | Combined treatment with PHA665752 and olaparib synergistically inhibits the growth of prostate cancer cells. (A) IC50 values of prostate cancer cell lines treated with
PHA665752 were calculated based on the cell counting kit-8 (CCK8) assay. (B) The effects of combined drug treatment were analyzed using the combination index equation and are
presented with fractions affected combinations determined via the CCK8 assay. (C) Long-term effects of treatment of prostate cancer cells were assessed using the colony formation
assay. (D) LNCaP cells and DU 145 cells were treated with drugs and assessed in 3D sphere culture experiments (X 100 magnification). *p < 0.05; **p < 0.001; ***p < 0.0001.
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Figure 2 Combined treatment with PHA665752 and olaparib synergistically inhibited migration and invasion of prostate cancer cells. (A) Results of transwell assays
conducted to assess the migration of prostate cancer cells. (B) LNCaP cells and DU145 cells were treated with inhibitors, then transwell invasion assays were conducted

(100 magnification). ¥p < 0.01; *¥*p < 0.001; ****p < 0.0001.

LNCaP DU145

Vehicle

Ola+PHA PHA 66752 Olaparib

[ Vehicle
[ Olaparib
807 — B PHA 665752
- -Ola+PHA
g 601
£
(=] L———
£ 40 —
& 20
I%
LNCaP DU145
LNCaP Dul45
Olaparib 4 — & + +
PHA665772 - — 4+ +

cleaved-PARP | IL— Lt —I

VINCUNN | e e e s ]I— —— --|

Figure 3 Combined treatment with PHA665752 and olaparib synergistically induced DNA damage and apoptosis in prostate cancer cells. (A and B) Results of comet assays
conducted to assess DNA damage in prostate cancer cells. Tail moment was evaluated via CaspLab software. (C) Cleaved PARP in prostate cancer cell lines was assessed via

Western blotting. Vinculin was used as a loading control. **p < 0.01; **p < 0.001.

or abiraterone. Notably, however, HR gene mutations are
not common in PCa, and HR wild-type patients do not
respond well to olaparib. It is therefore important to iden-
tify an effective approach to rendering non-HR gene-
mutant patients adequately responsive to PARPi and/or

enhancing the efficacy of olaparib in HR gene-mutated
patients.

The ¢-MET receptor tyrosine kinase was originally dis-
covered as an oncoprotein, and has been implicated in the
proliferation and progression of PCa and a wide variety of
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Figure 4 Combined treatment with PHA665752 and olaparib synergistically induced nuclear translocation of RADS5I in prostate cancer cells. (A) RADS5I location was
determined via immunofluorescence in prostate cancer cells treated as indicated. Cell nuclei were stained with DAPI. (B) Western blotting analysis of RAD5| in prostate
cancer cells treated with PHA665752 for 0, 12, and 24 h. SP-1 was used as a loading control. *p < 0.05; **p < 0.01.

other human malignancies.”!” High ¢-MET expression is
observed in the late stages and metastases of PCa.'®!? In
previous studies, c-MET inhibition increased sensitivity to
olaparib in triple-negative breast cancer cells with acquired
resistance to PARPi,zO
and ovarian cancer.”!
combination of ¢c-MET and PARP-1 inhibitors results in
synergistic suppression of the growth of PCa. In the current
study, c-MET inhibition by PHA665752 significantly
increased sensitivity to olaparib in both the CRPC cell line
DU145 and the hormone-sensitive PCa cell line LNCaP.
Combined inhibition of c-MET and PARP effectively

blocked PCa cell proliferation, migration, invasion, and sur-

and in breast cancer, lung cancer,11
However, it is unclear whether the

vival in vitro.

RADSI, a marker associated with the competency of
HR repair, is needed for meiotic HR in eukaryotes and
mitotic HR events such as double-strand breaks repair.*
Biochemical studies suggest that only the RADSI-
ssDNA nucleoprotein filament can catalyze DNA joint
formation,”* which supports the premise that HR in cells
is triggered by recruitment of RADS51 to ssDNA pro-
duced by nucleolytic processing of DSBs, or ssDNA that
is associated with stalled or damaged DNA replication
forks. Hence, inhibition of RADS51 function may reduce
HR and constitute an effective approach to cancer
intervention.”* RAD51 mainly spreads in cis around
DSBs. Interestingly, in the current study, the c-MET

inhibitor PHA665752 nearly abolished RADS1 translo-
cated from the cytosol to the nucleus in two PCa cell
lines. Although the primary mechanism involved is not
clear, it can evidently weaken the function of RADSI.

In conclusion, to the best of our knowledge, the present
study is the first to indicate that the combined inhibition of
c-MET and PARP can synergistically inhibit proliferation,
migration, invasion, and survival of PCa cells in vitro.
Mechanistically, c-MET—which contributes to reduced
translocation of RADS1 into the nucleus—significantly
increased sensitivity to PARP via an exacerbated DNA
damage response.
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