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Onvansertib inhibits cell proliferation and increases
sensitivity to paclitaxel in uterine serous cancer cells
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Abstract: Uterine serous carcinoma (USC) belongs to the non-endometrioid subtype of endometrial cancer that is
known for its highly aggressive behavior and poor prognosis, highlighting the warrant of novel strategies for the
treatment of USC. PLK1 is a type of serine/threonine kinase that is crucial for controlling the progression of the
cell cycle, DNA damage response, and genome stability. Targeting PLK1 exhibits potent anti-tumorigenic activity
in pre-clinical models of multiple cancer types, and several PLK1 inhibitors have shown significant clinical benefit
and favorable safety profiles alone or in combination with other chemotherapeutic agents. Onvansertib is an oral,
selective PLK1 inhibitor that exhibits anti-proliferative activity in multiple types of cancer cell and animal models and
has demonstrated clinical activity and a favorable safety profile in recent clinical trials. Hence, we investigated the
anti-tumorigenic effects of onvansertib in USC cell lines. Nanomolar concentrations of onvansertib significantly in-
hibited cellular proliferation, led to cell cycle G2 arrest, induced cellular stress and apoptosis, caused DNA damage,
and reduced cell adhesion and invasion in ARK-1 and SPEC-2 cells. The combination of onvansertib with paclitaxel
demonstrated a synergistic effect in cell proliferation inhibition via inducing cell apoptosis and DNA damage. Our
results provide preclinical evidence that onvansertib may be an effective strategy to treat USC and deserves further
evaluation in animal models and clinical trials.
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Introduction related EC deaths each year [4]. Systemic che-
motherapy is the standard adjuvant treatment
for high-risk disease [5, 6]; however, treatment
options after recurrence of USC are limited.

Therefore, novel treatment options are urgently

Endometrial cancer (EC) is the fourth most
common malignancy in US women with an esti-
mated 67,880 new cases and 13,250 deaths

in 2024 [1]. While rates of most other cancers
have declined or plateaued, the incidence and
mortality of EC continue to rise [1], paralleling
the increasing prevalence of obesity [2]. The
high-grade histologic subtype uterine serous
carcinoma (USC) accounts for about 10% of all
endometrial malignancies; however, its behav-
ior is more aggressive, and nearly half of
women with USC present with at least stage |l
disease, compared to 21% of women with
endometrioid histology [3]. Prognosis is poor,
and USC accounts for nearly 40% of disease-

needed.

Dysregulation of the cell cycle is a hallmark of
cancer development and progression. Cancer-
associated mutations that control and regulate
the cell cycle disrupt the normal regulation of
cell growth and division, thereby resulting in
continuous cancer cell division and prolifera-
tion [7, 8]. Since CDK4/6-selective inhibitors
have demonstrated notable clinical advantages
in some metastatic breast cancers, targeting
individual cell-cycle checkpoints could be an
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efficient approach in the development of new
cancer treatments [9, 10]. PLK1, known as
Polo-like Kinase 1, is a type of serine/threonine
kinase that is crucial for controlling the progres-
sion of the cell cycle and is thought to have sig-
nificant crosstalk with TP53 and the PI3K/Akt/
mTOR pathway, two pathways that are frequent-
ly mutated in USC [11-14]. Elevated levels of
PLK1 activity promote cell proliferation by over-
riding mitotic checkpoints, leading to immature
cell division, oncogenesis, and tumor growth
[15]. Numerous studies have shown that over-
expression of PLK1 is found in various types of
human cancers and is associated with worse
prognosis in many tumor types [15-17]. The
Cancer Genome Atlas (TCGA) data revealed
that the expression of PLK1 in EC tissues was
21.3 times that of normal endometrium, and
the level of PLK protein expression was closely
associated with histological grade and inva-
siveness in EC patients [18, 19]. Inhibition of
PLK1 expression by siRNA or small molecule
inhibitors is highly effective in controlling cell
proliferation, increasing apoptosis, enhancing
sensitivity to chemotherapy, and reducing
tumor growth in multiple preclinical models of
cancer [20, 21]. Several clinical trials have
shown that small molecule inhibitors of PLK1,
including rigosertib and volasertib, exhibit
promising results in improving overall survival
in some types of solid tumors while exhibiting
an acceptable safety profile [10, 22].

Different from the molecular biological altera-
tions in endometrioid endometrial cancers,
several common molecular genetic alterations
were identified in USC through comprehensive
whole-genome analysis [23]. Most commonly,
somatic mutations in the tumor suppressor
TP53 are found in more than 85% of USC
tumors, but other aberrations include PIK3CA,
ERBB2, CCNE1, FBXW7, PPP2R1A and MYC
mutations [24, 25]. These changes drive tumor-
igenesis and progression of USC through alter-
ation of downstream pathway activities and
signaling cascades that control cell prolifera-
tion, invasion, genomic stability, and survival [4,
25]. More importantly, all these genetic chang-
es, either individually or in combination, are
directly or indirectly involved in the positive or
negative regulation of the cell cycle by altering
cyclin-dependent kinase activity and pRB,
p21WAF/CIP, and p27KIP function [26, 27].
Therefore, evaluating the effects of known cell
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cycle inhibitors on USC cell proliferation and
invasion may be a good strategy for developing
new treatments for USC. Onvansertib is an oral-
ly available, selective PLK1 inhibitor that has
demonstrated anti-tumorigenic activity in pre-
clinical models of triple-negative breast, colon,
and ovarian cancer and is now being explored
in phase 1/2 clinical trials [28-30]. Furthermore,
several studies have demonstrated that TP53-
mutated cell lines are more sensitive to PLK1
inhibition [31, 32]. Thus, in this study, we aimed
to investigate the anti-tumorigenic effects of
onvansertib in human USC cell lines.

Methods
Cell culture and reagents

The human USC cell lines ARK-1 (PIK3CA gene
mutation, TP53 wild-type) and SPEC-2 (TP53
deletion, PTEN null) were used for all experi-
ments [33]. ARK-1 cells were maintained in
RPMI 1640 medium with 10% fetal bovine
serum (FBS). SPEC-2 cells were maintained in
DMEM/F12 with 10% FBS. All media contained
penicillin (100 U/mL) and streptomycin (100
pug/mL). Cells were cultured in a humidified 5%
CO, incubator at 37°C. Onvansertib was kindly
provided by Cardiff Oncology (San Diego, CA).
Paclitaxel was purchased from Sigma-Aldrich
(St. Louis, MO). Antibodies were purchased
from Cell Signaling Technology (Beverly, MA)
and Abclonal Science (Woburn, MA, USA). All
other reagents and chemicals were purchased
from Sigma-Aldrich.

MTT assay

Cell proliferation was assessed by MTT assay in
the ARK-1 and SPEC-2 cells. Cells (4-6x103
cells/well) were seeded in 96-well plates and
cultured at 37°C in 5% CO, for 24 hours. Cells
were then treated with varying concentrations
of onvansertib (0.1-500 nM) and paclitaxel as
single agents or in combination for 72 hours. A
volume of 5 pyL of MTT (5 mg/mL) was added to
each well and the plates were incubated for 1
hour. DMSO (100 ul/well) was added to lyse the
formazan crystal and terminate the MTT reac-
tion. Optical density was measured at a wave-
length of 562 nm with a Tecan microplate read-
er (Morrisville, NC). IC,, values were calculated
using the AAT Bioquest calculator (Sunnyvale,
CA). Each experiment was performed in tripli-
cate to ensure consistency of results. The Bliss
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Independence model was used to calculate the
combination index (Cl) to determine whether
the combination of onvansertib and paclitaxel
is additive (Cl=1), synergistic (Cl <1), or antago-
nistic (Cl >1) on cell growth inhibition [34].

Colony assay

ARK-1 and SPEC-2 cells were plated in 6-well
plates at a concentration of 400 cells/well.
After 24 hours, cells were treated with onvan-
sertib (1, 10, 25 nM for ARK-1 and 1, 25, 50 nM
for SPEC-2) for 48 hours. After treatment, the
media was changed every 3 days for 12-14
days. Cells were then washed with PBS and
stained with 0.5% crystal violet for 30 minutes.
Colonies were captured and counted by bright-
field microscopy. Each experiment was per-
formed in triplicate to ensure consistency of
results.

Cell cycle analysis

Cell cycle analysis was performed by Cellometer
Vision (Nexcelom Bioscience, Lawrence, MA).
ARK-1 and SPEC-2 cells were cultured in 6-well
plates at a concentration of 3x10° and 4x10%/
well, respectively, for 24 hours. Cells were treat-
ed with onvansertib (1, 10, 25 nM for ARK-1
and 1, 25, 50 nM for SPEC-2) for 24 hours and
then harvested from plates using 0.25% Trypsin
(Sigma-Aldrich). After centrifuging, cell pellets
were washed with PBS and then fixed in 90%
methanol for 15 minutes. Before analysis, cells
were again washed with PBS and centrifuged,
and the pellet was resuspended in a solution
containing RNase, propidium iodide (PI), and
Triton X-100 for 30 minutes. Samples were
measured by Cellometer Vision to evaluate cell
cycle progression. The cell cycle profile was
analyzed by FCS Express (De Novo, Pasadena,
CA). Each experiment was performed in tripli-
cate to ensure consistency of results.

Reactive oxygen species (ROS) assay

To measure cellular stress, the production of
reactive oxygen species (ROS) was measured
by the DCFH-DA assay. ARK-1 (1x10* cells/well)
and SPEC-2 (2x10* cells/well) cells were seed-
ed in 96-well plates for 24 hours and then treat-
ed with onvansertib (1, 10, 25 nM for ARK-1
and 1, 25, 50 nM for SPEC-2) for 6 hours. Cells
were then incubated at 37°C with phenol-red-
free regular media containing DCFH-DA (15 pM)
for 30 minutes. Fluorescence intensity was
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measured using a Tecan microplate reader (Ex/
Em = 485/526 nm). Each experiment was per-
formed in triplicate to ensure consistency of
results.

JC-1 assay

The mitochondrial membrane potential was
measured by the fluorescent cationic dye JC-1
assay (AAT Bioquest). ARK-1 (1x10* cells/well)
and SPEC-2 (2.5x10* cells/well) cells were
seeded in 96-well plates overnight. Cells were
then treated with onvansertib (1, 10, 25 nM for
ARK-1 and 1, 25, 50 nM for SPEC-2) for 6 hours.
A volume of 1 uL of JC-1 buffer (200 uM) was
added to each well and the plate was incubated
at 37°C in the dark for 30 minutes. Cells were
then washed with PBS. The levels of JC-1 aggre-
gates (Ex/Em = 535/590 nm) and JC-1 mono-
mers (Ex/Em = 490/530 nm) were measured
using a Tecan microplate reader. Each experi-
ment was performed in triplicate to ensure con-
sistency of results.

Cleaved caspase-3 ELISA assay

ARK-1 and SPEC-2 cells were plated in 6-well
plates at a concentration of 3x10° and 4x10%/
well, respectively, for 24 hours, then treated
with onvansertib (1, 10, 25 nM for ARK-1 and 1,
25, 50 nM for SPEC-2) for 12 hours. Media was
replaced with 150 yL 1x caspase lysis buffer
and cell lysates were collected and incubated
with reaction buffer containing 200 uM of cas-
pase-3 substrates (AAT Bioquest) for 30 min-
utes. Fluorescence intensity was measured
using a Tecan microplate reader (Ex/Em =
400/505 nm). Each experiment was performed
in triplicate to ensure consistency of results.

Laminin-1 adhesion assay

ARK-1 and SPEC-2 cells were seeded in 96-well
plates coated with laminin-1 (Sigma-Aldrich).
Cells were then treated with onvansertib and
incubated at 37°C for 2 hours. Adherent cells
were fixed with 5% glutaraldehyde (100 uL/
well) for 30 minutes at room temperature, then
washed with PBS and stained with 0.1% crystal
violet (100 pL/well) for 15 minutes. Each well
was washed twice with PBS and 100 pL of 10%
acetic acid was added to each well to solubilize
the dye. Absorbance was measured at 575 nm
using a Tecan microplate reader. Each experi-
ment was performed in triplicate to ensure con-
sistency of results.
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Wound healing assay

The capacity for migration in ARK-1 and SPEC-2
cells was measured with the wound healing
assay. ARK-1 and SPEC-2 cells were plated in
6-well plates at a concentration of 6x10° cells/
well overnight. When cells grew to >80% conflu-
ence, each well was scratched with 3 uniform
straight lines through the cell monolayer using
a 20 pL sterile pipette tip. After washing twice
with PBS, cells were treated with onvansertib
(4, 10, 25 nM for ARK-1 and 1, 25, 50 nM for
SPEC-2) for 48 hours. The wounds in each well
were photographed using a microscope after
24 and 48 hours of treatment. The width of
wounds was measured and recorded with
ImageJ software (National Institutes of Health,
Bethesda, MD). Each experiment was per-
formed in triplicate to ensure consistency of
results.

Western immunoblotting

The ARK-1 and SPEC-2 cells were plated in
6-well plates and then treated with onvansertib
(4, 10, 25 nM for ARK-1 and 1, 25, 50 nM for
SPEC-2) at different times. Cells were disrupted
in RIPA lysis buffer and centrifuged at 12,000
rom for 15 minutes. Protein concentrations
were detected by BCA assay. Proteins were sep-
arated by SDS-polyacrylamide gel electropho-
resis and transferred onto a polyvinylidene
difluoride (PVDF) membrane at 4°C. Membranes
were blocked in a 5% non-fat milk solution at
room temperature for one hour and incubated
with the indicated primary antibody overnight
at 4°C. Membranes were then washed three
times with TBS-T and incubated with the appro-
priate secondary antibodies for one hour.
Target protein bands were visualized using an
enhanced chemiluminescence kit (Thermo
Fisher Scientific) on the ChemiDoc Image
System (Bio-Rad; Hercules, CA). Each experi-
ment was performed in duplicate to ensure
consistency of results.

Statistical analysis

Data are presented as mean + standard devia-
tion (SD). Differences between groups were
analyzed by the unpaired Student’s t-test or
one-way analysis of variance (ANOVA) test.
GraphPad Prism 10 (La Jolla, CA, USA) was
used for comparisons. Any p-value <0.05 was
considered statistically significant.
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Results

Onvansertib inhibits cellular proliferation in
USC cells

The anti-proliferative effects of onvansertib
were evaluated in ARK-1 and SPEC-2 USC cell
lines treated with 0.1-500 nM of onvansertib
for 72 hours. Results of the MTT assay demon-
strated that cellular proliferation was signifi-
cantly inhibited in a dose-dependent manner in
both cell lines (Figure 1A). Mean IC,  values
were 22.71 nM for ARK-1 and 45.34 nM for
SPEC-2. Because the colony count assay is an
effective measure of the long-term effects of
cytotoxic agents on cellular viability, the ARK-1
and SPEC-2 cells were treated with onvansertib
for 48 hours, and the cells continued to be cul-
tured for 12-14 days. Onvansertib demonstrat-
ed an inhibitory effect on the clonogenicity of
both cell lines in a dose-dependent fashion.
Compared to controls, a dose of 25 nM onvan-
sertib significantly decreased ARK-1 colony for-
mation by 96% (P<0.01) and a dose of 50 nM
significantly decreased SPEC-2 colony forma-
tion by 98% (P<0.01) (Figure 1B). These results
confirm that onvansertib inhibits cellular prolif-
eration in USC cells.

Next, the role of onvansertib on PLK1 expres-
sion was evaluated by Western blotting assay.
After treatment for 24 hours, onvansertib inhib-
ited the expression of phosphorylated PLK1 in
both cell lines, indicating that onvansertib
effectively inhibits PLK1 activity (Figure 1C). In
addition, to evaluate the role of onvansertib on
the PIBK/Akt/mTOR and MAPK pathways, both
cell lines were treated with onvansertib for 24
hours, and the expression of phosphorylated
AKT, phosphorylated S6, and phosphorylated
p38 were assessed by Western blotting. The
results showed that onvansertib decreased the
expression of phosphorylated AKT and phos-
phorylated S6 while increasing the expression
of phosphorylated p38 in ARK-1 cells (Figure
1D). In SPEC-2 cells, onvansertib treatment
decreased the expression of phosphorylated
S6 while increasing the expression of phos-
phorylated AKT and phosphorylated p38
(Figure 1D). These results suggest that the
effects of onvansertib on phosphorylated AKT
depend on different feedback loops of the AKT/
mTOR pathway in the ARK1 and SPEC-2 cells
and that the inhibitory effects of onvansertib
may be mediated through inhibition of the
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Figure 1. Onvansertib inhibits cellular proliferation in USC cells. ARK-1 and SPEC-2 cells were treated with onvan-
sertib at 0.1-500 nM for 72 hours. Cell proliferation was detected by MTT assay. Onvansertib inhibited the prolifera-
tion of these cell lines in a dose-dependent manner (A). Onvansertib inhibited colony formation in the ARK-1 and
SPEC-2 cells (B). Effect of onvansertib on the expression of phosphorylated Plk1 and PIk1 in both cells after treat-
ment for 24 hours (C). Western blotting results of phosphorylated AKT, phosphorylated S6, and phosphorylated p38
in both cells after 24 hours of onvansertib treatment (D). *P<0.05, **P<0.01.

PI3K/Akt/mTOR pathway and activation of the
MAPK-p38 pathway.

Onvansertib induces G2 cell cycle arrest in
USC cells

As an inhibitor targeting PLK1, a key regulator
of the G2/M transition, onvansertib can disrupt
cell cycle progression and lead to cell death. To
better understand the role of onvansertib on
the cell cycle process of USC cells, the cell cycle
profile was analyzed by Cellometer after treat-
ment of AKR-1 and SPEC-2 cells with onvan-
sertib for 24 hours. Onvansertib decreased the
GO/G1 phase and increased the G2 phase in
both ARK-1 and SPEC-2 cells in a dose-depen-
dent manner (Figure 2A). At a dose of 25 nM
onvansertib, the G2 phase increased from
31.75% to 42.50% as compared to the control
group in ARK-1 cells (P<0.01), and at a dose of
50 nM, the G2 phase increased from 21.10% to
49.52% as compared to the control group in
SPEC-2 cells (P<0.01). Moreover, western blot-
ting results showed that onvansertib decreased
protein expression of CDK2, CDK4, cyclin D1,
and cyclin E2 in both cell lines after 24 hours of
treatment (Figure 2B). These results confirm
that onvansertib induces G2 arrest in USC
cells.
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Onvansertib induces cellular stress, apoptosis,
and DNA damage in USC cells

To evaluate the role of onvansertib in cellular
stress, the ROS assay was used to detect the
changes in ROS production after the ARK-1 and
SPEC-2 cells were treated with onvansertib for
6 hours. Onvansertib significantly increased
ROS production by 17% in ARK-1 cells at 25 nM
(P<0.01) and by 13% in SPEC-2 cells at 50 nM
(P<0.01) compared to controls (Figure 3A).
Additionally, the JC-1 assay showed that onvan-
sertib significantly reduced the mitochondrial
membrane potential after 6 hours of treatment.
In ARK-1 cells, 25 nM onvansertib reduced it by
16%, and in SPEC cells, 50 nM onvansertib
reduced it by 17% (Figure 3B). Western blotting
results demonstrated increased expression of
the cellular stress proteins Calnexin, PDI, and
BIP after 24 hours of treatment in both cell
lines (Figure 3C).

Given that increased ROS is a trigger for induc-
ing apoptosis in cancer cells, the levels of
cleaved caspase-3 were detected by ELISA in
both cell lines. After treatment of both cells
with onvansertib (1, 10, 25 nM for ARK-1 and 1,
25, 50 nM for SPEC-2) for 12 hours, increased
levels of cleaved caspase-3 were found in both
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Figure 2. Onvansertib induces G2 cell cycle arrest in USC cells. ARK-1 and SPEC-2 cells were treated with onvan-
sertib for 24 hours. The cell cycle profiles were evaluated by Cellometer. Onvansertib led to cell cycle G2 phase ar-
rest in ARK-1 and SPEC-2 cells in a dose-dependent manner (A). Western blotting results showed that onvansertib
inhibited the expression of CDK4, cyclin D1, CDK2, and cyclin E2 after treatment for 24 hours in both cells (B).

*P<0.05, **P<0.01.

cell lines. In ARK-1 cells, cleaved caspase-3
activity was increased by 1.38-fold (P<0.05) at
25 nM onvansertib compared to control cells.
In SPEC-2 cells, cleaved caspase-3 activity was
increased by 2.21-fold (P<0.05) in SPEC-2 cells
at 50 nM onvansertib compared to control
cells (Figure 3D). Additionally, western blotting
results demonstrated that treatment of cells
with onvansertib for 24 hours decreased the
expression of the anti-apoptotic proteins Mcl-1
and Bcl-2 and increased the expression of the
pro-apoptotic protein Bax and DNA damage
markers Rad51, H2AX, and Geminin in both cell
lines (Figure 3E).
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Onvansertib inhibits cellular adhesion and in-
vasion in USC cells

As the propensity for metastasis is a crucial
characteristic of USC, the role of onvansertib in
adhesion and migration in ARK-1 and SPEC-2
cells was investigated by the laminin-1 adhe-
sion and wound healing assays, respectively.
The adhesion assay demonstrated that onvan-
sertib inhibited cellular adhesion in both ARK-1
and SPEC-2 cells in a dose-dependent fashion.
At doses of 10 nM and 25 nM onvansertib,
cellular adhesion was decreased by 10.1%
(P<0.05) and 21.5% (P<0.01) in ARK-1 cells,
respectively, compared to control cells. Similar
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Figure 3. Onvansertib induces cellular stress, apoptosis, and DNA damage in USC cells. ARK-1 and SPEC-2 cells
were treated with onvansertib for 6 hours. Onvansertib increased the ROS levels and decreased the JC-1 levels in
both cells (A and B). Western blotting results demonstrated that onvansertib increased the expression of Calnexin,
PDI, and BiP after 24 hours of treatment in both cell lines (C). Onvansertib increased cell cleaved caspase-3 levels
after treatment for 12 hours (D). Western blotting results showed that onvansertib increased the expression of
H2AX, Rad51, Geminin, and BAX, and decreased the expression of Mcl-1 and Bcl-2 after 24 hours of treatment in

both cell lines (E). *P<0.05, **P<0.01.

results were observed in SPEC-2 cells, as doses
of 25 nM and 50 nM onvansertib decreased
cell adhesion by 14.7% (P<0.05) and 19.1%
(P<0.05), respectively, compared to control
cells (Figure 4A). The wound healing assay also
demonstrated the effect of onvansertib on cell
migration inhibition in both cell lines (Figure
4B). At a dose of 25 nM, onvansertib signifi-
cantly increased wound width by 2.17-fold in
ARK-1 cells compared to the control group
(P<0.01). In SPEC-2 cells at a dose of 50 nM,
onvansertib increased wound width by 1.4-fold
compared to the control group after 48 hours
of treatment (P<0.01). Western blotting showed
that treatment of both cells with onvansertib
for 24 hours decreased expression of the epi-
thelial-mesenchymal transition (EMT) related
proteins N-cadherin and [B-catenin (Figure 4C).
These results indicate that onvansertib has
anti-metastatic effects in USC cells.

Onvansertib displays synergy with paclitaxel in
USC cells

While prior studies have demonstrated synergy
between onvansertib and paclitaxel in pre-clin-

1725

ical models of breast and ovarian cancer [28,
29, 35], this therapeutic combination has not
been assessed for EC. Thus, we evaluated the
effect of the combination of onvansertib and
paclitaxel on cell proliferation in the ARK-1 and
SPEC-2 cells. Both cell lines were treated with
onvansertib alone (1, 10, and 25 nM for ARK-1
and 1, 25, and 50 nM for SPEC-2), paclitaxel
alone (0.1, 1, and 10 nM), and a combination of
both drugs for 72 hours. Cl calculated at multi-
ple paired concentrations demonstrated syner-
gistic activity at low doses of onvansertib and
paclitaxel in ARK-1 cells and at slightly higher
doses in SPEC-2 cells (Figure 5A). Furthermore,
treatment with onvansertib (10 nM) plus pacli-
taxel (1 nM) resulted in 19.66% cell growth inhi-
bition in ARK-1 cells (P<0.01), whereas onvan-
sertib alone and paclitaxel alone had minimal
effect on cell growth at these same doses
(Figure 5B). A similar result was observed in
SPEC-2 cells, as onvansertib (25 nM) plus pacli-
taxel (1 nM) resulted in 25.28% cell growth inhi-
bition (P<0.01), whereas onvansertib alone and
paclitaxel alone led to 13.05% and 2.64% cell
growth inhibition, respectively. These results
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Figure 4. Onvansertib inhibits cellular adhesion and invasion in USC cells. The laminin-1 assay showed that onvan-
sertib significantly inhibited cell adhesion in the ARK-1 cells at 10 and 25 nM, and in the SPEC-2 cells at 25 and 50
nM after 2 hours of treatment (A). The wound healing assay showed that onvansertib inhibited cell migration in the
ARK-1 and the SPEC-2 cells after 48 hours of treatment (B). Western blotting results of onvansertib on the expres-
sion of B-catenin and N-cadherin after 24 hours of treatment in both cell lines (C). *P<0.05, **P<0.01.
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Figure 5. Onvansertib displays synergy with paclitaxel in USC cells. ARK-1 and SPEC-2 cells were each treated with
onvansertib (1, 10, 25 nM for ARK-1 and 1, 25, 50 nM for SPEC-2), paclitaxel (0.1, 1, 10 nM), and their combination
for 72 hours. The Bliss independence model was used to calculate the combination index (Cl) for each combination
group (A). The combination of onvansetinib (10 nM for ARK-1 and 25 nM for SPEC-2) and paclitaxel (1 nM) showed
a higher inhibitory effect on cell growth in both cell lines than either paclitaxel or onvansetinib alone after 72 hours
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of treatment (B). The combination of onvansertib and paclitaxel significantly increased cleaved caspase-3 levels
compared with either paclitaxel or onvansertib alone after treatment for 12 hours in both cell lines (C). Western blot-
ting showed that the combination group demonstrated a more potent effect on the expression of H2AX and RAD51
compared with paclitaxel or onvansertib alone (D) *P<0.05, **P<0.01 compared with C. #P<0.05, ##P<0.01 com-

pared with each group.

demonstrate that the combination of onvan-
sertib and paclitaxel may have more potent
anti-proliferative activity against USC cells than
either of these drugs alone.

To evaluate the synergistic mechanism of
onvansertib and paclitaxel in both cells, the
effects of onvansertib, paclitaxel, and the com-
bination on cell apoptosis were evaluated by
ELISA cleaved caspase-3 assay. The results
demonstrated that 10 nM onvansertib plus 1
nM paclitaxel increased cleaved caspase-3 lev-
els 1.79-fold (P<0.01) compared with 1.35-fold
and 1.22-fold with onvansertib or paclitaxel
alone in ARK-1 cells (Figure 5C). Similarly, 25
nM onvansertib plus 1 nM paclitaxel increased
cleaved caspase-3 levels 1.62-fold (P<0.01)
compared with 1.27-fold and 1.17-fold in
onvansertib or paclitaxel alone, respectively, in
SPEC-2 cells. The effect of this combination on
DNA damage was determined by western blot-
ting assay after the ARK-1 and SPEC-2 cells
were treated with indicated doses of onvan-
sertib alone, paclitaxel alone, and the combina-
tion for 24 hours. The results showed that com-
bined treatment induced the highest expres-
sion of Rad51 and H2AX in both cells compared
with onvansertib and paclitaxel alone (Figure
5D). These results indicate that apoptosis and
DNA damage pathways are involved in the syn-
ergistic effects of onvansertib and paclitaxel in
USC cell lines.

Discussion

Onvansertib is a second-generation ATP-com-
petitive oral PLK1 inhibitor with a short half-life
and controllable side effects, showing anti-
tumor activity and increasing sensitivity to che-
motherapy in multiple pre-clinical cancer mod-
els [28, 30, 36]. In this study, we evaluated the
effects of onvansertib on cellular proliferation,
cell cycle progression, cellular stress and apop-
tosis, adhesion/invasion, and DNA damage, as
well as synergy with paclitaxel in USC cell lines.
Our findings demonstrated that onvansertib
inhibits cellular proliferation, provokes G2/M
cell cycle arrest, induces cellular stress and
apoptosis, reduces invasion, and decreases
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AKT/mTOR pathway activity. Additionally, onvan-
sertib combined with paclitaxel produced a
synergistic effect in inhibiting cell proliferation
and inducing DNA damage and apoptosis in
USC cells. These results provide pre-clinical evi-
dence that onvansertib or onvansertib com-
bined with paclitaxel could be an effective
strategy for treating USC.

Our data demonstrate that onvansertib inhibit-
ed the phosphorylation of S6 and increased the
expression of phosphorylated p38 in both cell
lines; however, in SPEC-2 cells, onvansertib
increased the expression of phosphorylated
AKT, which may be related to AKT/mTOR/S6
feedback loops [37]. It has been confirmed that
PLK1 physically interacts with PTEN and mTOR,
resulting in inactivation of the AKT/mTOR path-
way [38, 39]. p38 directly participates in the
regulation of cell mitosis by PLK1 during pro-
phase and metaphase and transduces stress
signals following PLK1 treatment [40, 41].
Targeting the AKT/mTOR pathway by small mo-
lecular inhibitors or in combination with other
chemotherapeutic agents has been extensively
investigated in multiple cancer types, including
USC, but has fallen short of expectations in
clinical trials, likely due to lack of target speci-
ficity and activation of alternative pathways
that compensate for inhibition of the AKT/mTOR
pathway [42]. Recent RNAseq data showed
that inhibition of the AKT/mTOR pathway by
VS-5584 (a specific AKT inhibitor) resulted in a
significant reduction of PLK1 expression in dif-
ferentially expressed genes [43]. The combina-
tion of AKT/mTOR inhibitors with PLK1 inhibi-
tors produced a synergetic inhibitory effect on
cell proliferation and tumor growth in non-small
cell lung cancer cells and mouse models [43,
44]. Thus, considering the results above and
the molecular profile of USC, it would be valu-
able to investigate the potential effects of
onvansertib combined with AKT/mTOR inhibi-
tors in our upcoming work.

Oxidative stress has the potential to cause
methylation of the PLK1 promoter, thereby
resulting in its epigenetic changes and affect-
ing its functions, and these functional changes
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may be p53-dependent [45]. PLK1 also regu-
lates induction of apoptosis and inhibition of
proliferation caused by cellular stress response
through inositol-requiring protein 1a (IREla) in
cancer cells [46]. Several PLK1 inhibitors cause
intracellular ROS accumulation, leading to mito-
chondrial dysfunction and induction of apopto-
sis. Inhibition of cellular stress pathways par-
tially alleviates the inhibition of cell proliferation
caused by PLK1 inhibitors [41, 47, 48]. Our re-
sults similarly show a dose-dependent increase
in ROS and cleaved caspase-3 levels in both
ARK-1 and SPEC-2 cell lines, as well as a de-
crease in the anti-apoptotic proteins Mcl-1 and
Bcl-2 and an increase in the pro-apoptotic pro-
tein Bax, clearly demonstrating the pro-apop-
totic effect of onvansertib. More importantly, it
has been confirmed that PLK1 physically inter-
acts with p53 in mammalian cultured cells and
that the pro-apoptotic effect of p53 was inhib-
ited by increased activity of PLK1. Inhibition of
PLK1 significantly increased p53-mediated
apoptosis in both triple-negative breast cancer
and prostate cancer cell lines [14, 49, 50]. This
interaction suggests that inhibiting PLK1 may
be particularly effective in tumors with p53
mutations, such as USC, as p53 mutations
could potentially be exploited to make PLK1
inhibitors such as onvansertib more effective
[51].

Extrauterine metastases are commonly found
at the time of initial diagnosis of USC, thereby
contributing to the treatment difficulty and
complexity of USC [52]. Hence, efficacious ma-
nagement of metastasis of USC is essential for
the improvement of the survival of USC patients.
PLK1 has been identified as an important driv-
er of EMT, facilitating cancer cell dissemination
and metastasis across various malignancies,
including prostate cancer, non-small cell lung
cancer, and cholangiocarcinoma [53-55]. Ele-
vated PLK1 activity promotes cell proliferative
and invasive capacities, and inhibition of PLK1
activity using siRNA or pharmacological inhibi-
tors such as BI-2356 abrogates cancer cell
invasion in gastric cancer and esophageal
squamous cell carcinoma [56, 57]. Onvansertib
significantly inhibited spheroid growth, cell
invasion and migration of head and neck squa-
mous cell carcinoma (HNSCC) cells, reduced
the expression of angiogenesis markers in a
xenograft mouse model, and attenuated local
invasion and reduced the size and the number
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of distant metastases in a zebrafish metastatic
model of HNSCC [36]. Consistent with these
findings, our results showed that onvansertib
significantly inhibited cell adhesion and migra-
tion and decreased the expression of EMT
markers such as B-catenin and N-cadherin in
the ARK-1 and SPEC-2 cells. These results
underscore the potential of onvansertib in miti-
gating the invasive and metastatic propensities
of USC cells. Our further work will investigate
the anti-metastatic activity of onvansertib in a
PDX mouse model of USC.

Normal PLK1 activity has the function of repair-
ing double-strand breaks, and inhibiting PLK1
activity can cause post-mitotic DNA damage
and senescence [58]. The PLK1 inhibitor
BI2536 has been shown to inhibit cell prolifera-
tion, impair DNA damage repair, and increase
sensitivity to radiotherapy in medulloblastoma
cells and xenograft mice [59]. Therefore, we
speculate that the combination of PLK1 inhibi-
tors and DNA damaging agents may have a syn-
ergistic effect in inhibiting cell proliferation
and tumor growth in certain types of cancer.
Onvansertib is highly specific for PLK1 and has
a short half-life, allowing for flexible dosing regi-
mens and the potential to mitigate side effects
associated with combination therapy [60].
Onvansertib combined with paclitaxel proved to
be more effective in reducing tumor weight and
improving survival rates in a PDX mouse model
of ovarian cancer, as well as increasing the
expression of apoptosis and DNA damage
markers in tumor tissue, compared to single-
drug treatments [28]. Similar results were
found in a xenograft model of mucinous ovarian
carcinoma where the combination of onvan-
sertib and paclitaxel exhibited a stronger inhibi-
tion of tumor growth and longer survival times
in mice than single-agent treatments [35].
These results bolster our findings of synergy
between onvansertib and paclitaxel in USC cell
lines. Our data show that the combination of
low doses of onvansertib and paclitaxel pro-
duced stronger inhibition of cell proliferation,
more caspase-3 cleavage production, and high-
er expression of H2AX compared with the sin-
gle agents in both cell lines.

Conclusion

The aggressive nature and poor prognosis of
USC necessitate novel therapeutic approach-
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es. Our results indicate that onvansertib
appears promising, as it exhibits significant
anti-tumorigenic activity via inhibiting cell prolif-
eration and invasion, inducing cell cycle arrest,
cellular stress, apoptosis, and DNA damage,
meanwhile also acts synergistically with pacli-
taxel in USC cell lines and acts synergistically
with paclitaxel in USC cell lines. Onvansertib is
already being explored alone and in combina-
tion with other chemotherapies in multiple
phase I/l clinical trials in solid tumors [61, 62],
including in breast, colorectal, and lung cancer.
Our data deserves further evaluation of onvan-
sertib as a single or combination of paclitaxel in
our PDX mouse models of USC in order to pro-
vide a basis for future USC clinical trials.
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