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Pembrolizumab promotes
degradation of cyclin dependent
kinase 6 and suppresses ovarian
cancer progression in vitro

YiWu'™, Ziyan Xu?, Zugiang Kou?, Qiuling Ye*, Liting Chen* & Boyu Gou*

Pembrolizumab is a novel humanized anti-PD-1 monoclonal antibody capable of enhancing

T-cell mediated antitumor immunity. However, the function of pembrolizumab on tumor cells
themselves and relative molecular mechanism in ovarian cancer remain unknown. Our study
demonstrated pembrolizumab exerted remarkable suppressive impacts on proliferation, colony
formation and migration of ovarian cancer cells in vitro. Furthermore, pembrolizumab treatment
delayed cell cycle progress from G1 to S phase transition and suppressed cell growth in ovarian
cancer cells. Mechanistically, pembrolizumab decreased the stability of CDK6 protein through

a polyubiquitin-mediated proteasomal degradation pathway. Meanwhile, pembrolizumab
treatment dose-dependently reduced Snail, Vimentin and N-cadherin expressions and enhanced
E-cadherin expressions. Additionally, the combined treatment of pembrolizumab and cisplatin
effectively enhanced anti-proliferative effect of cisplatin on HO-8910 cells. These findings suggested
pembrolizumab efficiently suppressed malignant progression of ovarian cancer cells and facilitated
proteasomal degradation of CDK6 and increased cisplatin inhibition of HO-8910 cells proliferation,
therefore providing a promising therapeutic strategy for ovarian cancer.

Keywords Pembrolizumab, Ovarian cancer, CDKG6, Cisplatin

Abbreviations

oC Ovarian cancer

CDK6 Cyclin-dependent kinase 6
CDK4 Cyclin-dependent kinase 4
CCND1  Cydlin D1

mTOR Mechanistic target of rapamycin kinase
PES Progression-free survival
PD-1 Programmed cell death protein 1

CCK-8 The cell counting kit-8
UBE2N Ubiquitin-conjugating enzyme 2N
VEGFA  Vascular endothelial growth factor A

FLT3 Fms-related tyrosine kinase 3

EMT Epithelial-to-mesenchymal transition
AURK Aurora kinase

CHX Cycloheximide

Ovarian cancer (OC) is one of the most common gynecological cancers. In 2022, ovarian cancer is the 8th
leading cause of global female cancer incidence, with comprising 3.4% of female cancer cases and the eighth
leading cause of female cancer mortality worldwide, with 4.8% of female cancer deaths'. Because of hidden onset
and rapid progression, more than one-half of ovarian cancer patients are diagnosed as late stage?. The five-year
survival rate for ovarian cancer patients is no more than 30%?. The current standard treatment for ovarian cancer
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consists of cytoreductive surgery followed by platinum-based chemotherapy*. Cisplatin, as a platinum compound
agent and the first-line therapeutic drug for ovarian cancer treatment, has shown remarkable efficacy. However,
about 75% of ovarian cancer patients have developed cisplatin resistance or even multiple drug resistance after
years of treatment, leading to treatment failure®. Therefore, it is of particular urgency to uncover and identify
novel drugs and pharmacological targets for improving treatment efficacy of ovarian cancer.

Pembrolizumab is an anti-PD-1 highly selective, humanized monoclonal IgG4-kappa isotype antibody
capable of blocking PD-1 receptor by binding to the PD-1 receptor, leading to a physiological shift to immune
reactivity and anti-tumor effect, so as to restore the anti-tumor immune response of T cells to play an anti-
tumor role®”. Clinically, PD-1 blockade elicits potent antitumor immune responses, and antibodies blocking
PD-1 ligation, including pembrolizumab, have recently received Food and Drug Administration approval for the
treatment of advanced melanoma, renal cell cancer, and non-small cell lung cancer, and with a clinical trial in
ovarian cancer as well®’. In recent years, although it is well known that pembrolizumab has widely been used for
immunotherapy for cancer based on T cells, whether pembrolizumab can directly target tumor cells themselves
remain to be elusive.

Cyclin-dependent kinase 6 (CDK®6) is an important regulator of the cell cycle'. It is the catalytic subunit
of the CDK6-cyclin D complex involved in the G1 to S cell cycle progression and negatively regulates cell
differentiation'!. Emerging evidence suggests that certain tumor cells require CDK6 for proliferation!!. CDK6
is frequently overexpressed or hyper-activated in cancer samples'?. Recent studies showed that CDK6 was
significantly upregulated in ovarian cancer tissues and positively correlated with ovarian cancer progression'>.
Moreover, high CDK6 expression was significantly associated with early relapse and predicted a shorter
progression-free survival (PFS) of OC patients, implying a specific oncogenic role of CDK6 in OC'.

In this study, we provided evidence that pembrolizumab, as anti-PD-1 drug, significantly promotes CDK6
ubiquitination and degradation, accompanied by inducing G0/G1 cell cycle arrest, reducing cell proliferation
and migration, and enhancing the anti-proliferative efficacy of cisplatin in OC cells. Overall, our findings unveil
a previously unexplored role for pembrolizumab in suppressing ovarian cancer progression and accelerating
CDKG6 degradation.

Materials and methods

Reagents

Reagents used in this study included pembrolizumab (MedChemExpress, MCE), cisplatin (MedChemExpress,
MCE), cycloheximide (CHX) (MedChemExpress, MCE) and MG132 (Cell Signaling Technology, CST).

Cell lines and cell culture

HO-8910 and CAOV-3 cell lines were purchased from the American Type Culture Collection (ATCC). Human
ovarian cancer HO-8910 cells were cultured in RPMI-1640 (Gibco) medium supplemented with 10% fetal bovine
serum (FBS) (BI), penicillin (100 U/mL) and streptomycin (100 pg/mL). Human ovarian cancer CAOV-3 cells
were cultured in DMEM (Gibco) medium supplemented with 10% fetal bovine serum (FBS) (BI), penicillin (100
U/mL) and) streptomycin (100 pg/mL). Cells were incubated with 5% CO, at 37 °C.

CCK-8 assays

CCK-8 assay was used to evaluate cell viability. Human ovarian cancer HO-8910 or CAOV-3 cells were planted
on 96-well plates at 3000 cells per well. After incubation for 24 h, cells were treated with a range of concentrations
of pembrolizumab for 72 h. Additionally, cells were exposed to 20 pg/mL pembrolizumab and incubated for
24 h, 48 h and 72 h. Then, the cell Counting kit-8 (CCK-8, Bimake, USA) was used to detect cell proliferation.
Generally, 10 uL CCK-8 solutions was added to each plate and cells were incubated at 37 °C for 1 h. Cell viability
was determined by absorbance at 450 nm. Each treatment was performed in triplicate, and data are shown as
mean + SEM.

Clone formation assay

HO-8910 and CAOV-3 cells were planted in 6-well plates at 1000 cells per well and incubated for 24 h, and then
treated with different concentrations of pembrolizumab. After cultured at 37 °C 5% CO, incubator for one week,
the clones were fixed with 4% paraformaldehyde and stained with crystal violet (0.1%, m/v). The cell clones were
counted with the Image J software.

Migration assays

The two-dimensional migration ability of HO-8910 and CAOV-3 cells was detected by wound-healing assays
and Transwell migration assay. For wound-healing assays, cells were seeded in six-well plates and cultured to
monolayer confluency in normal medium. A wound was made by dragging a sterile 10 pL pipette tip across the
well and the detached cells were removed by three phosphate buffer saline (PBS) washes. The remaining cells
were cultured at 37 °C with or without pembrolizumab treatment in serum-free RPMI-1640 medium or serum-
free DMEM medium. Migrating cells at the wound front were photographed at 0 h, 24 h, 48 h and 72 h.

For Transwell migration assay, cell migration assays were performed using 24-well Transwell chambers with
polycarbonate filter inserts (8 um pore size, Corning Costar) uncoated with Matrigel. About 3 x 10* cells were
suspended in 100 uL serum-free RPMI-1640 medium with pembrolizumab or vehicle and added to the upper
chamber, while 600 uL RPMI-1640 medium or DMEM medium containing 10% FBS and pembrolizumab or
vehicle was placed in the lower chamber. After 15 h of incubation, the cells remaining in the upper chamber were
removed using cotton swabs. The cells that migrated through the membrane and adhered to the lower surface
of the membrane were fixed with 95% ethanol and stained with 0.1% crystal violet. Cells in 5 microscopic fields
were photographed and counted with Image J 1.49V software.
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RNA isolation and quantitative real-time PCR (qRT-PCR)

HO-8910 and CAOV-3 ovarian cancer cells were pre-treated with 20 pg/mL pembrolizumab or vehicle for 24
h. The total RNA from HO-8910 and CAOV-3 cells was isolated using Trizol Reagent (Invitrogen) according to
the manufacturer’s instructions. The PrimeScript™ RT-PCR Kit (TaKaRa) was used to transcribe RNA to cDNA.
cDNA was used for subsequent qRT-PCR using the SYBR Premix Ex Taq kit (TaKaRa). Each reaction was run
on the Light Cycler 96 Realtime PCR machine (Roche Life Science). Messenger RNA expression levels were
normalized to ribosome 18 s rRNA. The sequences of the primers were listed in Supplementary Table 1.

Western blotting analysis

Cells were lysed in a RIPA lysis buffer which was added with protease inhibitors (APExBIO). Protein from cell
lysates (10 pg Of. total protein) were fractionated by SDS-PAGE and transferred to PVDF membranes (Millipore,
USA) using a wet transfer system. After blocking in 5% non-fat milk at room temperature for 1 h, the membranes
were incubated with corresponding primary antibodies at an appropriate dilution overnight at 4 °C. Membranes
were further probed with horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature.
The immunoreactive bands were visualized by enhanced chemiluminescence (ECL) detection system (Tanon,
Shanghai, China). The following primary antibodies were purchased: anti-CDK6 (1:1000, #13331 T, R; 1:1000,
#3136 T, M, Cell Signaling Technology), anti-Vimentin (1:1000, #5741 T, Cell Signaling Technology), anti-E-
Cadherin (1:1000, #3195 T, Cell Signaling Technology), anti-Snail (1:1000, #3879P, Cell Signaling Technology),
anti-N-Cadherin (1:2000, #62219-1-lg, Proteintech), anti-ubiquitin (1:500, #10201-2-AP, Proteintech), PD-1
(1:1000, #18106-1-AP) and anti-GAPDH (1:20,000, #60004-1-1g, Proteintech). Additionally, all the blots were
cut prior to hybridisation with antibodies during blotting.

Immunoprecipitation assay

Cells were lysed in IP buffer with a protease inhibitor cocktail (Roche) for 30 min on the ice and centrifuged
at 12,000 g for 20 min at 4 °C. The supernatant was obtained. Equal amounts of lysate were incubated with the
appropriate primary antibodies and protein A/G agarose beads (GE Healthcare) overnight at 4 °C. The beads
were washed three times with lysis buffer and then prepared for western blotting. Both immunoprecipitates and
lysates were examined by the corresponding primary antibodies.

Statistical analysis

Statistical analyses were executed by using the Graphpad 5.0 software. The experimental values were presented
as mean *standard error of the mean (SEM). Unpaired Student’s t test was used to compare means in two
independent samples. Statistically significant differences of multiple groups were determined by one-way analysis
of variance (ANOVA) followed by Tukey’s test. When P-values were less than 0.05, statistical significance was
assumed.

Results

Pembrolizumab inhibits OC cell growth and proliferation

Considering that Pembrolizumab is a targeting PD-1 monoclonal antibody, we detected the expression of
intrinsic PD-1 on HO-8910 and CAOV-3 cells. Immunoblot analysis revealed that PD-1 was expressed by HO-
8910 and CAOV-3 cells (Supplementary Fig. 1).

To assess whether pembrolizumab, an immune checkpoint inhibitor, has the direct anti-proliferative
influence on ovarian cancer cells, CCK-8 assay was first performed in OC cells. HO-8910 and CAOV-3 cells
were treated with a range of pembrolizumab concentration (0, 0.5, 1.0, 2.0, 5.0, 10, 20 pug/mL) for 72 h or 20
pg/mL of pembrolizumab for 24 h, 48 h and 72 h. IC50 of HO-8910 and CAOV-3 cells to pembrolizumab was
21.07 ug/mL and 15.52 ug/mL respectively. As shown in Fig. 1A-D, the viabilities of both OC cell lines were
significantly suppressed in a dose-dependent as well as time-dependent manner. In order to test the long-term
influence of pembrolizumab treatment on cancer cells, we then performed colony formation experiments. Our
results showed pembrolizumab treatment significantly decreased cell colony formation in HO-8910 or CAOV-3
cells in a dose-dependent manner after one week of cultures. Pembrolizumab treatment decreased HO-8901 cell
colony numbers by 13.3%, 55.1% and 90.5%, respectively; CAOV-3 cells colony numbers by 26.9%, 55.4% and
64.3%, respectively (Fig. 1E-E, Supplementary Fig. 9). In summary, these findings indicated that pembrolizumab
exhibits directly inhibitory influence on growth and proliferation of ovarian cancer cells.

Pembrolizumab treatment causes GO/G1 arrest in ovarian cancer cells

To identify whether pembrolizumab inhibited OC cell growth and proliferation through induction of cell cycle
arrest, a flow cytometric analysis was performed in HO-8910 and CAOV-3 cells stained with propidium iodine.
We monitored the cell cycle progression of each group of OC cells exposed to pembrolizumab or vehicle. We
found that pembrolizumab treatment in HO-8910 cells markedly induced GO0/G1 cell cycle arrest after 48
h, which was associated with the decreased population in S phases from 34.9% to 26.84% and the increased
population in G1 phases from 58.58% to 64.63% (Fig. 2A-B). We next tested whether pembrolizumab plays the
similar part in CAOV-3 cells. As expected, the results from CAOV-3 cells suggested that the number of cells in
G1 increased from 46.6% to 52.72%, and S phase decreased from 30.19% to 21.96% (Fig. 2A-B). Collectively,
these results indicated that pembrolizumab suppresses the growth and proliferation of OC cells, possibly via
delaying cell G1-S phase transition.
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Fig. 1. Effect of pembrolizumab on HO-8910 and CAOV-3 cells proliferation. (A-B) HO-8910 and CAOV-

3 cells were exposed to pembrolizumab (0, 0.5, 1.0, 2.0, 5.0, 10, 20 pg/mL) for 72 h. And then CCK-8 assays
were performed to determine the cell viability. The data are expressed as mean+ SEM. *P<0.05; **P<0.01; ***
P<0.001 compared with Control group (0 pug/mL pembrolizumab). (C-D) HO-8910 and CAOV-3 cells were
exposed to pembrolizumab (20 pg/mL) for 24 h, 48 h and 72 h. And then CCK-8 assays were performed to
determine the cell viability. The data are expressed as mean + SEM. *P <0.05; **P<0.01; *** P<0.001 compared
with Control group (0 h). (E) Long-term colony formation assays of HO-8910 and CAOV-3 cells treated with
pembrolizumab (0, 2.0, 5.0, 10pg/mL) for one week. (F) Colony numbers of HO-8910 and CAOV-3 cells were
counted using Image J software. The data are expressed as mean + SEM. **P<0.001 compared with Control
group (0 pg/mL pembrolizumab).

Pembrolizumab promotes CDK6 ubiquitination and its subsequent degradation in HO-8910
cells

To dissect the possible molecular mechanisms by which pembrolizumab regulates cell cycle progression in OC
cells, we performed Western blotting to examine the influence of pembrolizumab on the expression of cell cycle-
related protein, which is involved in the regulation of G1 to S phase transition of the cell cycle. After the exposure
of HO-8910 cells to gradient concentrations of pembrolizumab for 48 h, the protein levels of CCND1, CDK4 and
CDKG6 were assessed. The results demonstrated that CDK6 expression in pembrolizumab-treated HO-8910 cells
dramatically decreased in a dose-dependent manner without significantly affecting the protein levels of CCND1
and CDK4. (Fig. 3A-B left panel; Supplementary Fig. 2; Supplementary Fig. 3). Consistently, the levels of CDK6
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Fig. 2. Pembrolizumab blocks GO/G1 to S phase transition in ovarian cancer cells. (A) HO-8910 and CAOV-3
cells exposed to 20 pg/mL pembrolizumab were subjected to flow cytometry analysis. (B) The percentage of
cells in GO/G1 phase, S phase and G2/M phase at 48 h was shown in the graphs respectively.

in CAOV-3 cell lines were decreased significantly following pembrolizumab treatment (Fig. 3A and 3B right
panel; Supplementary Fig. 3). Meanwhile, quantitative Real-time PCR experiments did not show any influence
of pembrolizumab on CDK6 mRNA levels in HO-8910 and CAOV-3 cells, indicating that the treatment of
pembrolizumab only caused the decrease in protein levels of CDK6, but not mRNA levels. (Fig. 3C). These
findings suggested pembrolizumab-induced downregulation of CDK6 may be mediated by post-translational
modifications.

To further validate whether pembrolizumab affected CDK6 expression in a proteasome-dependent manner,
we treated indicated cells with the protein synthesis inhibitor cycloheximide (CHX). Notably, the half-life of CDK6
protein was prominently reduced from more than 24 h in control to less than 6 h in the pembrolizumab-treated
cells, suggesting that pembrolizumab treatment accelerated CDK6 degradation (Fig. 3D and E; Supplementary
Fig. 4). Subsequently, HO-8910 cells with or without pembrolizumab were treated by the proteasome inhibitor
MG]132 for the indicated time. Western blotting analysis of HO-8910 ovarian cancer cell lysates showed that
while pembrolizumab treatment reduced levels of CDK6, MG132 treatment reversed this effect, leading to
dramatic accumulation of CDK6 protein levels in a timely fashion (Fig. 3F and 3G; Supplementary Fig. 5).

Given that the ubiquitin—proteasome system plays a critical role in protein degradation, we preformed
general ubiquitination assays to investigate the effect of pembrolizumab on ubiquitination of CDK6. Cells
were treated with MG132 for 6 h before protein sample collection to inhibit proteasomal degradation, so that
polyubiquitinated CDK6 can be accumulated and detected later. Endogenous CDKG6 protein was pulled down,

Scientific Reports |

(2025) 15:25283

| https://doi.org/10.1038/s41598-025-11043-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A HO-8910 CAOV-3 C
Pembrolizumabp - il | sl

cov IR = e
[ .&m Lo T SO ‘; CDK6 I Pembrolizumab

GAPDH | —— (S —— | g
g 1.2
1.0
B CDK6 g o
HO-8910 CAOV-3 2 o6
Kk X R . S— ' .
E 1.0 —x 15 ek € 04
T 0.8 | 1.2 en 2 oo
& 06 0.9 2
9o S 00
o O
g 04 0.6 & HO-8910 CAOV-3
8 0.2 0.3
0.0 0.0
mVehicle m \Vehicle
B Pembrolizumab(5ug/ml mE Pembrolizumab(5ug/ml)
=1Pembrolizumab 1Hpg/ | =1Pembrolizumab 1Hpg/ml
=IPembrolizumab 20pg/m|} =IPembrolizumab 20pg/mlg

D E - Vehicle

- Pembrolizumab
Pembrolizumab - - - - + + + + . 100
CHX() 0 6 12 24 0 6 12 24 g ;‘5

m\/ehicle
20 S Pembrolizumab
Pembrolizumab - - - + o+ o+ %- P -
MG132(h) 0 4 8 0 4 8 %1'5
_ . © 1.0
coke IR = -] o5

=
GAPDH [ S S 00

MG132(h) 0 4 8 0 4 8

IP : CDK6
H Pembrolizumab . 4 I 3 Vehicle
MG132 + + Bl Pembrolizumab
4.0 2kt
o 35
o z 53
c
=| 196 (H) anti-ubiquintin 5 20
g 15
1gG (L) S 10
0.5
- 0.0
2| CDKé Pembrolizuma - +
< | GAPDH MG132 +  +

and polyubiquitinated CDK6 was detected using anti-ubiquitin antibody. In the presence of pembrolizumab,
higher polyubiquitination level was observed for CDK6 (Fig. 3 H and I; Supplementary Fig. 6). Collectively,
these results indicated that pembrolizumab decreased the stability of CDK6 via promoting polyubiquitination
of CDK6 in HO-8910 cells.

Pembrolizumab suppresses migratory capacity of ovarian cancer cells

To examine whether pembrolizumab exhibited an inhibitory role on the migration of OC cells, we performed
wound-healing and transwell migration assays in HO-8910 and CAOV-3 cells. Wound-healing assays showed
pembrolizumab treatment resulted in a remarkable reduction in migration capacity of HO-8910 and CAOV-3
cells, as presented in Fig. 4A-D. Consistent with above results, transwell migration experiments also confirmed the
suppressive influence of pembrolizumab on cell mobility (Fig. 4E-G). Taken together, our results demonstrated
that pembrolizumab blocked OC cell migration in vitro!'*.

Pembrolizumab requlates the expression of EMT-related markers in ovarian cancer cells

Having shown that pembrolizumab represses cell migration in ovarian cancer, we thus turn to investigate the
underlying molecular mechanisms for inhibitory activities. The above results suggested that pembrolizumab-
induced polyubiquitination of CDK6 attenuate the protein stability of CDK6. It has been reported that CDKE6 is
involved in regulating EMT and metastasis through stabilizing Snail in breast cancer and depletion of CDK6 in
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«Fig. 3. Pembrolizumab decreases the stability of CDK6 protein in ovarian cancer cells. (A-B) HO-8910 and
CAOV-3 cells were exposed to the different concentrations of pembrolizumab for 48 h. Western blotting
was performed to determine the expression levels of CDK6.The blots were cut prior to hybridisation
with antibodies during blotting. The data are expressed as mean + SEM. **P<0.01; ***P<0.001 compared
with Control group (0 pg/mL pembrolizumab). (C) HO-8910 and CAOV-3 cells were exposed to 20 pg/
mL pembrolizumab for 24 h and the mRNA levels of CDK6 were detected by quantitative RT-PCR, and
normalized to 18S mRNA levels. The data are expressed as mean + SEM. (D) HO-8910 cells were pretreated
with pembrolizumab (20pug/mL) for 48 h and harvested at indicated time points after treatment with CHX
(80 pug/mL). The changes in the protein expressions of CDK6 was analyze by Western blotting with indicated
antibody. The blots were cut prior to hybridisation with antibodies during blotting. (E) Relative CDK6
protein levels standardized by GAPDH. ***P <0.001 compared with Control group (CHX-untreated group).
(F) HO-8910 cells were pretreated with pembrolizumab for 48 h, and both pembrolizumab-untreated and
pembrolizumab-treated cells were harvested at indicated time points after treatment with MG132 (20 umol/L).
The change of CDKG6 protein expression was detected by Western blotting with indicated antibody. The blots
were cut prior to hybridisation with antibodies during blotting. (G) Graph showed relative CDK6 protein levels
determined by densitometric quantification analysis and normalized by GAPDH level. The data are expressed
as mean + SEM. ***P<0.001 compared with Control group (MG132 0 h group) respectively. (H) HO-8910
cells were treated with or without 20 ug/mL pembrolizumab for 48 h and harvested at 6 h after treatment with
MG132 (20 umol/L). Lysates were subjected to immunoprecipitation with anti-CDK6 antibody, followed by
immunoblotting with anti-CDK6 and anti-ubiquitin antibodies. (I) Graph showed relative ubiquitinated-
CDKG6 protein levels determined by densitometric quantification analysis and normalized by IgG (H) level.
The data are expressed as mean + SEM. ***P<0.001 compared with Control group (pembrolizumab-untreated
group).

breast cancer cells decreased the protein expression of Snail'®. Thus, we detected the effect of pembrolizumab on
Snail expression in OC cells. As shown in Fig. 5A -C, the protein levels of Snail decreased in a dose-dependent
manner by pembrolizumab treatment for 48 h in HO-8910 and CAOV-3 cells. Accumulating experimental and
clinical evidences demonstrated that Snail promotes EMT'>. We thus turn to explore whether downregulation
of Snail by pembrolizumab inhibits EMT. The results demonstrated that a concentration-dependent increase
in the level of an epithelial marker E-cadherin, while the expression of mesenchymal markers N-cadherin
and Vimentin decreased after pembrolizumab treatment in both HO-8910 and CAOV-3 cell lines. (Fig. 5A-
C; Supplementary Fig. 7; Supplementary Fig. 8). Collectively, specific molecular changes associated with EMT
indicated pembrolizumab repressed EMT, resulting in loss of migratory capacity.

Pembrolizumab enhances effect of cisplatin on suppressing cancer cell proliferation in
ovarian cancer cells

Previous studied have reported that CDK6 silencing sensitizes ovarian cancer cells to platinum'¥. Having
established that pembrolizumab treatment leads to instability of CDK6 and increases degradation speed of CDKS6,
we therefore evaluated whether the combination of pembrolizumab and cisplatin enhances antiproliferative
effects of cisplatin on OC cell line HO-8910. HO-8910 cells were treated with vehicle, pembrolizumab (10 pg/
mL), cisplatin (10 pg/mL) or cisplatin (10 pg/mL) combined with pembrolizumab (10 pg/mL), respectively,
for 48 h and then CCK-8 assays were performed to detect cell viability. As shown in Fig. 6, IC50 of HO-
8910 to pembrolizumab and cisplatin was 9.643 ug/mL in combined treatment. Co-treatment with cisplatin
and pembrolizumab showed a significantly greater inhibitory effect on HO-8910 cell viability than treatment
with pembrolizumab alone, cisplatin alone or vehicle, suggesting pembrolizumab enhances cisplatin-induced
repression of proliferation in HO-8910 cells.

Discussion

Activation of PD-1/PD-L1 signaling serves as a principal mechanism by which tumors evade antigen-specific
T-cell immunologic responses’. Otherwise, antibodies blocking PD-1 or PD-L1 reverse this process, augment
T-cell function in the tumor microenvironment and enhance antitumor immune activity’. Pembrolizumab is
a humanized monoclonal antibody targeting programmed cell death protein 1 (PD-1) found on T and pro-B
cells®. Pembrolizumab prevents PD-1 ligation by both PD-L1 and PD-L2, preventing the immune dysregulation
that otherwise occurs when T-cells encounter cells expressing these ligands®. Currently, pembrolizumab is tested
in 12 categories of malignancies including ovarian cancer to determine its clinical efficacy’®!. In addition,
resent researches demonstrated that the functional role of PD-1 is currently being extended into nonimmune
cell types'®-2!. Tumor cell-intrinsic PD-1 promotes tumorigenesis in melanoma, hepatocellular carcinoma,
pancreatic ductal adenocarcinoma, thyroid cancer, glioblastoma, and triple-negative breast cancer independently
of adaptive immunity**~%’. PD-1 targeted antibody treatment reduces the cell growth of ovarian and bladder
cancer cells in the absence of adaptive immunity'®. Therefore, we wondered that whether pembrolizumab has
direct anti-tumor effect on ovarian cancer cells. In the present study, we detected the action of pembrolizumab
in ovarian cancer cell lines, including HO-8910 cells and CAOV-3 cells. Our study showed that pembrolizumab
treatment markedly suppressed the proliferation, cell cycle progression and migration in both HO-8910 and
CAOV-3 cells. In addition, CCK-8 assays showed that the treatment of pembrolizumab (20 pg/mL) for 24 h
didn’t inhibit the proliferation of HO-8910 and CAOV-3 cells until treatment for 48 h, suggesting prolonged
treatment of pembrolizumab exhibits direct anti-proliferative activity in OC cells.
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Fig. 4. Effect of pembrolizumab on the migration ability of ovarian cancer cells. (A-B) HO-8910 and CAOV-
3 cells were treated with or without pembrolizumab and subjected to wound-healing assays. Representative
images were shown. (C-D) The statistical analysis of wound-healing assay by Image J. The data are expressed
as mean + SEM. **P<0.01; ***P<0.001 compared with Control group (Vehicle group). (E) HO-8910 and
CAOV-3 cells were treated with the indicated concentrations of pembrolizumab for 15 h and subjected to
Transwell migration assays. Representative images were shown. Scar bar: 100 um. (F-G) The statistical analysis
of Transwell migration assays by Image J. The data are expressed as mean + SEM. **P<0.01; ***P<0.001
compared with Control group (pembrolizumab-untreated group).

Cell proliferation is supposed to primarily regulate in the G1 phase of cell cycle, and the abnormal regulation
of the transition from G1 to S phase can cause neoplastic transformation?-*!. Cyclin-dependent kinase 6 (CDK6)
is a major factor that contributes to cellular transition from the G1 phase of the cell cycle to the S phase by forming
a complex combined with CyclinD1 and CDK4*. Compared with normal cells, CDK6 expression is generally
up-regulated in cancer cells and its enforced expression is closely associated with progression of several types
of cancers®.. Recent studies show that SUMO1 modification stabilizes CDK6 protein and drives the cell cycle
and glioblastoma progression®. As well, inhibition of ubiquitin-conjugating enzyme 2N (UBE2N)-dependent
CDK6 protein degradation by miR-934 promotes human bladder cancer cell growth®. These findings suggest
CDKG6 plays an important role in cancer cell growth and proliferation and represents a promising target for
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Fig. 5. Effect of pembrolizumab on the expression of EMT related makers in ovarian cancer cells. (A) HO-
8910 and CAOV-3 cells were exposed to the different concentrations of pembrolizumab for 48 h. Western
blotting assays were performed to evaluate the protein levels of snail, E-cadherin, Vimentin and N-cadherin.
The blots were cut prior to hybridisation with antibodies during blotting. (B-C) Graph showed relative snail,
E-cadherin, Vimentin and N-cadherin protein levels determined by densitometric quantification analysis
and normalized by GAPDH level. The data are represented as mean + SEM. *P <0.05; **P<0.01; **P <0.001
compared with Control group (pembrolizumab-untreated group).

anti-cancer therapy. In addition, the CDK4/6 pathway intersects with several key mitogenic signaling pathways
in cancer cells, such as PI3K-AKT-mTOR pathways and RAS-RAF-MEK-ERK signaling pathway>*. It has been
reported that CDK4/6 inhibitors may trigger antitumor immunity in solid tumors**-? and in vivo experiments
verified synergistic effects of CDK4/6 inhibition with programmed cell death 1 (PD-1) blockade, which lead to
elevated tumor regression and better overall survival rates***°%, implying that there are inherent connections
between the PD-1 pathway and the CDK4/6 pathway. Furthermore, flow cytometry analysis in our study showed
that pembrizumab (PD-1 inhibitor) significantly delayed cell G1-S phase transition. Thus, we hypothesized
that the PD-1 and CDK4/6 pathways can interact and pembrizumab treatment may weaken the expression
or activity of CDK4/6. Herein, we demonstrated that treatment with pembrolizumab markedly decreased the
protein expression of CDK6, but not CDK4. The change in CDKG6 then led to a block in G1/S progression and
suppression of cell growth and proliferation of OC cells. Taken together, our data hinted pembrolizumab may
inhibit cell proliferative ability in OC, by targeting CDK6.

In tumor cells, CDKG is frequently upregulated and CDK4/6 kinase inhibitors like palbociclib possess high
activity in breast cancer and other malignancies!®. Besides its crucial catalytic function, kinase-independent
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Fig. 6. Effects of combination of pembrolizumab and cisplatin on HO8910 cell proliferation. (A) HO-8910
cells were exposed to vehicle, pembrolizumab (10 ug/mL), cisplatin (10 ug/mL) or cisplatin (10 pug/mL)
combined pembrolizumab (10 pug/mL) for 48 h. And then CCK-8 assays were performed to determine cell
viability. Statistical analysis was carried out between cells treated with vehicle and each of the other drug
groups, and pembrolizumab or cisplatin alone group and combination of cisplatin and pembrolizumab group.
The data are expressed as mean + SEM. *P<0.05; **P<0.01; ***P<0.001.

roles of CDK6 have been described. For instance, CDK®, as transcriptional regulator, regulates and induces
important proto-oncogenes including vascular endothelial growth factor A (VEGFA), fms-related tyrosine
kinase 3 (FLT3), aurora kinase (AURK) and AKT, that are crucial for survival, proliferation and angiogenesis
in acute lymphoblastic leukemia and acute myeloid leukemia®>4!-%4, Therefore, targeted degradation of CDK6
may be advantageous over kinase inhibition'?. It has been indicated that CDK6 protein degradation is mediated
by ubiquitin-related pathways®’. Our results demonstrated that upon inhibition of protein synthesis by
cycloheximide, pembrolizumab-treated cells showed a faster rate of CDK6 degradation compared to control cells.
Meanwhile, proteasome inhibition by MG132 resulted in the significant accumulation of CDK6, confirming that
the pembrolizumab-induced degradation of CDK6 was mediated by CDK6 polyubiquitination and proteasomal
degradation, implying pembrolizumab may serve as potential pharmacologic CDK6-targeting degraders.
However, further studies will be required to better understand the mechanism by which pembrolizumab is
involved in facilitating CDK6 polyubiquitination and degradation in OC cells.

Epithelial-to-mesenchymal transition (EMT) is a highly conserved process in which polarized, immotile
epithelial cells lose adherent and tight junctions, and become migratory mesenchymal cells®. Snail is a
prominent inducer of EMT and strongly represses E-cadherin expression®>%. A previous study has reported
that knockdown of CDKG6 in breast cancer cells decreases Snail protein expression. Moreover, we have already
reported that pembrolizumab induced reduction of CDK6 protein expression in a dose-dependent manner.
Based on these facts, we speculated that pembrolizumab treatment might decrease the expression of Snail, which
promotes EMT. Western blotting analyses demonstrated the levels of Snail, Vimentin and N-cadherin were
significantly reduced upon pembrolizumab treatment, but E-cadherin was increased. In addition, we showed
that the migration of OC cells was strongly inhibited by pembrolizumab, as shown by the wound healing and the
transwell assay. Thus, these findings suggested that has suppressive effect of pembrolizumab on cell movement
and cell migration in OC cells may be related to downregulation of EMT marker proteins.

Emerging evidence suggests that CDK6 represents an actionable target that can be exploited to improve
platinum efficacy in epithelial ovarian cancer (ECO) patients'. Studies have shown that silencing or
pharmacological inhibition of CDK6 increases EOC cell sensitivity to platinum!. Data presented here
demonstrated that pembrolizumab induced destabilization of CDK6 through polyubiquitin-mediated
proteasomal degradation. We therefore investigated whether pembrolizumab affected anti-cancer activity
of cisplatin. Our results indicated that a combination of pembrolizumab and cisplatin resulted in increased
inhibition of cell proliferation in HO-8910 cells, implying that pembrolizumab may serve as a promising
candidate drug for cisplatin-resistant patients of OC.

In conclusion, our studies provided a novel mechanism of regulation of CDK6 expression by pembrolizumab
through the ubiquitin-proteasome system in OC cells. Pembrolizumab suppressed CDK6-related cell
proliferation, migration and cell cycle progression in OC cells in vitro. Therefore, the present study sheds light
on the mechanism of direct anti-cancer activity of pembrolizumab and broadens clinical application prospects
of pembrolizumab for the treatment of ovarian cancer.
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