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Abstract: Poly (adenosine diphosphate ribose) polymerase (PARP) inhibitors benefit a small percentage of ovarian
cancer patients with homologous recombination (HR) deficiency (HRD), which greatly limits the applications of PARP
inhibitors. Given the function of CDK9 in homologous recombination repair (HRR), here, we show how to extend the
utility of PARP inhibitors in BRCA1-proficient ovarian cancer by targeting CDK9. We found that high CDK9 expres-
sion is associated with a higher tumor stage in epithelial ovarian cancer patients, and CDK9 is co-expressed with
BRCA1 by analyzing a public database. By using a CDK9 inhibitor CDKI-73, we found that its combination with the
PARP inhibitor olaparib significantly suppressed cell viability and colony formation and induced apoptosis in BRCA1-
proficient ovarian cancer cells. Consistently, the combination treatment remarkably reduced the tumor growth in
mouse xenograft models. We demonstrated that CDKI-73 could downregulate BRCAL expression, resulting in hy-
persensitivity to olaparib in BRCA1-proficient ovarian cancer. Taken together, our results show a synergetic effect
of CDKI-73 combined with olaparib in BRCA1-proficient ovarian cancer, facilitating the clinical use of CDK9 as a

predictive biomarker to exploit PARP inhibitors.
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Introduction

Currently, ovarian cancer remains one of the
leading causes of gynaecologic malignancy-
related death in the United States [1]. Due to
the histologic and genetic heterogeneity of
ovarian cancer, current treatment modalities,
including cytoreductive surgery and chemo-
therapy, remain poorly effective, which high-
lights the necessity for new, more effective
remedies [2, 3].

The emergence of Poly (adenosine diphosphate
ribose) polymerase (PARP) inhibitors undoubt-
edly brings a glimmer of light to the current
state of treatment, especially for patients har-
boring germline or somatic BRCA1/2 mutations
or other homologous recombination repair
(HRR) gene deficiencies based on the concept
of synthetic lethality [4]. Olaparib, a PARP inhib-
itor, initially received approval by the Food and
Drug Administration (FDA) as the first mono-

therapy for the treatment of advanced-stage
ovarian cancer patients with BRCA1/2-mutation
[5]. Although the clinical response is favorable,
the application of PARP inhibitors is still not
extensive in ovarian cancers because only
approximately 50% of ovarian cancers are HRR
deficient [6]. Thus, maximizing their utilization
in HRR-proficient ovarian cancer has become a
crucial and urgent clinical problem. Defective
HRR is an important therapeutic target to effi-
ciently enhance the sensitivity of PARP inhibi-
tors according to the synthetic lethality theory
[6, 7]. Relevant clinical trials on combined PARP
inhibitors and HR deficiency (HRD) have been
conducted on several human malignancies,
including prostate cancer [8], ovarian cancer [6,
9], and breast cancer [10]. To broaden the spec-
trum of HRD in ovarian cancer, recent studies
have focused on pharmaceutically compromis-
ing HRR by suppressing the expression of HR
genes, which might potentially benefit PARP
inhibitor therapy [11].
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Unlike most other CDKs functioning in cell cy-
cling, cyclin-dependent kinase 9 (CDK9) plays a
crucial role in RNA transcription elongation by
phosphorylating the carboxyl terminus of RNA
Pol Il [12, 13]. The deregulation of CDK9 has
necessary implications for the development
and maintenance of various human malignan-
cies [14], and the overexpression and increased
activation of CDK9 have been observed in mel-
anoma and prostate cancer [15, 16]. Recently,
CDK9 was also shown to be highly expressed in
human ovarian cancer cell lines, and the level
of CDK9 expression was higher in metastatic
and recurrent ovarian tumor tissue compared
to thatin the primary tumors; an elevated CDK9
protein level was significantly correlated with
poor patient prognosis [17]. Consequently,
CDK9 has been considered a novel prognostic
biomarker and a promising therapeutic target
for many cancer types [14, 18-21]. However,
the relationship between CDK9 expression and
ovarian cancer progression still needs to be
discussed.

CDK9 has also been shown to play a role in pro-
moting genomic integrity and facilitating recov-
ery from replication stress and DNA damage
[22, 23]. CDK9 participates in HR-mediated
DNA double-strand breaks (DSBs) repair via the
recruitment of BRCA1 to DNA damage sites,
and depletion of CDK9O can sensitize cells to
ionizing radiation (IR) treatment and PARP in-
hibitors in breast cancer [24], which encour-
aged an attempt to determine whether CDK9
inhibitors can act as sensitizers to PARP inhibi-
tors in ovarian cancer.

CDKI-73, an effective CDK9 inhibitor, can spe-
cifically inhibit CDK9 kinase activity and further
impede gene transcription [25]. In this study,
we show that CDKI-73 can prevent BRCA1 ex-
pression, leading to increased spontaneous
DNA damage and hypersensitivity to the PARP
inhibitor olaparib in vitro and in vivo. Thus, we
propose a new therapeutic strategy based on
CDK9: CDK9 inhibitors can render BRCA1 wild-
type ovarian cancer vulnerable to PARP inhibi-
tors in a synthetic lethal manner.

Materials and methods
Cell lines and cell culture

The human ovarian cancer cell lines SKOV3,
A2780, OVCAR-5, OVCAR-8, and OVCA433 were
obtained from the American Type Culture
Collection (ATCC) and stored in our laboratory.
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HO8910 cells were purchased from the Cell
Bank of the Chinese Academy of Sciences
(Shanghai, China). SKOV3 and A2780 cells
were cultured in RPMI 1640 (HyClone, UT, USA)
supplemented with 10% fetal bovine serum
(FBS) (GIBCO BRL, BRA, USA) and 1 x 10° IU/L
penicillin and streptomycin (Beyotime Bio-
technology, SH, China). HO8910, OVCAR-5,
OVCAR-8, and OVCA433 cells were maintained
in DMEM (HyClone) containing 10% FBS and
penicillin and streptomycin. All cells were incu-
bated at 37°C with 5% CO, and 95% humidity.

Drugs

CDKI-73 (MedChemExpress, NJ, USA) and
olaparib (MedChemExpress) were dissolved in
DMSO for all in vitro experiments. For in vivo
studies, CDKI-73 and olaparib were dissolved
in 0.5% sodium carboxymethyl cellulose. An
equal amount of DMSO or sodium carboxyme-
thyl cellulose was used as the vehicle for all
experiments.

Clonogenic assay

After plating three thousand cells per well into
six-well plates, cells were treated with the cor-
responding drugs. Every three days, the medi-
um was replaced with a fresh medium contain-
ing the same concentration of inhibitors or vehi-
cle. Ten days later, the cells were stained with
0.5% crystal violet stain solution (Yeasen, SH,
China) after 4% polyformaldehyde fixation.
Finally, the number of colonies (> 10 cells) was
counted under a microscope, and cell viability
was calculated relative to the vehicle.

Cell viability assay

Cell viability was assessed using the Cell
Counting Kit-8 (Beyotime Biotechnology). The
IC50 values were analyzed with GraphPad
Prism software, and the combined effect of
CDKI-73 and olaparib was examined by the
Chou-Talalay combination index (Cl) method. ClI
values under 0.9 represent synergism, values
0.9 to 1.1 are additive, and values above 1.1
indicate antagonism. The fraction affected (FA)
was calculated as follows: % reduction from the
untreated control x 0.01.

Apoptosis analysis

After treatment with drugs or the vehicle,
the cells were harvested and stained with
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annexin V-FITC and propidium iodide (PI) (BD
Pharmingen, CA, USA). Then, cellular apoptosis
was analyzed by flow cytometry on an ACEA
NovoCyte flow cytometer (ACEA Biosciences,
HZ, China).

Immunofluorescence staining

Cells were inoculated onto coverslips in 24-well
plates with a culture medium containing differ-
ent concentrations of drugs or the vehicle con-
trol for 48 hours. Then, immunofluorescence
staining was performed as described previ-
ously [26]. After fixation, permeabilization, and
blocking, coverslips were incubated with a
mouse anti-yH2AX (Ser139) monoclonal anti-
body (@b26350, Abcam), followed by incubation
with a secondary antibody and counterstaining
with DAPI. yH2AX foci and the percentage of
positive cells (> 10 foci per cell) were calculat-
ed under a fluorescence microscope.

Quantitative real-time PCR

Following total RNA extraction with an RNeasy
Plus Mini Kit (Qiagen, Hilden, Germany), the
reverse transcription synthesis of cDNA was
carried out using ReverTra Ace qPCR RT Master
Mix (TOYOBO, SH, China). Then, real-time PCR
was performed using SYBR Green Master Mix
(Yeasen). The human BRCA1 forward primer
was 5-GAAACCGTGCCAAAAGACTTC-3’, and the
reverse primer was 5-CCAAGGTTAGAGAGTTG-
GACAC-3..

Western blot analysis

Cells were harvested, and proteins were isolat-
ed. Then, Western blotting and signal detection
were performed as previously described [27].
The primary antibodies used were rabbit poly-
clonal anti-BRCA1 (ab9141, Abcam), rabbit
monoclonal anti-CDK9 (ab76320, Abcam),
rabbit polyclonal anti-CDK9 (phospho T186)
(@b79178, Abcam), rabbit monoclonal anti-
cleaved PARP1 (ab32064, Abcam), rabbit mon-
oclonal anti-phospho-histone H2AX (Ser139)
(#9718, Cell Signaling Technology), mouse
monoclonal anti-Bcl-2 (#15071, Cell Signaling
Technology) and rabbit monoclonal anti-cleav-
ed caspase3 (#9664, Cell Signaling Techno-

logy).

Tumor Xenografts

Animal experiments were approved by the
Ethics Committee of Experimental Research at
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Fudan University Shanghai Medical College.
Six-week-old female nude mice (Shanghai JSJ
Experimental Animal Center) were subcutane-
ously injected with 5 x 10® HO8910 cells in
100 pl PBS. One week later, tumors appeared,
and mice were randomized into four treatment
groups and administered intragastrically with
drugs or the vehicle control daily for three
weeks. Tumor volume and body weight were
measured at 3-day and 5-day intervals, respec-
tively. Tumor volume (V) was calculated as fol-
lows: maximal diameter x perpendicular diam-
eter?/2. Finally, mice were sacrificed, and
tumors were collected and fixed in formalin.

Immunohistochemical (IHC) Staining

Thirty-three paraffin-embedded ovarian high-
grade serous carcinoma specimens and seven
normal ovarian tissues were obtained from the
Obstetrics & Gynecology Hospital of Fudan
University. Our study was approved by the
Ethics Committee. Tissue section slides (4 um)
were heated for 1 hour at 60°C, deparaffinized
in xylene and rehydrated through a graded
ethanol series (100, 95, 75, and 50%). Then,
endogenous peroxidase activity was blocked by
incubation with 3% hydrogen peroxide, and 1%
Triton was used to permeabilize cells. Following
antigen retrieval with Improved Antigen Re-
trieval Buffer (50x Citrate Sodium Buffer, pH
6.0) (Yeasen), slides were blocked with 5% don-
key serum for 1 hour at room temperature.
After incubation with the anti-human CDK9 pri-
mary antibody (@b76320; Abcam) in a humidi-
fied chamber at 4°C overnight and with the sec-
ondary antibody for 1 hour at 37°C, antibody
binding was detected using a DAB Horseradish
Peroxidase Color Development Kit (Beyotime
Biotechnology). Then, slides were counterstain-
ed with hematoxylin (Beyotime Biotechnology)
and mounted onto coverslips after dehydration.
Paraffin-embedded xenograft sections (4 um)
were incubated with antibodies against Ki67
(#9027S, Cell Signaling Technology) and BRCA1
(@b213929, Abcam). The evaluation of protein
expression was determined by the IHC score as
described previously [28].

Statistical analysis

All data were analyzed with GraphPad Prism
software and are presented as the mean + S.D.
of at least three independent experiments.
One-way ANOVA was used to analyze the syner-
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gistic effect. Student’s t-test was used for the
two-group comparison. P < 0.05 was consid-
ered statistically significant.

Results

CDKO9 is highly expressed in ovarian cancer
and is associated with an advanced pathologic
stage

To explore whether the expression of CDK9 is
associated with clinical progression, we ana-
lyzed the expression level of CDK9 protein in
ovarian high-grade serous adenocarcinoma
specimens and normal ovarian tissues through
IHC staining. As shown in Figure 1A, CDK9 was
mainly localized in the cell nuclei, consistent
with the previous study [17]. CDK9 was weakly
stained in normal ovarian tissues and increas-
ingly stained in early-stage (stage I/1l) and
advanced-stage (stage lll/IV) ovarian cancer
tissues. CDK9 expression was significantly hig-
her in specimens from advanced-stage pati-
ents (IHC score = 6.67+0.50) than early-stage
(IHC score = 4.58+0.51) patients (Figure 1B).
Furthermore, the protein expression of CDK9 in
ovarian cancer tissues was higher than that in
normal ovarian tissues by Western blot analys-
is (Figure 1C). Kaplan-Meier-plotter analysis
revealed that 5-year progression-free survival
(PFS) (Figure 1D, P=0.049) and overall survival
(0OS) (Figure 1E, P=0.41) were shorter in pa-
tients with higher CDK9 expression, although
the difference was not statistically significant in
the OS condition (Figure 1E). These results sug-
gest that a higher level of CDK9 is associated
with the invasive progression of human ovarian
cancer.

CDK9 is co-expressed with BRCA1 in ovarian
cancer

Studies have shown that CDK9 facilitates HRR
by recruiting BRCA1 to DNA damage sites [24].
Through GEPIA (gene expression profiling in-
teractive analysis, http://gepia.cancer-pku.cn)
analysis, we found that CDK9 was co-express-
ed with BRCA1 in ovarian cancer (Figure 2A),
which was also confirmed in multiple ovarian
cancer cell lines (Figure 2B). As shown in Figure
2B, CDK9 was highly expressed in HO8910,
OVCAR-5, SKOV3, and A2780 (BRCA1 wild-
type) cells, whereas in OVCAR-8 (BRCA1 meth-
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ylated) and OVCA433 (BRCA2 deficient) cells
[29], CDK9 expression was as low as that of
BRCAL1.

It is well established that the downregulation of
BRCA1 may represent a potential biomarker for
the sensitivity to PARP inhibitors [30]. Therefore,
we speculate that a CDK9 inhibitor may pro-
mote sensitivity to PARP inhibitors. To choose
eligible ovarian cancer cell lines, we first per-
formed a Cell Counting Kit-8 (CCK-8) cell viabil-
ity assay to test the IC50s of the above-men-
tioned cell lines to the PARP inhibitor olaparib
and the CDK9 inhibitor CDKI-73 (Figure 2C and
2D). The results showed that HO8910 and
OVCAR-5 cells (BRCA1 wild-type ovarian cancer
cells) were more insensitive to both inhibitors
than OVCAR-8 and OVCA433 cells (BRCA1-
deficient ovarian cancer cells) (Figure 2E), the-
refore, we used the two cells for our following
study. Notably, the BRCA1 wild-type ovarian
cancer cell lines SKOV3 and A2780 were more
sensitive to both inhibitors than the OVCAR-8
and OVCA433 cell lines, which demonstrated
that the efficiency of the PARP inhibitors was
not totally dependent on BRCA1 status [6].

CDKI-73 synergizes with olaparib in BRCA1-
proficient ovarian cancer cells

Based on the role of CDK9 in HRR and the the-
ory of synthetic lethality [24], we then evaluat-
ed the synergistic efficiency of CDKI-73 com-
bined with olaparib in HO8910, OVCAR-5 and
OVCAR-8 cells. As shown in Figure 3A-C, olapa-
rib (at a concentration of 4 uM) had nearly no
impact on the viability of HO8910 and OVCAR-5
cells, but CDKI-73 markedly reduced cell via-
bility in a concentration-dependent manner.
Compared to single-agent treatments, the drug
combination treatment resulted in a synergi-
stic inhibition of HO8910 and OVCAR-5 cell via-
bility. The synergism indicated by combination
index (Cl) values < 0.7 was observed in Figure
3A, 3B, 3D. The synergistic effect was also
observed but less pronounced in OVCAR-8 cells
(Figure 3C, 3D), suggesting that the two inhi-
bitors showed a better synergistic effect on
BRCA1-proficient ovarian cancer cells.

To detect the long-term inhibitory effects in cell
proliferation, we then conducted a cell colony
formation assay. Olaparib monotherapy (0.50
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Figure 1. CDK9 is highly expressed in human ovarian cancer and is associated with invasive progression. A. Repre-
sentative images of nuclear staining intensity for CDK9 in 7 normal ovary samples and 12 early-stage (stage | or Il)
and 21 advanced-stage (stage Ill or IV) ovarian high-grade serous adenocarcinoma samples. The stage of ovarian
cancer was defined based on the International Federation of Gynecology and Obstetrics (FIGO) staging system.
Scale bar, 200 um. B. IHC scores for CDK9 in ovarian tumor tissues and normal ovarian tissues. ANOVA with the post
hoc test. C. Comparison of the CDK9 protein levels in ovarian tumors and normal ovarian tissues by Western blot
analysis. Tubulin was used as a loading control. D, E. The progression-free survival (PFS) and overall survival (OS)
rates in the high-CDK9 and low-CDK9 groups of ovarian cancer patients by Kaplan-Meier plotter analysis (http://
kmplot.com/analysis).

pM) and CDKI-73 monotherapy (0.25 uM) ex- We proceeded to investigate the effect of the
hibited only weak and moderate proliferation combination of CDKI-73 and olaparib on cell
inhibitory effects, respectively, whereas the death by performing an apoptosis assay. Drug
combination of CDKI-73 and olaparib markedly combination treatment yielded a higher apop-
reduced the growth of both cells (Figure 3E and totic cell population in both cell lines than the
3F). vehicle and single-agent treatment (Figure 4A
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Figure 2. CDK9 is co-expressed with BRCA1 in ovarian cancer. A. The correlation between CDK9 and BRCA1 protein
expression in ovarian cancer patients retrieved from the TCGA dataset was investigated by GEPIA (gene expression
profiling interactive analysis, http://gepia.cancer-pku.cn). B. The expression of BRCA1 and CDK9 proteins in six
ovarian cancer cell lines, HO8910, OVCAR-5, SKOV3, A2780, OVCAR-8, and OVCA433, as determined by Western
blot analysis. C, D. The cytotoxic effects of olaparib (C) and CDKI-73 (D) at various concentrations on the six ovarian
cancer cells for 48 hr were measured with the CCK-8 assay. E. IC50 values of the above cells were calculated using
GraphPad Prism software.

and 4B). Moreover, CDKI-73 combined with in the expression of antiapoptotic protein Bcl-2
olaparib also induced a remarkable decrease in both ovarian cancer cells, while the estab-

1145 Am J Cancer Res 2020;10(4):1140-1155



Synthetic lethality of PARP and CDK9 inhibitors in ovarian cancer

A HO8910 B OVCARS5
- ———i, it
804 80-
| s =
2 604 S 60+
: : ¢
£ 41« Olaparib £ 41— Olaparib
g SN 204~ COKI-73
~+ Olaparib+CDKI-73 . —— Olaparib+CDKI-73 *

CDKI-73(um) 0.125 0.25 050 1.00 2.00 COKIT3um) 0425 025 050 1.00 200

Olaparib(um) 025 050 1.00 200 4.00 Olaparib(um) 0.25 050 1.00 200 4.00
FA 018 028 042 062 0.78 FA 013 019 051 077 089
Cl 062 050 061 053 063 cl 045 0.67 043 028 0.24
C OVCARS D
100+
— 2.0- * HO8910
80+ o = OVCARS
E 60~ X 1.5+ 4 OVCARS
e 3
2 40- E
§ -~ Olaparib i K B T oo Ci=1.0
204 = CDKI-73 £ 2 & . 4 .
i b Olaparib+CDKI-73 g oo ‘7o L
v T T T T T 1 o ™ -
CDKI-7T3(uM) 0.03125 0.06250.125 0.25 0.50 § 0.0
AP T T L} L} L)
Olaparib(uM) 0.0625 0.125 025 050 1.00 © 0.0 0.2 04 0.6 0.8 1.0
FA 0.09 010 040 069 0.89 Fraction affected (Fa)
Cl 062 101 063 081 101
E F 1 omso ] Otaparib
M coki-73 ] Olaparib+COKI-73
T 1201
2 - ™
n.n ‘g 80
. 60
S o .
20+
2
_ OVCARS5
S- 120+
100 =
=
: §
8 60
: i
20
2

HO8910

Figure 3. Synergistic effect of CDKI-73 combined with olaparib on the survival and growth of ovarian cancer cells.
A-D. Cytotoxic effect of CDKI-73 and olaparib, either as monotherapy or in combination, on ovarian cancer cells
(HO8910, OVCAR-5, and OVCAR-8). The synergistic effect of the combination was judged according to the combi-
nation index (Cl) and fraction affected (FA). DMSO was used as a vehicle. Values are shown as the mean * S.D.
representative of three independent experiments. *P < 0.05 vs CDK9i; **P < 0.01 vs CDKO9I. E, F. The proliferation
inhibitory effect of CDKI-73 (0.25 uM) and olaparib (0.5 pM) on HO8910 and OVCAR-5 cells was determined with
a clonogenic assay. DMSO was used as a vehicle. Values are shown as the mean + S.D. representative of three
independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001 (Student’s t-test).
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Figure 4. CDKI-73 combined with olaparib synergistically induces cell apoptosis. A, B. Apoptosis was detected by flow cytometry. HO8910 and OVCAR-5 cells were
exposed to CDKI-73 (0.25 uM) and olaparib (0.50 uM) or their combination for 48 hours, and apoptosis (annexin V+/PI- and annexin V+/Pl+) was analyzed by flow
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was used as a loading control.
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lished apoptotic marker cleaved PARP showed
a sharp increase in OVCAR-5 cells but a slight
increase in HO8910 cells (Figure 4C).

Coadministration of CDKI-73 and olaparib dem-
onstrates a strong therapeutic effect in vivo

To assess the synergy of CDKI-73 and olaparib
in vivo, we further explored their therapeutic
effect in ovarian xenograft models. Nude mice
were injected subcutaneously with BRCA1-
proficient HO8910 cells and were allowed to
form tumors for one week. Following tumor for-
mation, mice were randomly divided into four
treatment groups: the vehicle control (ctrl),
CDKI-73 (0.5 mg/kg), olaparib (0.25 mg/kg),
and the combination of CDKI-73 and olaparib
groups. During administration, all groups sh-
owed a steady body weight gains (Figure 5E)
and no significant differences in the activity
status, feeding, reaction to stimulation, or psy-
chosis (no specific data), indicating all treat-
ments were well tolerated in mice. Consistent
with the effect of the combination of olaparib
and CDKI-73 in vitro, the co-administration of
olaparib and CDKI-73 resulted in a greater inhi-
bition of tumor growth (i.e., tumor volumes and
weights) than other groups (Figure 5A-C, P <
0.01 at day 21). Similarly, the combination
treatment caused a marked decrease in the
percent change in tumor burden compared to
other treatments (Figure 5D). BRCA1 and Ki67
(a proliferation marker) staining in harvest xen-
ograft tumor samples was shown in Figure 5F.
A reduction in BRCA1 and Ki67 protein expres-
sion was detected in the co-administration
group, suggesting impaired HR and prolifera-
tive ability.

Interestingly, in this BRCAZ1-proficient model,
olaparib monotherapy distinctly suppressed
tumor growth (P < 0.05, day 21), manifested by
a reduction in tumor volume and tumor weight
(Figure 5A-C). The more sensitivity of HO8910
to olaparib in vivo may be due to the high doses
used in vivo (0.25 mg/kg), which may also
explain why the synergetic effect in vivo was not
obvious.

CDKI-73 downregulates BRCA1 expression

Next, we explored the specific mechanism of
CDKI-73 sensitizing ovarian cancer cells to
olaparib. We evaluated DNA damage by meas-
uring H2AX phosphorylation status (y-H2AX),
which is a biomarker for DSBs [31]. As shown
in Figure 6A, the formation of y-H2AX foci was

1149

increased following treatment with CDKI-73 at
different concentration (0.125 uyM, 0.25 uM).
And the expression of y-H2AX protein, cleav-
ed PARP and caspase-3 were significantly
enhanced, while Bcl2 expression was inhibited
after CDKI-73 treatment (Figure 6C). Above
results indicated that more DNA damage and
more DSBs were generated in CDKI-73-treated
cells. As presumed, aggregated DSBs eventu-
ally increased cell apoptosis due to the inability
to repair DNA damage (Figure 6B).

Due to the role of CDK9 in RNA transcription
[13] and its co-expression relationship with
BRCA1, we further investigated whether CDKI-
73 regulates the expression of BRCA1 in ovari-
an cancer. As shown in Figure 6C-E, CDKI-73
dose-dependently downregulated the expres-
sion of BRCA1 at the mRNA and protein level
in HO8910 cells. Furthermore, Figure 6F sh-
ows a time-dependent reduction in the protein
levels of BRCAL in HO8910 cells treated with
0.25 uM CDKI-73 for O, 12, 24, 48, and 72
hours. Thus, our data indicated that CDKI-73
might compromise the HR function by down-
regulating BRCA1 expression in ovarian can-
cer.

To explore whether CDKI-73 combined with
olaparib can lead to further increased DSBs,
we conducted an immunofluorescence stain-
ing assay. As shown in Figure 6H, markedly
increased y-H2AX foci formation was observed
in HO8910 cell nuclei following treatment with
the drug combination. Moreover, the drug com-
bination group exhibited a marked concomitant
reduction in the expression of BRCA1 protein in
HO8910 and OVCAR-5 cells compared to the
other groups (Figure 6G).

Discussion

PARP, a key enzyme that repairs DNA single-
strand breaks (SSBs), binds to the stalled repli-
cation forks and facilitates the recruitment of
HRR enzymes to DNA damage sites [32, 33].
PARP inhibitors can cause the generation and
accumulation of DSBs by blocking PARP from
repairing SSBs [34]. DSBs are mainly repaired
by HRR; therefore, accumulated DSBs would
result in HR deficient cell death [35]. BRCA1/2
participates in the process of HRR, and muta-
tions in the BRCA1/2 genes lead to HRD [36].
In theory, mutations in other genes or the
abnormal expression of proteins involved in the
HRR pathway will also lead to HRD and increase
the sensitivity to PARP inhibitors [37]. Previous
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Figure 5. Coadministration of CDKI-73 and olaparib demonstrates a strong therapeutic effect on ovarian cancer
cells in vivo. Tumor-bearing nude mice were orally administered vehicle control (Ctrl), CDKI-73 (25 mg/kg), olaparib
(50 mg/kg), or the combination of the two drugs daily for three weeks (n = 6). The coadministration of CDKI-73
and olaparib remarkably suppressed tumor growth. A. Images of harvested tumors from each treatment group. B.
Tumor growth curves measured during treatment. C. Box and whiskers plot of tumor weight at sacrifice (minimum
to maximum, the line represents the mean). *P < 0.05; **P < 0.01. D. Tumor volume changes (from the start to
the end of treatment) in each treatment group are shown in a waterfall plot. E. Mouse weight was measured every
5 days during treatments. F. Representative IHC images of Ki67 and BRCAL in formalin-fixed paraffin-embedded
tumors. Scale bar, 200 ym.

studies have found that the BRCA wild-type that these BRCA wild-type ovarian cancer pa-
population may also benefit from PARP inhibi- tients possess HRD [6]. For this reason, Turner
tors treatment, and the probable cause may be proposed the concept of the “BRCAness” phe-
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Figure 6. CDKI-73 downregulates BRCAL. A. Representative immunofluorescence images of y-H2AX staining in
HO8910 cells treated with CDKI-73 at various concentrations (0, 0.125, and 0.25 uM) for 48 hours. DMSO was
used as a vehicle. Scale bar, 20 um. The percentage of y-H2AX-positive cells (> 10 foci per nucleus) in HO8910 cells
treated as described above. B. The percentage of apoptotic cells in HO8910 cells treated as described above was
measured by flow cytometry. C. The expression of BRCA1, p-CDK9, CDK9, Bcl-2 proteins, y-H2AX, cleaved PARP, and
cleaved caspase-3 in HO8910 cells treated with CDKI-73. D. The expression of BRCA1 protein in the above cells.
Values are shown as the mean + S.D. and are representative of three independent experiments. *P < 0.05; **P
< 0.01 (Student’s t-test). E. Downregulation of BRCAL1 mRNA expression in HO8910 cells treated with CDKI-73 at
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various concentrations (0, 0.125, 0.25, and 0.50 uM) for 48 hours. Values are shown as the mean + S.D. and are
representative of three independent experiments. *P < 0.05; ***P < 0.001 (Student’s t-test). F. Time-dependent
reduction in the expression of BRCA1 in HO8910 cells after treatment with 0.25 yM CDKI-73. G. Western blot analy-
sis of BRCA1 in the two ovarian cancer cell lines treated with vehicle control (DMSO), CDKI-73 (0.25 uM), olaparib
(0.5 uM) or the combination of the two drugs. Tubulin was used as a loading control. H. (Left) Representative im-
munofluorescence images of y-H2AX staining in ovarian cancer cells treated with vehicle control (DMSO), CDKI-73
(0.25 pM), olaparib (0.5 uM), or the combination treatment. Scale bar, 20 um. (Right) The percentage of positive
cells (> 10 foci per nucleus) with yH2AX foci relative to the vehicle control. All data are shown as the mean + S.D.
representative of three independent experiments. *P < 0.05; ***P < 0.001 (Student’s t-test).

notype, which describes HRD without a BRCA
mutation but with tumor characteristics similar
to those with a BRCA mutation [37-39]. Since
CDK9-knockdown cells have been demonstrat-
ed to show compromised HRR and sensitiza-
tion to DNA damaging agents [24], CDK9 inhibi-
tors would have a strong rationale to generate
a “BRCAness” phenotype. Thus, in this study,
we explored the synergistic effect of the CDK9
inhibitor CDKI-73 combined with the PARP
inhibitor olaparib in BRCA1 wild-type ovarian
cancer.

Here, we reported for the first time that the
CDKO9 protein was highly expressed in ovarian
cancer specimens compared to that in normal
ovarian tissues. Patients with higher CDK9
expression had higher tumor stage, showing
that a higher CDK9 may predict ovarian cancer
progression. Consistent with the former report
[40], we verified that CDKI-73 significantly in-
hibited the survival and proliferation of ovarian
cancer cells and led to increased cell apopto-
sis. These results suggest that CDK9 is associ-
ated with the invasive progression of human
ovarian cancer and may be a potential thera-
peutic biomarker for ovarian cancer.

HRR mainly acts on the G2 and S phases of the
cell cycle [41]. When DSBs occur, the MRN
complex composed of MRE11A-NBS1-RAD50
detects the damage and recruits ATM to phos-
phorylate H2AX and further binds to 53BP1
and NBS1 [42]. Simultaneously, BRCA1 inter-
acts with 53BP1 at DSBs, and subsequent DSB
repair initiates [43]. Here, we examined the
y-H2AX and BRCA1 expression following CDKI-
73 treatment. Results showed that CDKI-73
induced more y-H2AX foci formation and more
y-H2AX expression accompanied by reduced
BRCA1 expression in ovarian cancer cells. All of
these results suggest that CDKI-73 might have
compromised HRD in BRCA1 wild-type ovarian
cancer cells, naturally more sensitive to olapa-
rib. Compared to the vehicle control and mono-
therapy treatment, the combination of CDKI-73
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and olaparib indeed blocked cell survival and
proliferation effectively in vitro and in vivo. The
body weight, behavior, and psychosis of all
mice were not significantly different during the
administration, indicating that the overall toxic-
ity of the treatment to the mice was minimal.
However, the toxicity in humans remains un-
known and needs more clinical study.

It has been reported that CDK9 plays a crucial
role in RNA translational elongation. In our
study, CDKI-73 significantly reduced the expres-
sion of BRCA1 at the mRNA and protein level,
which was also accompanied by an increase
in y-H2AX foci formation. Surprisingly, GEPIA
showed a positive correlation between CDK9
and BRCA1, which was also demonstrated in
various ovarian cancer cell lines. Moreover, the
lowest expression of BRCA1 protein and the
highest levels of y-H2AX protein and y-H2AX
foci formation were observed in drug combina-
tion compared to the vehicle control and mono-
therapy treatment, suggesting that the most
severe DNA damage occurred in the combina-
tion treatment. Therefore the synthetic lethality
between CDKI-73 and olaparib might be clari-
fied by the BRCA1 downregulation induced by
CDKI-73 in ovarian cancer cells. However, the
mechanism by which the CDK9 protein directly
regulates the transcription of the BRCA1 gene
is still unknown and should be further studied.

In conclusion, our study revealed that in addi-
tion to having a direct antitumor effect, the
CDK9 inhibitor CDKI-73 also led to HRD by sup-
pressing BRCA1l expression and sensitized
BRCA1-proficient ovarian cancer cells to olapa-
rib. As CDK9 inhibitors and olaparib advance
clinically, we believe this treatment strategy
has value for further research.
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