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Polo-like kinase 1 (Plk1) is widely recognized as an oncogene that promotes cell proliferation by regulating cell division, DNA damage response, and genome stability and has been shown to be overexpressed in many cancers, including endometrial cancer. Targeting Plk1 by onvansertib has been shown to have anti-tumor activity in pre-clinical models of multiple cancers and is currently being evaluated in phase 1 and 2 clinical trials in cancer patients. In this study, we evaluated the potential anti-tumorigenic effects of onvansertib in endometrial cancer cells and the LKB1fl/fl p53fl/fl mouse model of endometrial cancer. Onvansertib inhibited cellular proliferation, caused G2 phase arrest, induced cellular stress and apoptosis, and inhibited cellular migration and invasion in endometrial cancer cells. Combined treatment with onvansertib and paclitaxel led to synergistic inhibition of cell proliferation. Onvansertib treatment for 4 weeks significantly reduced tumor growth in LKB1fl/flp53fl/fl mice. Given these promising pre-clinical results, further studies are needed to evaluate the clinical translatability of onvansertib combined with paclitaxel as an effective treatment for endometrial cancer.
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INTRODUCTION
Endometrial cancer (EC) is one of the few cancers for which incidence and mortality continue to rise steadily, attributed partly to the worsening obesity epidemic in the United States. It is the fourth most common cancer in women, and in 2024, it is predicted that 67,880 new cancers of endometrial cancer will be diagnosed and 13,250 women will die from endometrial cancer (Siegel et al., 2024). While endometrial cancer is typically detected early and curable with surgery, a significant portion of early-stage patients may recur. Advanced or recurrent EC carries a much worse prognosis, with survival rates of less than 20% (Cao et al., 2023). Only a handful of effective treatment strategies are available for advanced-stage and recurrent EC. Thus, additional novel therapies are crucially necessary to reverse the worsening mortality trends (Kuhn et al., 2023; Karpel et al., 2023). With an improved understanding of the molecular drivers of EC, the door has opened to the use of innovative targeted therapies for EC management.
Polo-like kinase 1 (Plk1), a member of the Polo-like kinase family, is an evolutionarily conserved Ser/Thr kinase involved in controlling cell division, modulating DNA damage response, and maintaining genome stability (Degenhardt and Lampkin, 2010; Gheghiani and Fu, 2023). Numerous studies, including The Cancer Genome Atlas (TCGA) cohort analysis, have shown that overexpression of Plk1 is present in multiple types of cancer and is closely associated with aggressive behavior and poor prognosis (Gheghiani and Fu, 2023; Weng et al., 2016; Liu et al., 2017). In patients with EC, Plk1 mRNA expression was found to be significantly elevated, showing a 21-fold increase compared to the normal endometrium. Additionally, the overexpression of Plk1 protein was closely linked to higher histological grade and invasiveness of EC (8, 9). Elevated Plk1 activity significantly inhibits cell death pathways through the processes of autophagy and apoptosis, thereby promoting cancer cell proliferation (Chiappa et al., 2022; Matthess et al., 2014). Targeting Plk1 by siRNA or small molecule inhibitors effectively reduces cell proliferation, causes cell cycle arrest, induces apoptosis, inhibits cell invasion, and increases the sensitivity to chemotherapeutic agents through β-catenin/c-Myc, AKT/mTOR, and ERK Pathways in multiple pre-clinical models of cancer (Matthess et al., 2014; Song et al., 2018; Fu and Wen, 2017; Wang et al., 2023; Choi et al., 2023). Over the past decade, several Plk1 inhibitors have entered into clinical trials for many different tumor types to evaluate their anti-tumorigenic activity and safety, and these Plk1 inhibitors exhibit promising efficacy and a good safety profile in many of these cancer types. Clinical trials of Plk1 in combination with other chemotherapeutic agents have also shown good tolerability and significant clinical activity in hematological malignancies (Liu et al., 2017; Su et al., 2022; Wei et al., 2023). More clinical trials evaluating combination treatments in cancer patients are underway, including small cell lung cancer, breast cancer, and prostate cancer.
Onvansertib is a novel oral, highly selective adenosine triphosphate (ATP) competitive Plk1 inhibitor that has demonstrated anti-tumorigenic activity in multiple types of solid tumors and hematologic malignancies, including AML, medulloblastoma, ovarian cancer, breast cancer, and colon cancer (Wang et al., 2022; Affatato et al., 2020; Stebbing and Bullock, 2024a). Recent pre-clinical studies have found that onvansertib in combination with paclitaxel also exhibits synergistic effects in breast and ovarian cancer and improves cisplatin resistance in lung and head and neck squamous cell carcinomas (Affatato et al., 2022; Hagege et al., 2021). Several phase 1b clinical trials confirm that onvansertib shows promising clinical activity in combination with other chemotherapeutic agents in patients with AML or colorectal cancer and appears to be overall well-tolerated (Ahn et al., 2024; Zeidan et al., 2020; Croucher et al., 2023). Considering the encouraging anti-tumorigenic activity of onvansertib in solid tumors and the clinical relevance of Plk1 overexpression in EC, we aimed to investigate the effect of onvansertib in human EC cell lines and endometrioid EC transgenic mouse models.
MATERIALS AND METHODS
Cell culture and reagents
Four human endometroid EC cell lines, KLE, EC-023, HEC-1B, and Ishikawa, were used in this study. KLE cells were cultured in DMEM/F12 medium with 10% fetal bovine serum (FBS). EC-023 cells were kindly provided by Dr. Jay Gertz from the University of Utah and cultured in RPMI 1640 medium supplemented with 10% FBS. HEC-1B cells were cultured in Mccoy’s 5A supplemented with 10% FBS. Ishikawa cells were cultured in MEM medium supplemented with 5% FBS. All media was supplemented with 2 mM L-glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin. Cells were cultured in an incubator under 5% CO2 at 37°C. Onvansertib was purchased from MCE (Cat# HY-15828) (Monmouth Junction, NJ, United States). All antibodies were purchased from Cell Signaling Technology (Beverly, MA) and Abclonal Science (Woburn, MA, United States). All other chemicals were purchased from Thermo Fisher Scientific (Waltham, MA), Sigma, and MedChemExpress (Monmouth Junction, NJ).
Cell proliferation assay
The KLE and EC-023 cells were plated in 96-well plates with a concentration of 4,000 cells/well. After plating for 24 h, the cells were treated with 0.1–500 nM of onvansertib for 72 h 5 μL of 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium Bromide (MTT, 5 mg/mL) was added into each well, followed by incubation for 1 h. After mixing 100 µL dimethyl sulfoxide (DMSO) into each well, MTT absorbance was obtained using a microplate reader (Tecan, Morrisville, NC) at a wavelength of 562 nm. The effect of onvansertib on cell proliferation was calculated as a percentage of control, and the IC50 was calculated using the AAT Bioquest IC50 calculator (Pleasanton, CA). The Bliss independence model was used to calculate the synergistic effect as CI < 1 (synergistic), CI = 1 (additive), or CI > 1 (antagonistic). Each experiment was performed with three biological replicates and four technical replicates per condition.
Colony formation assay
The KLE and EC-023 cells were cultured overnight in 6-well plates with a concentration of 400–800 cells/well. The cells were then treated with 10, 25, and 50 nM of onvansertib or the control (DMSO) for 48 h. The cells were cultured for 10–14 days with fresh medium changes every 3–4 days. After adding methanol, the cells were stained with 0.5% crystal violet buffer for 30 min. The clones were imaged and quantified using ImageJ software (V1.8.0) (National Institutes of Health, Bethesda, MD). Each experiment was performed with three biological replicates and three technical replicates per condition.
Cell cycle assay
The KLE and EC-023 cells were plated in 6-well plates overnight and then treated with 10, 25, and 50 nM of onvansertib for 24 h. Cells were collected, washed with PBS, and resuspended in ice-cold 90% methanol for 30 min. The methanol was removed, and the cells were resuspended in 100 µL RNase A solution with propidium iodide (2 mg/mL) at room temperature in dark conditions for 20 min. The profile of cell cycle progression was obtained using Cellometer (Nexcelom, Lawrence, MA). FCS4 express software (Molecular Devices, Sunnyvale, CA) was used to analyze the distribution of the cell cycle. The experiment was repeated three times. Data were derived from three independent biological experiments.
Cleaved caspase 3 ELISA assay
The KLE and EC-023 cells were cultured in 6-well plates at a concentration of 2 × 105 cells/mL overnight and then treated with 10, 25, and 50 nM of onvansertib for 14 h. After washing each well with PBS, 150 µL of caspase lysis buffer was added to each well, and the collection was centrifuged for 15 min. The concentration of protein in each well was detected using a BCA kit (Thermo Fisher). Equal amounts of protein and reaction buffer with caspase three substrate were added to a new black 96-well plate at 37°C for 20 min. The fluorescence intensity for cleaved caspase 3 (Ex/Em = 341/441) was measured using a Tecan microplate reader. The experiment was repeated three times. Each experiment was performed with three biological replicates and three technical replicates per condition.
Reactive oxygen species (ROS) assay
KLE and EC-023 cells were cultured overnight in 96-well plates with a concentration of 1 × 104 cells/well. They were then exposed to 10, 25, and 50 nM of onvansertib for 6 h 15 μM DCFH-DA was added into each well, and the plate was incubated at 37°C for 30 min. The ROS production was obtained by detecting the fluorescence intensity at Ex/Em = 485/526 nm using a Tecan microplate reader. All experiments were performed at least three times for consistency. Each experiment was performed with three biological replicates and four technical replicates per condition.
Mitochondrial membrane potential assay
Mitochondrial membrane potential was determined using a specific fluorescent probe for JC-1 (AAT Bioquest, Sunnyvale, CA, United States). KLE and EC-023 cells were seeded in 96-well plates overnight and then treated with 10, 25, and 50 nM of onvansertib for 6 h. Cells were then treated with 2 µM JC-1 for 30 min at 37°C. The levels of fluorescent probes were measured using a Tecan plate reader. The wavelength of fluorescence intensity for JC-1 was Ex/Em = 535/590 nm (red) and Ex/Em = 485/535 nm (green). Each experiment was performed with three biological replicates and four technical replicates per condition.
Adhesion assay
96-well plates were coated with 100 µL of laminin-1 (10 µg/mL) and incubated overnight at 4°C. The plate was rinsed twice with PBS, and then 100 µL of blocking buffer was added into each well for 45 min at 37°C. 1.5 × 104 cells of KLE and EC-023 were added to each well, followed by 10, 25, and 50 nM of onvansertib and incubation at 37°C for 2 hours. The plate was washed with PBS to remove nonadherent cells. 100 μL of 5% glutaraldehyde was then added to fix cells for 30 min. Finally, the cells were treated with 100 µL of 0.1% crystal violet for 15 min and dissolved in 100 µL of 10% acetic acid. The absorbance was obtained at a wavelength of 575 nm using a Tecan microplate reader. Each experiment was performed with three biological replicates and four technical replicates per condition.
Wound healing assay
The KLE and EC-023 cells were cultured at a concentration of 2 × 105 cells/mL in 6-well plates overnight. A 200 µL pipette tip was used to draw straight lines in each well, and the cells were treated with 10, 25, and 50 nM of onvansertib. Photos were taken 24–48 h after treatment, and the width of the wound was measured with ImageJ software (National Institutes of Health, Bethesda, MD). Each experiment was performed with three biological replicates and three technical replicates per condition.
Western immunoblotting
The KLE and EC-023 cells were exposed to 10, 25, and 50 nM of onvansertib, and then the total protein was harvested with radioimmunoprecipitation assay buffer (RIPA buffer, Thermo Fisher). The protein concentration was determined via BCA assay. Protein was separated using electrophoresis with 10%–12% acrylamide gel and transferred onto a PVDF membrane. The membranes were incubated with primary antibody (1:1000) overnight at 4°C. The appropriate secondary antibody was incubated with membranes for 1 hour at room temperature. Proteins were visualized using SuperSignal West Pico Substrate (Thermo Scientific) via the ChemiDoc image system (Bio-Rad, Hercules, CA). Data were derived from three independent biological experiments.
Lkb1fl/flp53fl/fl transgenic mouse model of EC
The Lkb1fl/flp53fl/fl transgenic mouse model created in our lab was used to investigate the effect of onvansertib on tumor growth in vivo. After AdCre induction, the model progressed to complex atypical hyperplasia at 4–5 weeks and to early invasive cancer at 6–7 weeks. H&E staining showed well-differentiated adenocarcinoma with wild-type p53 and Lkb1 inactivation (Guo et al., 2019). This model better represents the progression of human endometrial cancer under conditions of obesity and leanness and has recently been used in multiple translational studies of EC (Zhao et al., 2014a; Zhao et al., 2014b; Kong et al., 2024). The mice were housed at our animal facility with a 12-h light, 12-h dark cycle, and allowed free access to food and water. Recombinant adenovirus Ad5-CMV-Cre (AdCre, Transfer Vector Core, University of Iowa) at a titer of 2.5 × 1011 P.F.U was used for intrauterine injection and tumor induction. Eight-week-old female mice were injected with 5 µL of Ad-Cre in the left uterine horn. After 9 weeks following injection, the mice were randomly divided into two groups: control and onvansertib treatment groups (14 mice per group), and treated with onvansertib (25 mg/kg, 100 µL per mouse for oral gavage, daily) or the vehicle (100 μL, 0.5% methylcellulose, daily) for 4 weeks, with the body weight weighed every week throughout the treatment. All mice were sacrificed by CO2 asphyxiation after 4 weeks of treatment. Endometrial tumors were collected and weighed, with one-half of the endometrial tumors fixed in 10% neutral-buffered formalin and paraffin-embedded, and the remaining half snap-frozen and stored at −80°C. Animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of North Carolina at Chapel Hill (UNC-CH) (protocol # 21–209).
Immunohistochemistry (IHC) of endometrial tumors
The endometrial tumors (6 samples per group) obtained from control and onvansertib groups were fixed with formalin for 48 h, embedded with paraffin, and cut into sections (4 μM) at the Animal Histopathology Core Facility at UNC-CH. The slides were deparaffinized with xylene and hydrated with gradually diluted ethanol. After boiling the slides for 3 min in a pressure cooker with appropriate antigen retrieval buffer, the slides were soaked in cold water for 10 min and treated with 3% hydrogen peroxide to block endogenous peroxidase activity. After that, protein block solution (Dako, Agilent Technologies, Santa Clara, CA) was used to block the slides for 30 min at room temperature and then the slides were incubated with primary antibodies of Ki-67 (1:300), Bcl-xL (1: 1200), Plk1 (1:200) overnight at 4°C. The slides were then washed and incubated with appropriate secondary antibodies (Vector Labs, Burlingame, CA) at room temperature for 1 h. ABC Substrate System (Vector Labs) was used for the color reaction, 3,3′-Diaminobenzidine (DAB) was used as a chromogen, and Mayer’s hematoxylin was used for counterstaining. Individual slides were scanned using Motic (Feasterville, PA), and digital images were analyzed for target protein expression using ImagePro software (Vista, CA).
Statistical analysis
All data were combined from three independent assays into a mean ± SD. Both Student’s T-tests and one-way ANOVA tests were used in this study. The statistical analysis was completed using GraphPad Prism 10 (La Jolla, CA, United States). All tests were two-sided with p < 0.05 considered significant.
RESULTS
Effect of onvansertib on cell proliferation in EC cells
Four EC cell lines, KLE, EC-023, HEC-1B, and Ishikawa, were treated with onvansertib at 0.1–500 nM for 72 h. Cell proliferation was assessed using the MTT assay. Onvansertib inhibited cellular proliferation in a dose-dependent manner in all cell lines. The IC50 values of the KLE, EC-023, HEC-1B, and Ishikawa cells were 79.32, 42.52, 113.06, and 13.58 nM, respectively (Figure 1A). The KLE and EC-023 cells were used to conduct further experiments. Colony formation assays were performed to understand the long-term effect of onvansertib on cell growth. The KLE and EC-023 cells were treated with 10, 25, and 50 nM onvansertib for 48 h, and both cell lines were cultured for an additional 10–14 days. The results showed that colony formation was significantly inhibited by 25 and 50 nM onvansertib in both cell lines. Colony formation in the KLE and EC-023 cells was reduced by 89.02% and 99.38%, respectively, after exposure to 50 nM onvansertib (Figure 1B). Western blotting results confirmed that onvansertib inhibited the expression of phosphorylated Plk1 in both cells after 24 h of treatment, indicating that onvansertib effectively reduced Plk1 activity in EC cells (Figure 1C).
[image: Figure 1]FIGURE 1 | Effect of onvansertib on cell proliferation in EC cells. The KLE, EC-023, HEC-1B, and Ishikawa cells were treated with onvansertib at 0.1–500 nM for 72 h. Cell proliferation was detected by MTT assay. Onvansertib inhibited the proliferation of the 3 cell lines in a dose-dependent manner (A). The KLE and EC-023 cells were treated with 10, 25, and 50 nM of onvansertib for 48 h and continually cultured for 10–14 days. Onvansertib inhibited the colony formation in both cell lines (B). Western blotting results showed that onvansertib inhibited the expression of phosphorylated Plk1 and Plk1in both cell lines (C). Western blotting results showed that onvansertib inhibit the expression of phosphorylated AKT, phosphorylated S6, and phosphorylated p38 in both cell lines after treatment for 24 h (D). *p < 0.05, **p < 0.01.
Given the role of the Akt/mTOR and MAPK pathway in Plk1 inhibiting cell proliferation, the effect of onvansertib on the AKT/mTOR and MAPK signaling pathway was evaluated by Western blot in the KLE and EC-023 cell lines. Treatment of both cells with increasing doses of onvansertib for 24 h markedly decreased the expression of phosphorylated AKT, phosphorylated S6, and phosphorylated p38 in both cell lines (Figure 1D). Together, these results demonstrated that onvansertib is an effective Plk1 inhibitor which can effectively inhibit cell proliferation possibly via AKT/mTOR/S6 and MAPK signaling pathway in EC cells.
Effect of onvansertib on cell cycle progression in EC cells
To understand the effect of onvansertib on cell cycle progression in the KLE and EC-023 cells, the cell cycle profile was analyzed by Cellometer after treating both cell lines with 10, 25, and 50 nM onvansertib for 24 h. Onvansertib reduced cell cycle G1 phase and increased G2 phase arrest in a dose-dependent fashion in both cell lines (Figure 2A). Treatment with 50 nM onvansertib increased the population of cells in the G2 phase from 14.5% to 31.6% and from 16.3% to 28.7% in KLE and EC-023 cells, respectively. Western blotting results showed that onvansertib significantly decreased the expression of phosphorylated PLK1 in both cell lines (Figure 2B). Furthermore, onvansertib effectively downregulated the protein expression of cell cycle-associated proteins CDK4, cyclin D1, CDK2, cyclin E2 as well as C-MYC in a dose-dependent fashion in both cell lines after treatment for 24 h (Figure 2B). These results confirmed that onvansertib effectively induced G2 phase arrest in KLE and EC-023 cells.
[image: Figure 2]FIGURE 2 | Effect of onvansertib on cell cycle progression in EC cells. The KLE and EC-023 cells were treated with 10, 25, and 50 nM of onvansertib for 24 h. The cell cycle profiles were assessed by Cellometer. Onvansertib caused cell cycle G2 phase arrest in both cell lines in a dose-dependent manner (A). Western blotting results showed that onvansertib inhibited the expression of CDK4, cyclin D1, CDK2, cyclin E2 as well as C-MYC after treatment for 24 h in both cell lines (B). *p < 0.05, **p < 0.01.
Effect of onvansertib on cellular stress and apoptosis in EC cells
Reactive oxygen species (ROS) have been known to play an integral role in the cellular response to stress and act as a mediator of apoptosis via mitochondrial DNA damage (Redza-Dutordoir and Averill-Bates, 2016). To investigate the effect of onvansertib on oxidative stress in EC cells, we utilized the DCHF-DA assay to assess intracellular ROS levels. Treatment with 10, 25, and 50 nM onvansertib for 6 h significantly increased cellular ROS production in a dose-dependent manner in the KLE and EC-023 cells (Figures 3A, B). With 50 nM onvansertib, ROS production was noted to increase by 11.8% in KLE cells and 15.9% in EC-023 cells, respectively, compared to control cells. JC-1 assay demonstrated that onvansertib reduced mitochondrial membrane potential with increasing doses of onvansertib in both cell lines. 50 nM onvansertib decreased JC-1 levels by 17.8% in KLE cells and 14.3% in EC-023 cells, respectively, compared with untreated cells (Figures 3A, B). Western blotting showed that onvansertib upregulated the expression of cellular stress-related proteins BiP, Calnexin, and ATF4 in both cell lines after 6 h of treatment (Figure 3C). These results suggest that onvansertib effectively induces cellular stress in EC cells.
[image: Figure 3]FIGURE 3 | Effect of onvansertib on cellular stress and apoptosis in EC cells. The KLE and EC-023 cells were treated with 10, 25, and 50 nM of onvansertib for 6 h 25 and 50 nM Onvansertib increased the ROS levels, and decreased the JC-1 levels and in both cell lines (A, B). Western blotting results demonstrated that onvansertib increased the expression of BiP, calnexin, and ATF-4 after 6 h of treatment in both cell lines, the double layer of ATF-4 is attribute to post-translational modifications (C). ELISA assay was used to detect cleaved caspase three levels after treatment with 10, 25, and 50 nM of onvansertib for 14 h (D). Western blotting results demonstrated that onvansertib increased the expression of BAX, H2AX, Rad51, and Geminin, while decreasing the expression of Mcl-1 and Bcl-2 after 24 h of treatment in both cell lines (E). *p < 0.05, **p < 0.01.
To evaluate whether onvansertib causes apoptosis in EC cells, cleaved caspase three level was detected using an ELISA assay in both cell lines after treatment with 10, 25, and 50 nM onvansertib for 14 h. The results showed that both 25 nM and 50 nM onvansertib significantly increased cleaved caspase-3 levels when compared with control cells. 50 nM onvansertib increased the activity of cleaved caspase three to 1.24-fold in KLE cells and by 2.07-fold in EC-023 cells compared with the control cells (Figure 3D). Furthermore, Western blotting results showed that onvansertib downregulated the expression of the anti-apoptotic proteins Mcl-1 and Bcl-2, while upregulating the pro-apoptotic protein Bax in both cell lines after 24 h of treatment (Figure 3E). Meanwhile, onvansertib also increased the expression of the DNA damage markers H2AX, Rad51, and Geminin in a dose-dependent manner in both cell lines (Figure 3E). These results suggested that onvansertib effectively activates apoptotic pathways and induces DNA damage in EC cells.
Effect of onvansertib on adhesion and invasion in EC cells
We next investigated the effect of onvansertib on adhesion and invasion in EC cell lines. Using the laminin adhesion assay, we evaluated the impact of onvansertib on cell adhesion after treatment with 10, 25, and 50 nM onvansertib for 2 h. Cell adhesion was decreased by 24.84% and 13.29% in KLE and EC-023 cells, respectively, after treatment with 50 nM onvansertib Figure 4A. In a wound healing assay, cell migration was noted to be significantly reduced by 25 and 50 nM onvansertib in both cell lines after 48 h of treatment, with 50 nM onvansertib increasing the wound width to 1.96-fold and 1.85-fold in the KLE and EC-023 cells, respectively (Figures 4B, C). Furthermore, Western blot confirmed that 10, 25, and 50 nM onvansertib significantly decreased the expression of N-cadherin and β-catenin in both cell lines after 24 h of treatment (Figure 4D). Taken together, these results indicate that inhibition of cell adhesion and invasion by onvansertib on cell invasion may be involved in the EMT pathway in EC cells.
[image: Figure 4]FIGURE 4 | Effect of onvansertib on cellular adhesion and migration in EC cells. The effects of onvansertib on adhesion and migration were investigated by laminin-1 adhesion assay and wound healing assay, respectively. The laminin-1 assay showed that onvansertib significantly inhibited cell adhesion in both cell lines at 25 and 50 nM after 2 h of treatment (A). The wound healing assay shows that treatment with 25 and 50 nM Onvansertib for 48 h resulted in wider wound widths, while the control group had narrower wound widths. The yellow line represents the boundary of wound healing (B, C). The KLE and EC-023 cells were treated with 10, 25, and 50 nM of onvansertib for 24 h–48 h. Western blotting showed that onvansertib decreased the expression of β-catenin and N-cadherin after 24 h of treatment in both cell lines (D). *p < 0.05, **p < 0.01.
Onvansertib increased sensitivity to paclitaxel in EC cells
Given that the combination of onvansertib and paclitaxel (PTX) had been previously reported to have synergistic DNA damage response, we evaluated whether onvansertib could increase sensitivity to PTX. After treatment with three doses of onvansertib and PTX for 72 h, the MTT results showed that combination of onvansertib (10, 25, and 50 nM) and PTX (0.1 and 1.0 nM) exhibited potent synergy in inhibiting cell proliferation in both cell lines (Figure 5A, CI < 1). Treatment with 25 nM onvansertib plus 1 nM PTX led to 35.24% and 43.92% cell growth inhibition in the KLE and EC-023 cells respectively, whereas onvansertib alone and PTX alone produced 15.43% and 4.95% cell growth inhibition in KLE cells, and 13.05% and 17.02% in EC-023 cells, respectively (Figure 5B). This combination treatment also significantly increased apoptosis compared to onvansertib or PTX alone, as 25 nM onvansertib plus 1 nM PTX increased cleaved caspase three level to 2.01-fold and 1.79-fold in the KLE and EC-023 cells, respectively, whereas onvansertib alone and PTX alone elevated the cleaved caspase three level by 1.22-fold and 1.34-fold in the KLE and EC-023 cells, respectively (Figure 5C). Furthermore, Western blotting demonstrated that onvansertib increased the expression of DNA damage markers, including phosphorylated H2A.X and RAD51, after 24 h of treatment, while the combination treatment was more potent in upregulating the expression of phosphorylated H2A.X and RAD51 compared to onvansertib or PTX alone after 24 h of treatment in the KLE and EC-023 cells (Figure 5D). These results indicate that the combination of onvansertib and PTX synergistically reduces cell proliferation while inducing apoptosis and DNA damage.
[image: Figure 5]FIGURE 5 | Onvansertib increased sensitivity to paclitaxel in EC cells. The KLE and EC-023 cells were each treated with 10, 25, and 50 nM of onvansertib, 0.1, 1, 10 nM of paclitaxel, and both in combination for 72 h. The Bliss independence model was used to calculate the combination index (CI) for each combination group (A). The combination of 25 nM onvansertib and 1 nM paclitaxel resulted in greater cell growth inhibition than paclitaxel or onvansertib alone in both KLE and EC-023 cells after 72 h of treatment (B). The combination of 25 nM onvansertib and 1 nM paclitaxel significantly increased cleaved caspase three levels compared with either paclitaxel or onvansertib alone after treatment for 14 h in both cell lines (C). Both cell lines were treated with 25 nM onvansertib, 1 nM paclitaxel and the combination for 24 h. Western blotting showed that the combination group demonstrated a more potent effect on the expression of H2A.X and RAD51 compared with paclitaxel or onvansertib alone (D) *p < 0.05, **p < 0.01 compared with control. #p < 0.05, ##p < 0.01 compared with each group.
Onvansertib inhibited tumor growth in the LKB1fl/flp53fl/fl transgenic mouse model of EC
In order to better understand the role of onvansertib in vivo, the LKB1fl/flp53fl/fl genetically engineered mouse model of endometrioid endometrial cancer was exposed to onvansertib. The mice were divided into two groups: onvansertib treatment and control groups (15 mice/group), and treated with onvansertib (25 mg/kg, 100 µL per mouse for oral gavage, daily) or the vehicle (100 μL 0.5% methylcellulose, daily) for 4 weeks. Tumor weights were significantly reduced by 66.94% in the onvansertib group compared to control group after 4 weeks of treatment (Figure 6A). During onvansertib treatment, mice showed normal activity and no significant changes in body weight (Data not shown). IHC staining results showed that compared with the control mice, onvansertib treatment significantly reduced the expression of Ki-67 by 44.01%, Plk1 expression by 40.6%, and Bcl-xL expression by 27.23%.in endometrial tumors (Figure 6B). Overall, these results confirmed that onvansertib effectively inhibits cell proliferation and tumor growth in EC cell lines and the transgenic mouse model of EC. Although our doses were selected based on literature-supported efficacy, dose optimization may be necessary in clinical trials to determine the optimal therapeutic window and balance efficacy and toxicity.
[image: Figure 6]FIGURE 6 | Onvansertib inhibits tumor growth in LKB1fl/flp53fl/fl transgenic mouse model of EC. The LKB1fl/flp53fl/fl genetically engineered mouse model of endometrioid endometrial cancer were treated with onvansertib (25 mg/kg, 100 µL per mouse for oral gavage, daily) or the vehicle (100 μL, 0.5% methylcellulose, daily) for 4 weeks. The effect of onvansertib on tumor weight in LKB1fl/flp53fl/fl mice (n = 14) (A). IHC staining results showed that onvansertib treatment significantly reduced the expression of Ki-67, Plk1, and Bcl-xL compared to the control mice (n = 6) (B). *p < 0.05, **p < 0.01.
DISCUSSION
The success of CDK4/6 inhibitors in the treatment of patients with breast cancer has sparked the creation of novel cell cycle inhibitors that target various stages of the cell cycle, resulting in the emergence of various types of inhibitors with diverse anti-tumorigenic mechanisms (Chiappa et al., 2022; Ploumaki et al., 2024). Given that onvansertib alone or in combination with other chemotherapeutic agents has shown promising activity in clinical trials and overexpression of Plk1 has been demonstrated in EC, it is logical to investigate the therapeutic effects of onvansertib alone or in combination with other chemotherapeutic agents on cell proliferation and tumor growth in pre-clinical models of EC. In this study, we found that onvansertib significantly inhibited cell proliferation, caused cell cycle G2 arrest and apoptosis, induced cellular stress, reduced cell invasion, and increased the sensitivity to paclitaxel in EC cell lines. Furthermore, onvansertib effectively reduced tumor growth in the transgenic LKB1fl/fl p53fl/fl mouse model of endometrioid EC, which was accompanied by a reduction in the protein expression of Ki-67 and Plk1 and an increase in the expression of Bcl-xL in tumor tissues. Overall, these results provide pre-clinical evidence supporting the potential benefit of onvansertib alone or in combination with paclitaxel as an anti-cancer agent in EC.
Cancer cells require relatively higher levels of reactive oxygen species (ROS) than normal cells to maintain their biological activity, making them more susceptible to oxidative stress (Nelson et al., 2023; Liou and Storz, 2010). Excessive ROS levels trigger apoptotic signals in cancer cells by damaging various biomolecules beyond DNA repair (Liou and Storz, 2010). Plk1 is involved in inositol-requiring protein 1a (IRE1a, a cell stress sensor)-mediated induction of apoptosis and inhibition of proliferation in response to ER stress in cancer cells (Li et al., 2012). A certain intracellular ROS level is required for Plk1 to exert its biological functions, and inhibiting the production of ROS can partially change the anti-proliferative activity of Plk1 in cancer cells (Gao et al., 2024). Inhibiting Plk1 with BI2356 or volasertib significantly increased ROS levels in KRAS-mutant colon cancer, pancreatic cancer, and cervical cancer cells, while pre-treatment with a ROS scavenger partially reversed volasertib-induced apoptosis (Gao et al., 2024; Xin et al., 2019; Xie et al., 2015). Our results show that treatment of EC cells with onvansertib significantly increases ROS levels and decreases mitochondrial membrane potential, in parallel with increased expression of cellular stress proteins. Moreover, onvansertib also increased cleaved caspase three levels and reduced the expression of Mcl-1 and Bcl-2 in both cell lines. These findings suggest that inhibition of Plk1 by onvansertib induces cellular stress and apoptotic pathways, leading to the inhibition of cell proliferation in EC cells.
Myometrial invasion and lympho-vascular space invasion by EC cells are important factors affecting the metastatic spread of EC (38). Plk1 and its downstream targets, including mitotic spindle positioning (MISP), RhoGDI1, and FoxM1, regulate proliferative and invasive capabilities through epithelial-mesenchymal transition (EMT) transition in cancer cells (Lim et al., 2024; Pan et al., 2024; Xu et al., 2023). Increased Plk1 expression effectively promotes invasive ability in breast, renal, cervical, and thyroid cancer cells (Fu and Wen, 2017; Lim et al., 2024). Downregulation of Plk1 by small molecular inhibitors or siRNA significantly reduces cell invasion and migration in multiple types of cancer cells (Song et al., 2018; Fu and Wen, 2017; Zhou et al., 2020). Our results showed that onvansertib treatment reduces adhesion and migration while reducing N-cadherin and β-catenin expression in EC cells. The mechanisms underlying the effects of Plk1on adhesion and invasion of EC need to be addressed in future studies.
PTEN deletion and PI3K mutations as well as abnormal PI3K/AKT pathway activity are the most common molecular events in the carcinogenesis and progression of EC (43). Plk1 has been shown to increase the phosphorylation of PTEN Ser-380, Thr-382, and Thr-383 sites, leading to PTEN functional inactivation and activation of the PI3K/AKT signaling pathway (Choi et al., 2014; Li et al., 2014). Multiple agents targeting the AKT/mTOR pathway have been investigated in pre-clinical models and clinical trials in EC and have shown promising results (Leskela et al., 2019; Lengyel et al., 2020; Heudel et al., 2022). Plk1 directly binds and phosphates MTORC1 component RPTOR/RAPTOR, thereby leading to inhibition of MTORC1 activity in interphase cells (Ruf et al., 2017). Inhibition of Plk1 activity by the Plk1 inhibitors volasertib effectively reduced the phosphorylation of AKT, mTOR and S6 in leukemia and Burkitt lymphoma cells (Choi et al., 2023; Chen and Pei, 2020). Onvansertib, in combination with the PI3Kα inhibitor alpelisib, has been shown to synergistically inhibit cell viability and suppress PI3K signaling in PIK3CA-mutant HR + breast cancer both in vitro and in vivo (Sreekumar et al., 2024). Similarly, the combination of AKT inhibitor ipatasertib and onvansertib also demonstrated a synergistic anti-tumor effect in prostate cancer (Nouri et al., 2024). Our results showed that onvansertib decreased the expression of phosphorylated AKT and S6 in both cell lines, suggesting that the interaction of Plk1 with the PTEN/PI3K/AKT/mTOR pathway is involved in the anti-proliferative activity of onvansertib in EC cells. Collectively, the current data supports a critical role of the PI3K/AKT pathway in mediating onvansertib’s function and its potential for combination strategies targeting this signaling further supporting its potential for combination strategies targeting this signaling pathway.
Elevated Plk1 activity is necessary for repair of double-strand breaks, and depletion of Plk1 is able to cause DNA damage. The mitotic arrest caused by Plk1 inhibition is at least partially due to the presence of unrepaired double-strand breaks in mitosis in cancer cells (Chabalier-Taste et al., 2016; Driscoll et al., 2014). Thus, combining Plk1 inhibitors with DNA-damaging agents may be an ideal option to improve clinical efficacy (Chabalier-Taste et al., 2016; Rödel et al., 2010). Onvansertib treatment has been shown to increase radiosensitivity of MYC-driven medulloblastoma in vitro and in vivo (Wang et al., 2022). Furthermore, the combination of onvansertib and paclitaxel synergistically increased tumor growth in orthotopically transplanted PDXs of platinum-resistant ovarian carcinomas and showed a greater ability to induce γH2AX expression in tumor tissues (Affatato et al., 2022). In the present study, we treated KLE and EC-023 cells with onvansertib, paclitaxel, and their combination to study the synergistic effect of the combination in inhibiting cell growth. Our data showed that onvansertib effectively induced DNA damage and the combination of onvansertib and paclitaxel produced a synergistic effect in the inhibition of cell proliferation, which was accompanied by increased expression of γH2AX and Rad51 compared with paclitaxel or onvansertib alone in EC cells. Therefore, these results suggest that onvansertib combined with paclitaxel may be a good strategy for the treatment of recurrent EC and deserves further investigation in our transgenic mouse EC model. It is important to note that paclitaxel is a common first and second-line agent in the treatment of EC.
Several Plk1 inhibitors are currently being evaluated in clinical trials, both alone and in combination with other chemotherapy agents. Early phase I results indicated that onvansertib is well tolerated and biologically active in the treatment of advanced solid tumors (Ahn et al., 2024; Weiss et al., 2018). In multiple phase I/II clinical trials, onvansertib in combination with chemotherapy has shown significant anti-tumor activity in acute myeloid leukemia, colon cancer, among others (Su et al., 2022; Ahn et al., 2024; Zeidan et al., 2020). The commonly reported side effects of each drug (hematologic toxicity for onvansertib and neurotoxicity for paclitaxel) are also not overlapping, further supporting the continued investigation of this drug combination (Affatato et al., 2022; Weiss et al., 2018). Additionally, compared with other Plk1 inhibitors, onvansertib has oral bioavailability and a shorter half-life, and this allows optimization of the therapeutic window while minimizing toxicity when used with other chemotherapeutic agents including paclitaxel (Croucher et al., 2023). Considering changes in certain genetic alternations such as PTEN, p53, and KRAS have been shown to influence the sensitivity of cancer cells to onvansertib in preclinical models and some clinical trials, the identification of biomarkers that affect the sensitivity of EC to onvansertib in our subsequent studies is crucial to improve patient selection and enhance clinical treatment outcomes (Stebbing and Bullock, 2024b; Degenhardt et al., 2010).
CONCLUSION
In summary, our pre-clinical data found that targeting Plk1 by onvansertib demonstrated great potency in inhibiting cellular proliferation, inducing G2 cell cycle arrest and apoptosis, increasing cellular stress, impairing cellular adhesion, and reducing tumor growth in EC cells and the LKB1fl/fl p53fl/fl mouse model of endometrioid EC. Onvansertib combined with paclitaxel produced a synergistic effect of reducing cellular viability and increasing DNA damage in EC cells (Figure 7). Although this study has some limitations, including the short duration of in vivo experiments and the lack of long-term toxicity and resistance assessment in mice, our in vitro and in vivo results provide strong support and rationale for investigating the clinical translatability of onvansertib combined with paclitaxel as an effective treatment for endometrioid EC.
[image: Figure 7]FIGURE 7 | Graphical summary of the antitumor mechanisms of onvansertib in EC. Onvansertib effectively inhibited cell proliferation, caused cell cycle arrest, induced apoptosis and cell stress, reduced invasion ability, increased cell damage, and synergistically enhanced the sensitivity of EC cell lines to paclitaxel. Furthermore, treatment with onvansertib for 4 weeks significantly reduced tumor growth in the LKB1fl/flp53fl/fl genetically engineered mouse model of endometrioid endometrial cancer. Solid arrow: Solid arrows: direct effect; dotted arrows: may act through cell cycle arrest.
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