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Testicular germ cell tumors (TGCTs) frequently affect adolescent and young adult males. Although TGCT is more responsive to cisplatin-based chemotherapy than other solid tumors, some patients are nonresponders, and following treatment, many patients continue to experience acute and long-term cytotoxic effects from cisplatin-based chemotherapy. Consequently, it is imperative to develop new therapeutic modalities for treatment-resistant TGCTs. Peptidyl-prolyl isomerase (Pin1) regulates the activity and stability of many cancer-associated target proteins. Prior findings suggest that Pin1 contributes to the pathogenesis of multiple human cancers. However, the specific function of Pin1 in TGCTs has not yet been elucidated. TGCT cell proliferation and viability were examined using cell cycle analysis and apoptosis assays following treatment with KPT6566, a potent, selective Pin1 inhibitor that covalently binds to the catalytic domain of Pin1. A xenograft mouse model was used to assess the effect of KPT6566 on tumor growth in vivo. KPT6566 effectively suppressed cell proliferation, colony formation, and ATP production in P19 and NCCIT cells. Further, KPT6566 induced apoptotic cell death by generating cellular reactive oxygen species and downregulating the embryonic transcription factors Oct-4 and Sox2. Finally, KPT6566 treatment significantly reduced tumor volume and mass in P19 cell xenografts. The Pin1 inhibitor KPT6566 has significant antiproliferative and antitumor effects in TGCT cells. These findings suggest that Pin1 inhibitors could be considered as a potential therapeutic approach for TGCTs.
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INTRODUCTION
Human testicular germ cell tumors (TGCTs) are a prevalent cancer type that primarily affects adolescent and young adult males (Andrews, 1988; Horwich et al., 2006; Campanner et al., 2023). Recent findings have identified a persistent increase in TGCT incidence over the past decades, and these malignancies are now the most common cause of cancer-related mortality and morbidity in this age group (Batool et al., 2019; Al-Obaidy et al., 2020; Miller et al., 2020; Siegel et al., 2020; Siegel et al., 2020). Germ cells, which are responsible for sperm production, are the predominant origin of testicular cancer. Based on histological features, prognostic implications, and treatment approaches, TGCTs are classified into two categories: seminomas and nonseminomas (Winter and Albers, 2011). The traits of seminomas are consistent with primitive germ cells, while nonseminomas are most commonly comprised of embryonal carcinoma cells. Embryonal carcinoma, a nonseminoma subclass, originates in the testicles and is characterized by rapid proliferation and metastasis. These carcinomas have pluripotent properties and express pluripotency markers, including the Oct-4 and Nanog embryonic transcription factors (de Jong et al., 2005; Hart et al., 2005). Although cisplatin-based chemotherapy is more effective against TGCTs than other solid tumor types, some patients are nonresponders, and many patients experience acute and chronic cytotoxic effects (Singh et al., 2019). Consequently, developing novel, efficient therapeutic strategies targeting refractory TGCTs is urgently needed to supplement traditional chemotherapeutic approaches.
Peptidyl-prolyl cis/trans isomerase or NIMA-interacting-1 (Pin1) plays a crucial role in development of many human cancers (Lu and Hunter, 2014; Zhang et al., 2020; Winter and Albers, 2023). Pin1 is commonly overexpressed or hyperactivated in diverse human cancer types, and its expression is commonly associated with poor patient prognoses (Wulf et al., 2001; Bao et al., 2004; Wulf et al., 2004; Lu and Hunter, 2014; Luo et al., 2014; Rustighi et al., 2014). Pin1 is a peptidyl-prolyl cis/trans isomerase that targets phosphorylated serine-proline (pS-P) or phosphorylated threonine-proline (pT-P) motifs within target proteins (Yaffe et al., 1997). The subsequent cis-trans-isomerization of target proteins induces conformational alterations critical for modulating their biological function and stability (Lu et al., 2007; Makinwa et al., 2020). Several studies have documented that Pin1 regulates a myriad of proteins implicated in cancer progression, including 1) cell cycle regulators (Cyclin D1, Cyclin D2, Cyclin D3, Cyclin E, CDK4, and CDK6), 2) oncogenic proteins (c-Jun, c-Myc, and β-catenin), and 3) tumor suppressors (p53, p63, and p73) (Ryo et al., 2001; Wulf et al., 2001; Liou et al., 2002; Zacchi et al., 2002; Zheng et al., 2002; Yeh et al., 2004; Zhou and Lu, 2016; Kim et al., 2022). Pin1 hyperactivation promotes tumorigenesis and negatively affects clinical outcomes (Wulf et al., 2001; Wulf et al., 2004; Lu and Hunter, 2014; Luo et al., 2014; Rustighi et al., 2014). The tumoricidal effects of small-molecule Pin1 inhibitors suggest Pin1 plays a pivotal role in tumor development (Kim et al., 2009; Wei et al., 2015; Campaner et al., 2017). Our recent work demonstrated that small-molecule Pin1 inhibitors have antitumorigenic activity against colorectal cancer stem cells or tumor-initiating cells (Kim et al., 2022). KPT6566 {2-[(4-(4-tert-butylbenzenesulfonamido)-1-oxo-1,4-dihydronaphthalen-2-yl)sulfanyl]acetic acid}, a potent Pin1 inhibitor, was identified by inhibitor screening of a chemical library (Campaner et al., 2017). KPT6566 selectively inhibits the peptidyl-prolyl cis/trans isomerase activity of Pin1 by covalently binding its catalytic domain.
Octamer-binding transcription factor-4 (Oct-4), also known as POU domain, class 5, transcription factor (POU5F1), is an embryonic transcription factor predominantly expressed in pluripotent cells of developing embryos and is crucial for maintenance of pluripotency (Nichols et al., 1998). Prior findings robustly support a pivotal role for Oct-4 in human TGCTs (Gidekel et al., 2003; Jones et al., 2004; Ezeh et al., 2005; Richie, 2005; Cheng et al., 2007). Additionally, Oct-4 is expressed in many human cancers, including lung cancer (Chen et al., 2008), breast cancer (Ezeh et al., 2005), liver cancer (Huang et al., 2010; Wang et al., 2010), gastric cancer (Chen et al., 2009), and bladder cancer (Atlasi et al., 2007). Intriguingly, emerging findings have identified a role for Oct-4 in maintaining cancer stem cell or tumor-initiating cell characteristics (Hu et al., 2008) and development of chemoresistance in tumor cells (Linn et al., 2010; Wang et al., 2010). Moreover, ablation or inhibition of Oct-4 hinders proliferation and augments chemotherapy efficacy in cancer stem-like cells (Chen et al., 2008; Hu et al., 2008; Yun et al., 2015). Sox2 is an additional embryonic transcription factor in the Sex-determining region of the Y chromosome (Sry)-related high-mobility group (HMG) box gene family (Kamachi et al., 2000; Boyer et al., 2005; Episkopou, 2005). Sox2 is essential for maintenance of embryonic stem cells (Avilion et al., 2003) and induction of pluripotency (Avilion et al., 2003; Takahashi and Yamanaka, 2006; Takahashi et al., 2007). Recent findings have associated aberrant Sox2 expression with tumorigenesis in diverse cancers, including bladder cancer (Amini et al., 2014; Zhu et al., 2017), breast cancer (Rodriguez-Pinilla et al., 2007), colorectal cancer (Han et al., 2012; Amini et al., 2014), gastric cancer (Li et al., 2004), glioma (Alonso et al., 2011; Fang et al., 2011), osteosarcoma (Basu-Roy et al., 2012), pancreatic cancer (Sanada et al., 2006), prostate cancer (Amini et al., 2014), and skin squamous cell carcinoma (Boumahdi et al., 2014). Further, Sox2 is activated in cancer stem cells or tumor-initiating cells (Leis et al., 2012). Sox2 expression is associated with maintenance of cancer stem cells or tumor-initiating cell proliferation (Basu-Roy et al., 2012), regulation of the epithelial-to-mesenchymal transition (EMT), and increased tumor cell migration and invasion (Han et al., 2012). These findings indicate that Oct-4 and Sox2 function as oncogenic transcription factors, and that Oct-4 and Sox2 expression contribute to the development and progression of various human cancers.
Prior studies have demonstrated that Pin1 is integral to the development of various human malignancies, but its role in TGCTs remains unknown. The purpose of the present study was to elucidate the effects of Pin1 and KPT6566 on TGCT carcinogenicity using P19 and NCCIT embryonal carcinoma cell lines. These findings demonstrated that KPT6566 inhibited cell proliferation and colony formation, induced apoptosis, and downregulated expression of Oct-4 and Sox2 in embryonal carcinoma cells. Furthermore, KPT6566 significantly decreased the tumorigenic capacity of P19 embryonal carcinoma cells in vivo. Together, these findings suggest that targeting Pin1 with small-molecule inhibitors is potentially an effective therapeutic strategy for TGCTs.
MATERIALS AND METHODS
Cell culture
P19 and NCCIT cell lines were procured from the American Type Culture Collection (ATCC) and cultivated in Dulbecco’s Modified Eagle’s Medium (DMEM; ThermoFisher Scientific) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich), GlutaMAX (ThermoFisher Scientific), and 1% Penicillin-Streptomycin (ThermoFisher Scientific). Cells were maintained in a humidified 37°C incubator (ThermoFisher Scientific) with 5% CO2. Pin1 knockout (Pin1−/−) mice were kindly provided by Dr. Kun Ping Lu (Western University, Canada), and mouse embryonic fibroblasts from wild-type and Pin1−/− mice were isolated from E13.5 embryos as described previously (Oh et al., 2016). Procedures used to generate mouse embryonic fibroblasts were conducted in strict accordance with the guidelines for animal experimentation established by Sogang University. Prior to beginning the study, all protocols were approved by the institutional animal care and use committee (IACUCSGU 2022_09).
Cell growth curve
Duplicate samples of 2 × 104 P19 or NCCIT cells were plated in 12-well plates and cultured for 5 days. Cells were observed daily using an inverted phase-contrast microscope (IX71; Olympus). Total cell count was recorded at 1 day intervals for 5 days using a hemocytometer.
Cell counting Kit-8 (CCK-8) assay
Cell viability assays were conducted according to the manufacturer’s instructions using a Cell Counting Kit-8 (Sigma-Aldrich). P19 or NCCIT cells (2 × 103) were seeded into a 96-well plate and grown in the presence of varying concentrations of KPT6566 (CSNpharm) for 5 days. Subsequently, the cells were combined with 10 μL CCK-8 solution/well and incubated for an additional 3 h at 37°C. Formazan dye produced by cellular dehydrogenase activity was quantified by measuring absorbance at 450 nm with a microplate reader (Molecular Devices). The optical density values of each well were used to determine the viability of P19 or NCCIT cells.
Colony formation assay
The colony formation assay was conducted by seeding 2.5 × 103 P19 or NCCIT cells in 12-well plates and subsequently exposing the cells to various concentrations of KPT6566. After 5 days, the colonies were fixed with a solution containing 0.05% (w/v) Crystal Violet (Sigma), 1% formaldehyde (Sigma), 1% methanol (Sigma), and 1 × PBS for 20 min. Colonies were then washed with tap water and photographed after water removal. To measure the formation of P19 or NCCIT cell colonies after treatment with KPT6566, ImageJ (https://imagej.nih.gov/ij/) was used to count the colonies stained with Crystal Violet, and colony numbers were compared to those of the untreated control groups.
ATP assay
ATP production was measured using an ATP Assay Kit (Abcam). P19 or NCCIT cells were collected by trypsinization, washed with PBS, and subsequently combined with 100 μL ATP assay buffer. Cells were then lysed and centrifuged to remove solid particles. The supernatant was collected and mixed with an ATP probe. Absorbance was measured at 570 nm using a microplate reader (Molecular Devices). Experimental findings were expressed as percent ATP production relative to the control group.
Determination of IC50 values
Two thousand P19 or NCCIT cells were seeded into 12-well plates, and KPT6566 was added to cell culture medium in varying concentrations, ranging 0–40 μM. After 5 days, viable cell numbers were measured using an automatic cell counter (ADAM MC Auto Cell Counter, NanoEnTek Inc.). Average P19 or NCCIT cell numbers were plotted against KPT6566 concentration in a sigmoidal curve using SOFTMAX PRO software (Molecular Devices). The concentration of KPT6566 that induced 50% of the maximal inhibition was reported as the IC50.
Cell cycle analysis
After KPT6566 treatment, P19 and NCCIT cells were collected and fixed in 70% ethanol for 24 h at 4°C. Fixed cells were then washed twice with PBS, reactivated in PBS containing 100 μg/mL RNase A, and incubated at 37°C for 30 min. Cells were then incubated with propidium iodide (PI, 33 μg/mL) containing 10% NP-40 for an additional 30 min and subjected to flow cytometry analysis with a FACSCalibur (BD Biosciences).
Apoptosis assay
Measurement of apoptosis was conducted using the instructions provided by the manufacturer of the FITC-Annexin V Apoptosis Detection Kit with PI (BioLegend). Flow cytometry was used to assess P19 or NCCIT cells after exposure to KPT6566. Cells were first washed twice with cold Cell Staining Buffer (BioLegend) and subsequently suspended in Annexin V Binding Buffer (BioLegend). FITC-Annexin V and PI were used to stain cells, which were then analyzed using a FACSCalibur flow cytometer.
Western blotting
Cell extracts were separated by SDS-PAGE, transferred to PVDF membrane, and subsequently probed with primary antibodies, including anti-Oct-4 (Santa Cruz Biotechnology), anti-Sox2 (Santa Cruz Biotechnology), anti-β-catenin (BD Transduction Laboratories), anti-Cyclin D1 (Invitrogen), anti-Pin1 (Proteintech), or anti-β-Actin (AbClon). Reactive bands were then labeled using Western Lightning reagent (PerkinElmer Life Sciences) and detected by chemiluminescence.
Xenografts
Eight-week-old male nude mice (Orient Bio Inc., Korea) were implanted on the flanks with 1 × 107 P19 cells. When tumors reached a measurable size (15–25 mm2), mice received intraperitoneal injections of either 5 mg/kg KPT6566 or vehicle control (1% DMSO) every 3 days for 27 days. To measure tumor volume, the longest length and the greatest width were recorded using an external caliper. The modified ellipsoidal formula was used to calculate tumor volume [tumor volume = (length × width2)/2], as previously reported in prior studies (Euhus et al., 1986; Tomayko and Reynolds, 1989; Kim et al., 2021; Kim et al., 2022). Twenty-seven days after initiation of KPT6566 treatment, tumor-bearing mice were euthanized. Experimental procedures were conducted in strict adherence to the animal experimentation guidelines of Sogang University and were approved by the institutional animal care and use committee (IACUCSGU 2022_08).
Statistical analysis
The experimental results are displayed as the mean ± standard deviation (S.D.). The means of two experimental sets were compared using the unpaired Student’s t-test. Statistical evaluations were conducted using Microsoft Excel from Microsoft Corporation. A p-value less than 0.05 was considered to indicate statistical significance.
RESULTS
KPT6566 treatment suppressed P19 cell growth, viability, colony-forming ability, and ATP production
Although Pin1 is overexpressed in multiple human cancers and cancer cell lines (Lu, 2003), its role in TGCTs remains poorly understood. Western blotting was used to measure Pin1 expression in embryonal carcinoma cells (P19 cell lysates). Wild-type and Pin1-null MEFs were used as controls for the presence of Pin1 protein. A Pin1 protein band was identified in both P19 cells (Figure 1A, top panel, labeled as P19) and wild-type MEFs (WT MEFs) and was absent in Pin1-null MEFs (Pin1−/− MEFs). Notably Pin1 protein was more highly expressed in P19 cells than in wild-type MEFs. To normalize Pin1 protein levels, a β-actin was used as a loading control (Figure 1A, bottom panel).
[image: Figure 1]FIGURE 1 | KPT6566 inhibition of P19 cell growth, viability, colony formation, and ATP production. (A) Analysis of Pin1 expression in mouse P19 embryonal carcinoma cells. To measure Pin1 expression in P19 cells, cultured cells were harvested for cell lysate preparation. Subsequently, total protein lysates were separated by SDS-PAGE using a 15% gel for Pin1 and a 12% gel for β-Actin, followed by transfer to a PVDF membrane for immunoblotting using either anti-Pin1 (upper panel) or β-Actin (lower panel) antibodies. Wild-type and Pin1−/− MEFs were used as references for Pin1 protein in P19 cells. The molecular weight marker (New England Biolabs) size is denoted on the left in kilodaltons. (B) Morphological alterations in KPT6566-treated P19 cells. P19 cells were seeded in 12-well plates at a density of 2 × 104 cells per well and cultured in DMEM with or without the predetermined KPT6566 concentration. Over a 5 day period, cellular morphology was assessed using an inverted phase-contrast microscope (IX71; Olympus) equipped with a 100 μm scale bar for precise measurements. (C) Effects of KPT6566 on P19 cell proliferation. P19 cells (2 × 104) were exposed to KPT6566 at concentrations of 5, 10, and 20 μM. Cells were counted daily for 5 consecutive days using a hemacytometer. Data are expressed as mean ± standard deviation (S.D.). N = 6. *p < 0.05 and **p < 0.01 relative to control, unpaired Student’s t-test. (D) CCK-8 measurement of P19 cell viability after KPT6566 treatment. P19 cells were seeded at 2 × 103 cells into 96-well plates and cultured in DMEM supplemented with vehicle (DMSO) or the indicated KPT6566 concentrations for 5 days prior to the assay. The CCK-8 assay was conducted on the fifth day post-KPT6566 treatment. Results are expressed as mean ± S.D. n = 9. **p < 0.01 relative to control. (E) Effect of KPT6566 on P19 colony formation. P19 cells were seeded at a density of 2.5 × 103 cells per well and cultured in media containing vehicle control or a predetermined KPT6566 concentration. Following a 5 days treatment period with KPT6566, the capacity for colony formation was evaluated, and the resulting colonies were subsequently stained with 0.05% Crystal Violet to facilitate visualization. Representative images are shown. (F) Quantitative analysis of colony formation. Colonies were quantified using Image J. Data are expressed as percentage of control group (considered to be 100%). Data are expressed as mean ± S.D. n = 3. **p < 0.01 relative to control cells, unpaired Student's t-test. (G) Effect of KPT6566 treatment on ATP production in P19 cells. ATP production was measured in P19 cells 12 h post-treatment (DMSO or 20 μM KPT6566). KPT6566 inhibited ATP production by 27%. N = 5. **p < 0.01 relative to control cells, Student’s t-test.
To evaluate the potential effect of KPT6566 on P19 cell growth, 2 × 104 P19 cells were seeded in 12-well plates and exposed to 5 μM, 10 μM, or 20 µM KPT6566. Over 5 days, cell morphology and growth were monitored using inverted phase-contrast microscopy. Untreated control P19 cells demonstrated robust growth and an epithelial cell-like morphology (Figure 1B top panels). Contrastingly, KPT6566 caused concentration- and time-dependent decreases in P19 cell proliferation (Figure 1B, second to bottom panels).
To investigate the effect of KPT6566 on cell proliferation, P19 cell counts were quantified at 24 h intervals over 5 days. KPT6566 treatment of P19 cells significantly attenuated cell proliferation in a concentration-dependent manner (Figure 1C).
A CCK-8 assay was used to assess cell viability. Consistent with total cell count findings (Figure 1C), KPT6566 significantly decreased the proliferative capacity of P19 cells (Figure 1D).
Colony formation ability is considered a surrogate indicator for the tumorigenic potential of cancer cells. To investigate the effect of KPT6566 on P19 cell clonal expansion, 2.5 × 103 P19 cells were seeded into 12-well plates and exposed to a gradient of KPT6566 concentrations (0, 0.625, 1.25, 2.5, 5, 10, 20, and 40 μM) over a 5 day period. Subsequent Crystal Violet staining revealed that KPT6566 elicited a concentration-dependent decrease in the colony-forming ability of P19 cells (Figure 1E).
To quantify colony formation, P19 cell culture plate images were subjected to analysis using ImageJ software (https://imagej.nih.gov/ij/) (Figure 1F). Treatment with 0.625, 1.25, and 2.5 µM KPT6566 only modestly affected P19 cell colony formation capacity. Conversely, treatment with 5 μM and 10 µM KPT6566 significantly decreased colony numbers by 13% and 78%, respectively. Exposure to 20 μM and 40 µM KPT6566 nearly abrogated colony formation ability, with an approximate inhibition of 100%.
To investigate the role of KPT6566 in regulating P19 cell ATP production, intracellular ATP levels were measured in KPT6566-treated P19 cells. KPT6566 decreased ATP production by 27% reduction following 12 h of KPT6566 treatment (Figure 1G).
KPT6566 effectively triggers oxidative stress in different cell types (Campaner et al., 2017). Therefore, we examined if the level of reactive oxygen species (ROS) was increased in P19 cells treated with KPT6566. We employed the DCFDA (2′,7′–dichlorofluorescein diacetate) probe, which is sensitive to ROS, in a plate reader test to gauge the ROS level in P19 cells exposed to KPT6566. The ROS concentration was notably higher in P19 cells treated with KPT6566 than in untreated control cells (0 μM KPT6566) (Supplementary Figure S1A).
KPT6566 treatment significantly decreased cell proliferation, viability, colony-forming capacity, and ATP production in NCCIT cells.
The potential inhibitory effects of KPT6566 on proliferation, viability, colony-forming ability, and ATP production in NCCIT cells were evaluated. NCCIT lysates were subjected to Western blot analysis to measure Pin1 expression. Wild-type and Pin1−/− MEFs were utilized as controls, consistent with the methodology applied to P19 cells in Figure 1A. Pin1 protein was expressed in both NCCIT cells and wild-type MEFs (Figure 2A, top panel). Intriguingly, the molecular weight of human Pin1 in NCCIT cells was modestly decreased relative to mouse Pin1 in wild-type MEFs (Figure 2A, top panel). Human Pin1 consists of 163 amino acids, with a theoretical molecular weight of 18.24 kDa (https://www.uniprot.org/uniprot/Q13526#sequences), while mouse Pin1 is comprised of 165 amino acids with a theoretical molecular weight of 18.37 kDa (https://www.uniprot.org/uniprot/Q9QUR7#sequences). β-Actin was used as a loading control to normalize Pin1 protein levels (Figure 2A, bottom panel). We also compared Pin1 expression between NCCIT cells and multiple human cancer cell lines (Supplementary Figure S2).
[image: Figure 2]FIGURE 2 | KPT6566 inhibition of NCCIT cell growth, viability, colony formation, and ATP production. (A) Measurement of Pin1 protein level in human NCCIT embryonal carcinoma cells. The investigation of Pin1 expression in NCCIT cells was conducted by harvesting cultured cells to obtain cell lysates. The total protein content was segregated utilizing SDS-PAGE, employing a 15% gel for anti-Pin1 and a 12% gel for anti-β-Actin immunoblots. Subsequent to transfer onto a PVDF membrane. Western blots were probed with anti-Pin1 (upper panel) or β-Actin (lower panel) antibodies. Wild-type and Pin1−/− MEFs were used as controls for Pin1 expression. Presence in NCCIT cells. Notably, the molecular mass of human Pin1 (lane 1) was smaller than that of mouse Pin1 (lane 2). The molecular mass marker (New England Biolabs) size is delineated on the left in kilodaltons. (B) NCCIT cell morphology and proliferation following KPT6566 exposure. NCCIT cells cultivated in DMEM containing vehicle control or KPT6566 (5 or 10 μM). Cell growth was monitored over a 5 days period utilizing an inverted phase-contrast microscope (IX71; Olympus). Scale bar, 100 μm. (C) Effect of KPT6566 on NCCIT cell proliferation. NCCIT cells were exposed to KPT6566 (5 or 10 μM), followed by cell counting at 24 h intervals over 5 days. Data are presented as mean ± S.D. n = 4. *p < 0.05 and **p < 0.01 relative to DMSO control, unpaired Student’s t-test. (D) Effect of KPT6566 on cell viability in NCCIT cells. NCCIT cells were seeded at a density of 2 × 103 cells per well in 96-well plates cultivated in DMEM with or without the specified concentrations of KPT6566 for 5 days. The CCK-8 assay was conducted on the fifth day post-KPT6566 treatment. KPT6566 significantly decreased NCCIT cell viability. Results are expressed as mean ± S.D. n = 7. **p < 0.01 relative to control. (E) Effect of KPT6566 on NCCIT colony formation. NCCIT cells were seeded at a density of 2.5 × 103 cells per well and cultivated in media supplemented with vehicle or the specified KPT6566 concentrations for 5 days. After a 5 days incubation period, colony formation assays were conducted, and the resulting colonies were stained with 0.05% Crystal Violet for visualization. Representative images are shown. (F) Quantification of colony formation in KPT6566-treated NCCIT cells. Colonies were counted using ImageJ software, and the percentage of colonies relative to control (100%) was calculated. Data are presented as the mean ± S.D. n = 8. **p < 0.01 versus control cells, unpaired Student's t-test. (G) Effect of KPT6566 treatment on ATP production in NCCIT cells. ATP production was measured in NCCIT cells 12 h post-treatment (DMSO or 20 μM KPT6566). KPT6566 inhibited ATP by 87% relative to control (n = 6). **p < 0.01 versus control, unpaired Student’s t-test.
To assess if Pin1 is involved in TGCTs, we examined the relationship between Pin1 expression and the survival rate of TGCT patients using data from The Cancer Genome Atlas (TCGA) database. Increased expression of Pin1 correlated with lower overall survival among 68 patients from TCGA. Kaplan–Meier survival analysis showed that patients with elevated Pin1 levels had a lower survival rate than those with lower Pin1 levels (Supplementary Figure S3A). To investigate the Pin1 expression profile in TGCT and standard tissue samples, we used gene expression profiling data from TCGA. Gene expression analysis of tumor and non-tumor samples from the TCGA cohort showed that Pin1 mRNA expression was higher in TGCT samples than in non-tumor (normal testis) samples (Supplementary Figure S3B).
Subsequently, we examined the effect of KPT6566 on NCCIT cell proliferation. Twenty thousand NCCIT cells were seeded into 12-well plates and exposed to 5 or 10 µM KPT6566. Over a period of 5 days, cells were observed using inverted phase-contrast microscopy. Untreated NCCIT cells established continuous colonies and exhibited epithelial-like growth patterns (Figure 2B). Contrastingly, cell proliferation was decreased in KPT6566-treated NCCIT cells in a concentration- and time-dependent manner (Figure 2B).
To evaluate the effect of KPT6566 on the proliferative capacity of NCCIT cells, a time-course assessment was conducted, with cell counts measured at 24 h intervals over a duration of 5 days. Cell count was significantly decreased in KPT6566-treated cells (Figure 2C), suggesting that KPT6566 significantly inhibited NCCIT cell proliferation.
Cell viability was assessed using a CCK-8 assay. Consistent with decreased cell numbers (Figure 2C), CCK-8 cell viability analysis revealed that treatment with 5 or 10 μM KPT6566 significantly decreased the proliferative capacity of NCCIT cells (Figure 2D).
The effect of KPT6566 on clonal proliferation of NCCIT cells was examined. A total of 2.5 × 103 NCCIT cells were seeded in 12-well plates and treated with varying concentrations of KPT6566 (0, 0.625, 1.25, 2.5, 5, 10, 20, and 40 µM). Following a 5 days incubation period, NCCIT cell colonies were stained with Crystal Violet for visualization. KPT6577 significantly decreased the colony-forming capacity of NCCIT cells (Figure 2E).
Colonies in each image were counted using ImageJ software. In NCCIT cells, treatment with KPT6566 at concentrations of 0.625, 1.25, 2.5, and 5 µM decreased colony numbers by 26%, 39%, 51%, and 84%, respectively (Figure 2F). Moreover, KPT6566 treatment at concentrations of 10 μM, 20 μM, and 40 µM substantially decreased colony formation ability, ranging from approximately 99%–100% inhibition (Figure 2F).
To investigate the potential effect of KPT6566 on ATP synthesis in NCCIT cells, intracellular ATP concentrations were quantified in KPT6566-treated NCCIT cells. Treatment with 20 μM KPT6566 (12 h) decreased ATP levels by 87% (Figure 2G).
To confirm the effects of KPT6566 on NCCIT cells, ROS generation was evaluated using a kit to detect ROS. Treatment with KPT6566 induced ROS generation in NCCIT cells (Supplementary Figure S1B).
Concentration-dependent effect of KPT6566 on P19 and NCCIT cell proliferation ex vivo
To determine the half-maximal inhibitory concentration (IC50) of KPT6566 in TGCTs, we examined its effect on P19 cell viability. P19 cell growth following KPT6566 treatment was assessed using microscopy (Figure 3A). KPT6566 decreased P19 cell proliferation, which was both concentration- and time-dependent. A sigmoidal concentration-response curve was generated using SOFTMAX PRO software to determine the IC50 of KPT6566, identifying an IC50 of 7.24 μM for P19 cells (Figure 3B).
[image: Figure 3]FIGURE 3 | Concentration-dependent KPT6566 inhibition of P19 cell proliferation. (A) Morphological analysis of P19 cells treated with KPT6566. P19 cells were cultured in the presence or absence of the specified KPT6566 concentrations and monitored over a 5-day period using an inverted phase-contrast microscope. Scale bars, 100 µm. (B) Concentration-response relationship between KPT6566 concentrations and P19 cell proliferation. P19 cells were exposed to varying concentrations of KPT6566, and growth inhibition was assessed with cell counting. Cell counts are represented as percentage of control (DMSO, 0 μM KPT6566). Data are presented as mean ± S.D. derived from three independent experiments, each conducted in triplicate. The half-maximal inhibitory concentration (IC50) of KPT6566 was determined to be 7.24 μM in P19 cells (R2 = 0.999, n = 3).
The effect of KPT6566 on NCCIT cell proliferation was examined. The progression of NCCIT cell proliferation post-KPT6566 treatment was observed with light microscopy (Figure 4A). KPT6566 treatment decreased NCCIT cell growth in a time- and concentration-dependent manner, with an IC50 value of 4.65 µM (Figure 4B). This value was lower than the IC50 of P19 cells (Figure 3B). These data suggested NCCIT cells were more sensitive to KPT6566 than were P19 cells.
[image: Figure 4]FIGURE 4 | Concentration-dependent KPT6566 inhibition of NCCIT cell growth. (A) Morphological changes in NCCIT cells following KPT6566 exposure. Cells were treated with incremental concentrations of KPT6566 and examined using inverted phase-contrast microscopy over 5 days. Scale bars, 100 µm. (B) Suppression of NCCIT cell proliferation by KPT6566. NCCIT cells were exposed to incremental KPT6566 dosage, and growth inhibition was assessed with cell counting. Cell counts are represented as percentage of control (DMSO, 0 μM KPT6566). Data are expressed as mean ± S.D. from three independent experiments performed in triplicate. The IC50 value of KPT6566 in NCCIT cells was determined to be 4.65 µM (R2 = 0.995, n = 3).
KPT6566 induced apoptotic cell death in P19 and NCCIT cells
Subsequently, the effect of KPT6566 on cell cycle distribution in P19 cells was investigated. P19 cells exposed to 10 µM or 20 µM KPT6566 for 48 h were stained with PI, and cell cycle distributions were analyzed using flow cytometry. Treatment with 20 µM KPT6566 significantly increased the proportion of P19 cells in the sub-G1 phase relative to the control group (Figure 5A), which was statistically significant, increasing from 4.6% in the control group to 74.2% in cells treated with 20 µM KPT6566 (Figure 5B). Conversely, treatment with 10 μM KPT6566 only marginally increased the sub-G1 phase population (5.2%) in comparison to control cells.
[image: Figure 5]FIGURE 5 | Apoptotic effects of KPT6566 in P19 cells. (A) Quantification of P19 cell cycle distribution post-KPT6566 treatment with flow cytometric analysis. P19 cells were cultured in the presence or absence of either 10 or 20 μM KPT6566 for 48 h and subjected to propidium iodide staining. The designated populations, denoted as M1, M2, M3, and M4, correspond to Sub-G1, G0/G1, S, and G2/M phases, respectively. Graphical representation of cell cycle distribution demonstrates induction of apoptosis in P19 cells subjected to KPT6566 treatment. (B) P19 cell accumulation in the sub-G1 phase following KPT6566 treatment. The percentage of P19 cells with sub-G1 DNA content was determined as a proportion of total cells analyzed. Data are expressed as mean ± S.D. **p < 0.01 versus control group (n = 6). (C) Annexin V-PI assessment of apoptosis. P19 cells were treated with 20 µM KPT6566 for 0, 12, 24, or 48 h. Subsequently, cells were stained with FITC-Annexin V-PI, and apoptosis was quantitatively analyzed using flow cytometry. (D) Percentage of apoptotic P19 cells following KPT6566 treatment. The percentage of apoptotic cells in P19 cell populations was assessed after KPT6566 treatment for 48 h. The apoptosis ratios for each experimental group are expressed as mean ± S.D. **p < 0.01 versus control group (n = 4).
To investigate the potential association between decreased viability and apoptosis in cells treated with KPT6566, further Annexin V-FITC/PI staining experiments were conducted. Annexin V binds phosphatidylserine (PS), which is present in higher concentrations on the extracellular lipid bilayer of apoptotic cells due to membrane alterations that occur during apoptosis. Moreover, PI can be used to stain cells with compromised membrane integrity subsequent to apoptotic events (van Genderen et al., 2008; Lee et al., 2013). Following exposure to 20 μM KPT6566 for 12, 24, and 48 h, the proportions of apoptotic P19 cells were increased (Figure 5C). The proportion of apoptotic P19 cells (Annexin V-positive cells) was 1.8% after 12 h exposure to 20 μM KPT6566 (control Annexin V-positive cells = 1.4%). However, the apoptotic rate increased to 24.3% after 24 h exposure and reached 77.4% after 48 h, suggesting KPT6566 induced P19 cell apoptosis in a time-dependent manner. Quantifications of Annexin V-positive P19 cells after KPT6566 treatment for 48 h are shown in Figure 5D.
The effect of KPT6566 on cell cycle distribution of the NCCIT cell line was assessed. NCCIT cells were treated with either 5 or 10 µM of KPT6566 for 48 h and subsequently subjected to PI staining, followed by flow cytometric analysis of cell cycle distributions. KPT6566 increased the proportion of NCCIT cells in the sub-G1 phase in a concentration-dependent manner (Figure 6A). In Figure 6B, the quantification of the sub-G1 phase in NCCIT cells following 48 h KPT6566 treatment is illustrated. Treatment with both 5 and 10 µM KPT6566 significantly increased the proportion of cells in the sub-G1 phase, resulting in an increase from 2.3% (Control) to 7.0% (5 µM) and 64.4% (10 µM).
[image: Figure 6]FIGURE 6 | Apoptotic effects of KPT6566 in NCCIT cells. (A) Flow cytometric analysis of NCCIT cell cycle distribution following KPT6566 treatment. Cells were cultured with vehicle, 5 μM KPT6566, or 10 μM KPT6566 for 48 h and subjected to PI staining. The designations M1, M2, M3, and M4 correspond to the gated sub-G1, G0/G1, S, and G2/M populations, respectively. The histograms are representative images of cell cycle distribution, illustrating induction of apoptosis in NCCIT cells treated with KPT6566. (B) Accumulation of NCCIT cells in the sub-G1 phase following KPT6566 treatment. The percentage of NCCIT cells with sub-G1 DNA content was determined as a proportion of total cells analyzed. Data are expressed as mean ± S.D. **p < 0.01 versus control group. N = 4. (C) Annexin V-PI assessment of apoptosis. NCCIT cells were treated with 10 μM KPT6566 for 0, 12, 24, or 48 h, and subsequently stained with FITC-Annexin V-PI and analyzed with flow cytometry to measure apoptotic events. (D) Percentage of apoptotic NCCIT cells following KPT6566 treatment. Quantitative analysis of KPT6566-induced apoptosis in NCCIT cells demonstrates significantly increased apoptotic ratios. Data are expressed as mean ± S.D. n = 4. **p < 0.01 versus control group.
To investigate the potential association between decreased viability and apoptosis in cells treated with KPT6566, cells were double-stained with Annexin V-FITC/PI and subjected to flow cytometric analysis. Treatment of NCCIT cells with 10 µM KPT6566 for 12, 24, and 48 h significantly increased apoptosis in NCCIT cells (Figure 6C). The percentage of apoptotic (Annexin V-positive) NCCIT cells was increased ∼65% after 48-h exposure (Figure 6D). These findings suggest KPT6566 elicited apoptotic cell death in NCCIT cells in a time-dependent manner. Collectively, these findings demonstrated that KPT6566 decreased the numbers of viable cells and increased apoptotic cell populations in both P19 and NCCIT embryonal carcinoma cell lines.
KPT6566 decreased expression of Oct-4 and Sox2 in P19 and NCCIT cells
Subsequently, we examined the mechanism by which KPT6566 suppressed cell growth and induced apoptosis in P19 and NCCIT cells. P19 cells were exposed to 5, 10, 15, and 20 µM KPT6566 for 48 h, and potential targets for KPT6566 were subsequently investigated. Interestingly, KPT6566 treatment downregulated embryonic transcription factors such as Oct-4 and Sox2 in P19 cells (Figure 7A). Additionally, KPT6566 treatment decreased Cyclin D1 levels in P19 cells (Figure 7A). However, KPT6566 treatment did not affect β-catenin protein levels in P19 cells (Figure 7A). Moreover, although a prior study reported that KPT6566 degrades Pin1 protein following covalent binding with its catalytic domain (Campaner et al., 2017), in the present study we identified that Pin1 levels were not affected by KPT6566 treatment (Figure 7A). Western blots were normalized using β-Actin as a loading control (Figure 7A). Quantitative analyses demonstrated that KPT6566 treatment significantly decreased protein levels of embryonal transcription factors Oct-4 and Sox2 and cell cycle regulator Cyclin D1 in P19 cells (Figure 7B). However, protein levels of β-catenin and Pin1 were not affected by any of the KPT6566 concentrations tested (Figure 7B).
[image: Figure 7]FIGURE 7 | Effect of KPT6566 on embryonic transcription factor levels in P19 and NCCIT Cells. (A) Western blot measurement of Pin1 target proteins in P19 cells. P19 cells were treated with the indicated concentrations of KPT6566 for 48 h. The lysates were then separated by SDS-PAGE, utilizing 12% gels for Oct-4, β-catenin, and Cyclin D1; 15% gels for Sox2 and Pin; and 12% gel for β-Actin. Protein levels were measured by probing with antibodies against Oct-4, Sox2, β-catenin, Cyclin D1, Pin1, and β-Actin. β-Actin was used as a loading control. (B) Quantitative analysis of protein levels in P19 cells following KPT6566 treatment. Bar graphs display mean ± S.D. of relative intensities for Oct-4 (n = 8), Sox2 (n = 5), β-catenin (n = 8), Cyclin D1 (n = 5), and Pin1 (n = 8) bands, normalized to β-Actin. Nonsignificant (ns). **p < 0.01 relative to control, unpaired Student's t-test. (C) Western blot measurement of Pin1 target proteins in NCCIT cells. NCCIT cells were treated with the specified KPT6566 concentrations for 48 h. The extracts were resolved by SDS-PAGE (12% gel for Oct-4, 15% gel for Sox2, 12% gel for β-catenin, 12% gel for Cyclin D1, 15% gel for Pin1, and 12% gel for β-Actin) and transferred to a PVDF membrane. Protein levels were measured by immunoblotting for anti-Oct-4, anti-Sox2, anti-β-catenin, anti-Cyclin D1, anti-Pin1, and anti-β-Actin antibodies. β-Actin was used as a loading control. (D) Quantitative analysis of protein levels in NCCIT cells following KPT6566 treatment. Protein levels of Oct-4, Sox2, β-catenin, Cyclin D1, and Pin1 proteins in NCCIT cells were quantified after treatment with the specified concentrations of KPT6566. Bar charts depict mean ± S.D. of the relative intensities of Oct-4 (n = 6), Sox2 (n = 6), β-catenin (n = 6), Cyclin D1 (n = 5), and Pin1 (n = 6) bands normalized to β-Actin. Ns = nonsignificant, p > 0.05. **p < 0.01 relative to control, unpaired Student’s t-test.
The effects of KPT6566 on protein levels in NCCIT cells were also investigated. Notably, KPT6566 decreased protein levels of Oct-4, Sox2, and Cyclin D1 proteins in NCCIT cells (Figure 7C). Intriguingly, in contrast to its effects on P19 cells, KPT6566 treatment decreased β-catenin protein levels in NCCIT cells (Figure 7C). However, consistent with findings in P19 cells, KPT6566 treatment did not affect Pin1 protein levels in NCCIT cells (Figure 7C). Quantifications of Western blot analyses following treatment with KPT6566 in NCCIT cells are shown in Figure 7D.
Although it has been reported that KPT6566 treatment induces Pin1 degradation in PC-3, PANC-1, and H1299 cells (Campaner et al., 2017), our results showed no evidence of Pin1 degradation after KPT6566 treatment in P19 and NCCIT cells. Similarly, we previously showed that treatment with KPT6566 does not affect the level of Pin1 protein in Caco-2 colon cancer cells (Kim et al., 2022). To confirm that KPT6566 does not induce Pin1 degradation in P19 cells, a series of cycloheximide (CHX) chase assays were performed in these cells. Even when protein synthesis was inhibited by CHX, Pin1 expression was not significantly diminished in P19 cells treated with KPT6566 for 36 h (Supplementary Figures S4A, B). Cyclin D1 was used as a positive control to confirm that CHX and KPT6566 worked properly. Similar results were obtained in experiments using NCCIT cells (Supplementary Figures S4C, D), suggesting that KPT6566 reduces the Pin1 level in a tumor cell type- and context-dependent manner.
The effect of KPT6566 on the Pin1 level was also investigated after treatment with MG-132 in P19 cells. After KPT6566 treatment, the Cyclin D1 level was rescued by MG-132, but the Pin1 level was slightly increased or almost the same upon MG-132 treatment in P19 cells (Supplementary Figure S4E). The results obtained using NCCIT cells were similar to those obtained using P19 cells (Supplementary Figure S4F).
We next examined whether KPT6566 controls the peptidyl-prolyl isomerase (PPIase) activity of Pin1 in TGCT cells (Supplementary Figure S5). To measure the endogenous PPIase activity of Pin1, P19 cells were treated with 20 μM KPT6566 for 48 h and Pin1 activity was monitored using a SensoLyte® Green Pin1 Activity Assay Kit. KPT6566 treatment markedly downregulated Pin1 activity in P19 cells (more than 75% inhibition) (Supplementary Figure S5B). Experiments performed using NCCIT cells also showed that treatment with 20 μM KPT6566 for 48 h inhibited Pin1 activity by about 70% (Supplementary Figure S5E). These data indicate that treatment of P19 and NCCIT cells with KPT6566 inhibited endogenous Pin1 activity, without stimulating degradation of Pin1 protein.
We subsequently examined the gene expression patterns of Oct-4 and Sox2 in P19 and NCCIT cells following suppression of Pin1 by treatment with 20 µM KPT6566 for 48 h. RT-PCR analysis showed that Pin1 suppression did not notably decrease the mRNA levels of Oct-4 and Sox2 in P19 cells (Supplementary Figure S6A–S6C). Similar results were obtained using NCCIT cells (Supplementary Figures S6D, F). Collectively, these findings indicate that while KPT6566 influences the protein stability of Oct-4 and Sox2, it does not affect their transcription in P19 and NCCIT cells.
KPT6566 decreased P19 xenograft size in nude mice
The effect of KPT6566 on P19 cell tumorigenesis was investigated in a xenograft mouse model. Approximately 1 × 107 P19 cells were suspended in 100 μL PBS and injected into the flanks of 8-week-old nude mice. When tumors reached 15–25 mm3, tumor-bearing nude mice were randomly divided into two groups, which were intraperitoneally injected every 3 days with either KPT6566 (5 mg/kg) or vehicle control for a total duration of 27 days. The health status of the KPT6566-treated mice was monitored by recording body weight every 3 days throughout the study. Mice treated with KPT6566 had comparable body weights to control animals (Figure 8A). No significant body weight loss occurred in the KPT6566-treated groups, indicating that KPT6566 did not have significant systemic toxicity in this experimental context.
[image: Figure 8]FIGURE 8 | KPT6566 suppression of P19 cell tumor formation. (A) Average body weights of athymic mice following KPT6566 administration. During the study, mouse body weights were monitored to evaluate potential systemic toxicity of KPT6566. No significant reduction in body weight was observed. N = 6. (B) Decreased P19 cell tumor volume following KPT6566 treatment. Mice bearing P19 cell tumors were injected intraperitoneally with either vehicle or KPT6566 (5 mg/kg) at 3 days intervals over a 27 days period. Tumor dimensions were monitored throughout the experiment to determine the effects of KPT6566 treatment. Data are expressed as mean ± S.D. n = 6. *p < 0.05 versus control group, unpaired Student’s t-test. (C) Excised tumor sizes. P19 cell tumors were excised from mice treated with either vehicle control or KPT6566. Images were obtained 27 days post-tumor formation for comparative evaluation. (D) Evaluation P19 cell tumor weight following KPT6566 treatment. Weights of P19 tumors from either control or KPT6566-treated groups were quantified and presented as mean ± S.D. n = 6. **p < 0.01 versus control group, unpaired Student’s t-test.
Subsequently, we investigated the effect of KPT6566 on neoplastic proliferation in vivo by measuring tumor volumes through the course of the study. Consistent with in vitro findings, KPT6566 treatment significantly decreased tumor volume relative to the control group (Figure 8B). These findings suggested that Pin1 is integral to the tumorigenic potential of P19 cells, and that suppression of Pin1 activity markedly impeded tumor growth in vivo. At the experimental endpoint, intact tumor volume was decreased 27.0% in the KPT6566-treated group (1,476.3 ± 952.5 mm3) relative to vehicle control (2023.4 ± 809.8 mm3). In excised tumors, KPT6566 significantly decreased tumor size (Figure 8C). Mean tumor weight was decreased in the KPT6566-treated group (1.91 ± 1.21 g) relative to the control group (3.42 ± 2.03 g) (Figure 8D). Tumor weight was decreased by 44.2% in the KPT6566-treated group relative to the control group at the experimental endpoint (Figure 8D). These findings suggest a pivotal role for Pin1 in P19 cell tumorigenesis as Pin1 inhibition with KPT6566 effectively inhibited in vivo growth of P19 tumors.
DISCUSSION
Multiple studies have identified that Pin1 contributes to the progression of diverse human cancers, but its role in TGCT had not previously been determined. TGCTs are the most common tumors in adolescent and young adult males. Increasing prevalence of TGCTs has prompted investigation of the underlying biological and genetic mechanisms of disease. In the present study, we determined whether the small-molecule Pin1 inhibitor KPT6566 affected viability and tumorigenic potential of embryonal carcinoma cells. We demonstrated that Pin1 inhibition controlled development of TGCTs. Both P19 and NCCIT cells expressed Pin1. In both cell lines, KPT6566 suppressed cell proliferation and colony-forming ability; induced apoptotic cell death; increased cellular ROS levels; and decreased Pin1 target protein levels, including the embryonal transcription factors Oct-4 and Sox2. Additionally, KPT6566 significantly decreased the tumorigenic potential of P19 cells in vivo in a nude mouse xenograft model. These findings suggest that targeting Pin1 is potentially an effective therapeutic approach for treatment of TGCTs. Further, the findings suggest that KPT6566 inhibition of Pin1 suppresses TGCT tumorigenesis by downregulating Oct-4 and Sox2 (Figure 9).
[image: Figure 9]FIGURE 9 | Proposed mechanism for KPT6566 suppression of TGCT cell proliferation. Pin1 augments expression of Oct-4, Sox-2, and Cyclin D1, facilitating proliferation of TGCT cells. KPT6566 inhibition of Pin1 decreases expression of Oct-4, Sox2, and Cyclin D1, increases cellular ROS generation, and impedes cell cycle progression, culminating in apoptotic cell death.
Although cisplatin is effective in most TGCTs, treatment of cisplatin-resistant TGCTs is a significant unmet clinical need. A substantive proportion of patients are cisplatin nonresponders, and in some cases chemoresistance develops, which in both contexts frequently results in mortality (Einhorn, 2002; Masters and Koberle, 2003; Adra and Einhorn, 2017). Because prior efforts to integrate more advanced targeted therapies for refractory TGCTs have been unsuccessful, identification of novel therapeutic modalities that are effective in cisplatin nonresponders is an urgent priority. Our current data demonstrate potent anticancer activity of the Pin1 inhibitor KPT6566 in TGCT. KPT6566 induced apoptotic cell death (Figures 5, 6) and inhibited tumorigenicity of TGCT cells (Figure 8), suggesting that targeting Pin1 in TGCTs is a promising potential approach to TGCT treatment. Pin1 is often overexpressed and activated in human cancers and regulates multiple oncogenic signaling pathways, so is a promising potential therapeutic target for TGCTs. This could lead to development of novel therapeutic strategies to address presently unmet clinical needs for TGCT treatment.
KPT6566 selectively inhibits Pin1, which influences the turnover and activity of oncogenic and tumor-suppressor proteins in human cancer cells. To evaluate the effect of KPT6566 on Pin1 targets, P19 and NCCIT cells were treated with KPT6566, followed by measurement of target protein levels by immunoblotting. Notably, KPT6566 significantly decreased Oct-4 and Sox2 protein levels in P19 and NCCIT cells (Figure 7). Oct-4 and Sox2 are essential embryonic transcription factors primarily involved in pluripotent cell regulation during early embryonic development and in embryonic and induced pluripotent stem cells (Nichols et al., 1998; Kamachi et al., 2000; Avilion et al., 2003; Boyer et al., 2005; Episkopou, 2005; Takahashi and Yamanaka, 2006; Takahashi et al., 2007). Further, Oct-4 and Sox2 activate cancer stem cells or tumor-initiating cells in some contexts (Leis et al., 2012; Wuebben and Rizzino, 2017; Zhang et al., 2020; Robinson et al., 2021). Although follow-up studies are necessary to determine the potential synergistic effects of Oct-4 or Sox2 inhibition with Pin1 inhibition, simultaneous targeting of these proteins could augment the efficacy of KPT6566 or other Pin1 inhibitors. These findings could provide valuable experimental support for development of KPT6566-based TGCT therapy.
Figures 1G, 2G demonstrated that ATP production was reduced in P19 and NCCIT cells treated with KPT6566. KPT6566 likely directly or indirectly influences the mitochondrial electron transport chain, resulting in diminished oxidative phosphorylation and, consequently, decreased ATP synthesis. Another plausible scenario is that KPT6566 disrupts glycolytic enzymes, leading to a decline in glycolysis and, consequently, a reduction in ATP generation. Furthermore, it is conceivable that KPT6566 elevates ATP-demanding processes, consequently diminishing overall ATP levels. For instance, KPT6566 treatment might activate cellular stress responses or repair mechanisms that necessitate additional ATP. Further investigations are imperative to elucidate the precise mechanism responsible for the decrease in ATP production following KPT6566 treatment in TGCTs.
Cyclin D1 and β-catenin are well-established Pin1 target proteins (Lu and Zhou, 2007; Liou et al., 2011; Kim et al., 2022). Consistent with prior studies, KPT6566 treatment decreased Cyclin D1 levels in both P19 and NCCIT cells (Figure 7). Intriguingly, the effects of KPT6566 on β-catenin protein degradation were cell line-dependent: KPT6566 decreased β-catenin in NCCIT cells but not P19 cells. Further, although prior findings demonstrated that KPT6566 selectively targets Pin1 for degradation following covalent binding (Campaner et al., 2017), KPT6566 did not affect Pin1 levels in either P19 or NCCIT cells. Thus, these findings imply that inhibition of Pin1 activity via covalent binding to its catalytic domain and proteasomal Pin1 degradation could be distinct, separable processes, at least in the context of the cell lines tested in the present study. Additional studies are needed to further elucidate these processes.
Numerous Pin1 inhibitors have been reported thus far, which have targeted both covalent and noncovalent inhibition strategies (Moore and Potter, 2013; Zhou and Lu, 2016; Yu et al., 2020). However, despite significant efforts, the efficacies of previously identified Pin1 inhibitors have been limited due to insufficient specificity, potency, and in vivo stability. The small-molecule KPT6566 has unique chemical properties and specificity, suggesting this inhibitor is a promising candidate for potential use as an anticancer drug (Campaner et al., 2017). The unique chemical properties of KPT6566 enable targeting of specific cancer cells, increasing its efficacy while decreasing possible side effects. However, the efficacy of KPT6566 could potentially be improved by further structural optimization and modifications. Refining the molecular structure of KPT6566 could improve its druglikeness, which refers to characteristics that enable use of a small molecule as an anticancer drug. Improving druglikeness includes optimization of important parameters such as solubility, stability, and bioavailability, which influence how effectively the molecule is absorbed, distributed, metabolized, and excreted by the body. These strategies could enable successful development of KPT6566 or related compounds as safe and effective anticancer drugs for human use.
In summary, our findings suggest that inhibiting Pin1 activity could be a promising therapeutic approach for TGCTs. Pin1 contributes to TGCT cell proliferation and survival by increasing protein levels of the pluripotency-associated transcription factors Oct-4 and Sox-2 and cell cycle regulator Cyclin D1. These properties are crucial for maintaining the pluripotency, self-renewal capacity, and cell cycle progression of TGCT cells. Considering the role of Pin1 in TGCT cell proliferation and its contribution to the aggressiveness of TGCTs, targeting Pin1 could disrupt molecular pathways that drive tumor growth and progression. Pin1 inhibition would decrease protein levels of Oct-4, Sox-2, and Cyclin D1, suppressing TGCT cell self-renewal and inhibiting cell cycle progression. Ultimately, these processes induce apoptosis in TGCT cells. Therefore, development of therapeutic strategies that specifically target Pin1 could provide a novel and effective treatment option for patients with TGCTs, particularly those with aggressive, nonseminomatous germ cell tumors. Further research and clinical trials would be necessary to evaluate the efficacy and safety of Pin1-targeting therapies and to determine their potential role in clinical management of TGCTs.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
Ethical approval was not required for the studies on humans in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used. The animal study was approved by the institutional animal care and use committee. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
RS, EL, SL, GK, and JK designed the research. RS, EL, SL, and GK performed the research. RS, EL, and JK analyzed the data. RS, EL, and JK wrote the manuscript. All authors contributed to the article and approved the submitted version.
FUNDING
This research was supported by a grant from the Korea Health Technology R&D Project through the Korea Health Industry Development Institute (KHIDI), funded by the Ministry of Health and Welfare, Republic of Korea (Grant Number: HV22C0263).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2023.1220179/full#supplementary-material
REFERENCES
 Adra, N., and Einhorn, L. H. (2017). Testicular cancer update. Clin. Adv. Hematol. Oncol. 15, 386–396.
 Al-Obaidy, K. I., Chovanec, M., and Cheng, L. (2020). Molecular characteristics of testicular germ cell tumors: pathogenesis and mechanisms of therapy resistance. Expert Rev. Anticancer Ther. 20, 75–79. doi:10.1080/14737140.2020.1717337
 Alonso, M. M., Diez-Valle, R., Manterola, L., Rubio, A., Liu, D., Cortes-Santiago, N., et al. (2011). Genetic and epigenetic modifications of Sox2 contribute to the invasive phenotype of malignant gliomas. PLoS One 6, e26740. doi:10.1371/journal.pone.0026740
 Amini, S., Fathi, F., Mobalegi, J., Sofimajidpour, H., and Ghadimi, T. (2014). The expressions of stem cell markers: Oct4, Nanog, Sox2, nucleostemin, Bmi, Zfx, Tcl1, Tbx3, Dppa4, and Esrrb in bladder, colon, and prostate cancer, and certain cancer cell lines. Anat. Cell. Biol. 47, 1–11. doi:10.5115/acb.2014.47.1.1
 Andrews, P. W. (1988). Human teratocarcinomas. Biochim. Biophys. Acta 948, 17–36. doi:10.1016/0304-419x(88)90003-0
 Atlasi, Y., Mowla, S. J., Ziaee, S. A., and Bahrami, A. R. (2007). OCT-4, an embryonic stem cell marker, is highly expressed in bladder cancer. Int. J. Cancer 120, 1598–1602. doi:10.1002/ijc.22508
 Avilion, A. A., Nicolis, S. K., Pevny, L. H., Perez, L., Vivian, N., and Lovell-Badge, R. (2003). Multipotent cell lineages in early mouse development depend on SOX2 function. Genes. Dev. 17, 126–140. doi:10.1101/gad.224503
 Bao, L., Kimzey, A., Sauter, G., Sowadski, J. M., Lu, K. P., and Wang, D. G. (2004). Prevalent overexpression of prolyl isomerase Pin1 in human cancers. Am. J. Pathol. 164, 1727–1737. doi:10.1016/S0002-9440(10)63731-5
 Basu-Roy, U., Seo, E., Ramanathapuram, L., Rapp, T. B., Perry, J. A., Orkin, S. H., et al. (2012). Sox2 maintains self renewal of tumor-initiating cells in osteosarcomas. Oncogene 31, 2270–2282. doi:10.1038/onc.2011.405
 Batool, A., Karimi, N., Wu, X. N., Chen, S. R., and Liu, Y. X. (2019). Testicular germ cell tumor: a comprehensive review. Cell. Mol. Life Sci. 76, 1713–1727. doi:10.1007/s00018-019-03022-7
 Boumahdi, S., Driessens, G., Lapouge, G., Rorive, S., Nassar, D., Le Mercier, M., et al. (2014). SOX2 controls tumour initiation and cancer stem-cell functions in squamous-cell carcinoma. Nature 511, 246–250. doi:10.1038/nature13305
 Boyer, L. A., Lee, T. I., Cole, M. F., Johnstone, S. E., Levine, S. S., Zucker, J. P., et al. (2005). Core transcriptional regulatory circuitry in human embryonic stem cells. Cell. 122, 947–956. doi:10.1016/j.cell.2005.08.020
 Campaner, E., Rustighi, A., Zannini, A., Cristiani, A., Piazza, S., Ciani, Y., et al. (2017). A covalent PIN1 inhibitor selectively targets cancer cells by a dual mechanism of action. Nat. Commun. 8, 15772. doi:10.1038/ncomms15772
 Chen, Y. C., Hsu, H. S., Chen, Y. W., Tsai, T. H., How, C. K., Wang, C. Y., et al. (2008). Oct-4 expression maintained cancer stem-like properties in lung cancer-derived CD133-positive cells. PLoS One 3, e2637. doi:10.1371/journal.pone.0002637
 Chen, Z., Xu, W. R., Qian, H., Zhu, W., Bu, X. F., Wang, S., et al. (2009). Oct4, a novel marker for human gastric cancer. J. Surg. Oncol. 99, 414–419. doi:10.1002/jso.21270
 Cheng, L., Sung, M. T., Cossu-Rocca, P., Jones, T. D., Maclennan, G. T., De Jong, J., et al. (2007). OCT4: biological functions and clinical applications as a marker of germ cell neoplasia. J. Pathol. 211, 1–9. doi:10.1002/path.2105
 De Jong, J., Stoop, H., Dohle, G. R., Bangma, C. H., Kliffen, M., Van Esser, J. W., et al. (2005). Diagnostic value of OCT3/4 for pre-invasive and invasive testicular germ cell tumours. J. Pathol. 206, 242–249. doi:10.1002/path.1766
 Einhorn, L. H. (2002). Curing metastatic testicular cancer. Proc. Natl. Acad. Sci. U. S. A. 99, 4592–4595. doi:10.1073/pnas.072067999
 Episkopou, V. (2005). SOX2 functions in adult neural stem cells. Trends Neurosci. 28, 219–221. doi:10.1016/j.tins.2005.03.003
 Euhus, D. M., Hudd, C., Laregina, M. C., and Johnson, F. E. (1986). Tumor measurement in the nude mouse. J. Surg. Oncol. 31, 229–234. doi:10.1002/jso.2930310402
 Ezeh, U. I., Turek, P. J., Reijo, R. A., and Clark, A. T. (2005). Human embryonic stem cell genes OCT4, NANOG, STELLAR, and GDF3 are expressed in both seminoma and breast carcinoma. Cancer 104, 2255–2265. doi:10.1002/cncr.21432
 Fang, X., Yoon, J. G., Li, L., Yu, W., Shao, J., Hua, D., et al. (2011). The SOX2 response program in glioblastoma multiforme: an integrated ChIP-seq, expression microarray, and microRNA analysis. BMC Genomics 12, 11. doi:10.1186/1471-2164-12-11
 Gidekel, S., Pizov, G., Bergman, Y., and Pikarsky, E. (2003). Oct-3/4 is a dose-dependent oncogenic fate determinant. Cancer Cell. 4, 361–370. doi:10.1016/s1535-6108(03)00270-8
 Han, X., Fang, X., Lou, X., Hua, D., Ding, W., Foltz, G., et al. (2012). Silencing SOX2 induced mesenchymal-epithelial transition and its expression predicts liver and lymph node metastasis of CRC patients. PLoS One 7, e41335. doi:10.1371/journal.pone.0041335
 Hart, A. H., Hartley, L., Parker, K., Ibrahim, M., Looijenga, L. H., Pauchnik, M., et al. (2005). The pluripotency homeobox gene NANOG is expressed in human germ cell tumors. Cancer 104, 2092–2098. doi:10.1002/cncr.21435
 Horwich, A., Shipley, J., and Huddart, R. (2006). Testicular germ-cell cancer. Lancet 367, 754–765. doi:10.1016/S0140-6736(06)68305-0
 Hu, T., Liu, S., Breiter, D. R., Wang, F., Tang, Y., and Sun, S. (2008). Octamer 4 small interfering RNA results in cancer stem cell-like cell apoptosis. Cancer Res. 68, 6533–6540. doi:10.1158/0008-5472.CAN-07-6642
 Huang, P. Z., Lu, C. L., Li, B. K., Hong, J., Huang, L., Wang, L., et al. (2010). OCT4 expression in hepatocellular carcinoma and its clinical significance. Chin. J. Cancer 29, 111–116. doi:10.5732/cjc.009.10232
 Jones, T. D., Ulbright, T. M., Eble, J. N., Baldridge, L. A., and Cheng, L. (2004). OCT4 staining in testicular tumors: a sensitive and specific marker for seminoma and embryonal carcinoma. Am. J. Surg. Pathol. 28, 935–940. doi:10.1097/00000478-200407000-00014
 Kamachi, Y., Uchikawa, M., and Kondoh, H. (2000). Pairing SOX off: with partners in the regulation of embryonic development. Trends Genet. 16, 182–187. doi:10.1016/s0168-9525(99)01955-1
 Kim, J., Choi, K. W., Lee, J., Lee, J., Lee, S., Sun, R., et al. (2021). Wnt/β-catenin signaling inhibitors suppress the tumor-initiating properties of a CD44+CD133+ subpopulation of caco-2 cells. Int. J. Biol. Sci. 17, 1644–1659. doi:10.7150/ijbs.58612
 Kim, J., Lee, S., Sun, R., and Kim, J. (2022). Juglone and KPT6566 suppress the tumorigenic potential of CD44(+)CD133(+) tumor-initiating caco-2 cells in vitro and in vivo. Front. Cell. Dev. Biol. 10, 861045. doi:10.3389/fcell.2022.861045
 Kim, M. R., Choi, H. S., Yang, J. W., Park, B. C., Kim, J. A., and Kang, K. W. (2009). Enhancement of vascular endothelial growth factor-mediated angiogenesis in tamoxifen-resistant breast cancer cells: role of Pin1 overexpression. Mol. Cancer Ther. 8, 2163–2171. doi:10.1158/1535-7163.MCT-08-1061
 Lee, S. H., Meng, X. W., Flatten, K. S., Loegering, D. A., and Kaufmann, S. H. (2013). Phosphatidylserine exposure during apoptosis reflects bidirectional trafficking between plasma membrane and cytoplasm. Cell. Death Differ. 20, 64–76. doi:10.1038/cdd.2012.93
 Leis, O., Eguiara, A., Lopez-Arribillaga, E., Alberdi, M. J., Hernandez-Garcia, S., Elorriaga, K., et al. (2012). Sox2 expression in breast tumours and activation in breast cancer stem cells. Oncogene 31, 1354–1365. doi:10.1038/onc.2011.338
 Li, X. L., Eishi, Y., Bai, Y. Q., Sakai, H., Akiyama, Y., Tani, M., et al. (2004). Expression of the SRY-related HMG box protein SOX2 in human gastric carcinoma. Int. J. Oncol. 24, 257–263. doi:10.3892/ijo.24.2.257
 Linn, D. E., Yang, X., Sun, F., Xie, Y., Chen, H., Jiang, R., et al. (2010). A role for OCT4 in tumor initiation of drug-resistant prostate cancer cells. Genes. Cancer 1, 908–916. doi:10.1177/1947601910388271
 Liou, Y. C., Ryo, A., Huang, H. K., Lu, P. J., Bronson, R., Fujimori, F., et al. (2002). Loss of Pin1 function in the mouse causes phenotypes resembling cyclin D1-null phenotypes. Proc. Natl. Acad. Sci. U. S. A. 99, 1335–1340. doi:10.1073/pnas.032404099
 Liou, Y. C., Zhou, X. Z., and Lu, K. P. (2011). Prolyl isomerase Pin1 as a molecular switch to determine the fate of phosphoproteins. Trends Biochem. Sci. 36, 501–514. doi:10.1016/j.tibs.2011.07.001
 Lu, K. P. (2003). Prolyl isomerase Pin1 as a molecular target for cancer diagnostics and therapeutics. Cancer Cell. 4, 175–180. doi:10.1016/s1535-6108(03)00218-6
 Lu, K. P., Finn, G., Lee, T. H., and Nicholson, L. K. (2007). Prolyl cis-trans isomerization as a molecular timer. Nat. Chem. Biol. 3, 619–629. doi:10.1038/nchembio.2007.35
 Lu, K. P., and Zhou, X. Z. (2007). The prolyl isomerase PIN1: a pivotal new twist in phosphorylation signalling and disease. Nat. Rev. Mol. Cell. Biol. 8, 904–916. doi:10.1038/nrm2261
 Lu, Z., and Hunter, T. (2014). Prolyl isomerase Pin1 in cancer. Cell. Res. 24, 1033–1049. doi:10.1038/cr.2014.109
 Luo, M. L., Gong, C., Chen, C. H., Lee, D. Y., Hu, H., Huang, P., et al. (2014). Prolyl isomerase Pin1 acts downstream of miR200c to promote cancer stem-like cell traits in breast cancer. Cancer Res. 74, 3603–3616. doi:10.1158/0008-5472.CAN-13-2785
 Makinwa, Y., Musich, P. R., and Zou, Y. (2020). Phosphorylation-dependent Pin1 isomerization of ATR: its role in regulating ATR's anti-apoptotic function at mitochondria, and the implications in cancer. Front. Cell. Dev. Biol. 8, 281. doi:10.3389/fcell.2020.00281
 Masters, J. R., and Koberle, B. (2003). Curing metastatic cancer: lessons from testicular germ-cell tumours. Nat. Rev. Cancer 3, 517–525. doi:10.1038/nrc1120
 Miller, K. D., Fidler-Benaoudia, M., Keegan, T. H., Hipp, H. S., Jemal, A., and Siegel, R. L. (2020). Cancer statistics for adolescents and young adults, 2020. CA Cancer J. Clin. 70, 443–459. doi:10.3322/caac.21637
 Moore, J. D., and Potter, A. (2013). Pin1 inhibitors: pitfalls, progress and cellular pharmacology. Bioorg Med. Chem. Lett. 23, 4283–4291. doi:10.1016/j.bmcl.2013.05.088
 Nichols, J., Zevnik, B., Anastassiadis, K., Niwa, H., Klewe-Nebenius, D., Chambers, I., et al. (1998). Formation of pluripotent stem cells in the mammalian embryo depends on the POU transcription factor Oct4. Cell. 95, 379–391. doi:10.1016/s0092-8674(00)81769-9
 Oh, H. R., Kim, J., and Kim, J. (2016). Critical roles of Cyclin D1 in mouse embryonic fibroblast cell reprogramming. FEBS J. 283, 4549–4568. doi:10.1111/febs.13941
 Richie, J. P. (2005). OCT4 staining in testicular tumors. A sensitive and specific marker for seminoma and embryonal carcinoma. J. Urol. 174, 569–570. doi:10.1016/s0022-5347(01)68313-7
 Robinson, M., Gilbert, S. F., Waters, J. A., Lujano-Olazaba, O., Lara, J., Alexander, L. J., et al. (2021). Characterization of SOX2, OCT4 and NANOG in ovarian cancer tumor-initiating cells. Cancers (Basel) 13, 262. doi:10.3390/cancers13020262
 Rodriguez-Pinilla, S. M., Sarrio, D., Moreno-Bueno, G., Rodriguez-Gil, Y., Martinez, M. A., Hernandez, L., et al. (2007). Sox2: a possible driver of the basal-like phenotype in sporadic breast cancer. Mod. Pathol. 20, 474–481. doi:10.1038/modpathol.3800760
 Rustighi, A., Zannini, A., Tiberi, L., Sommaggio, R., Piazza, S., Sorrentino, G., et al. (2014). Prolyl-isomerase Pin1 controls normal and cancer stem cells of the breast. EMBO Mol. Med. 6, 99–119. doi:10.1002/emmm.201302909
 Ryo, A., Nakamura, M., Wulf, G., Liou, Y. C., and Lu, K. P. (2001). Pin1 regulates turnover and subcellular localization of beta-catenin by inhibiting its interaction with APC. Nat. Cell. Biol. 3, 793–801. doi:10.1038/ncb0901-793
 Sanada, Y., Yoshida, K., Ohara, M., Oeda, M., Konishi, K., and Tsutani, Y. (2006). Histopathologic evaluation of stepwise progression of pancreatic carcinoma with immunohistochemical analysis of gastric epithelial transcription factor SOX2: comparison of expression patterns between invasive components and cancerous or nonneoplastic intraductal components. Pancreas 32, 164–170. doi:10.1097/01.mpa.0000202947.80117.a0
 Siegel, R. L., Miller, K. D., and Jemal, A. (2020). Cancer statistics, 2020. CA Cancer J. Clin. 70, 7–30. doi:10.3322/caac.21590
 Singh, R., Fazal, Z., Freemantle, S. J., and Spinella, M. J. (2019). Mechanisms of cisplatin sensitivity and resistance in testicular germ cell tumors. Cancer Drug Resist 2, 580–594. doi:10.20517/cdr.2019.19
 Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., et al. (2007). Induction of pluripotent stem cells from adult human fibroblasts by defined factors. Cell. 131, 861–872. doi:10.1016/j.cell.2007.11.019
 Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors. Cell. 126, 663–676. doi:10.1016/j.cell.2006.07.024
 Tomayko, M. M., and Reynolds, C. P. (1989). Determination of subcutaneous tumor size in athymic (nude) mice. Cancer Chemother. Pharmacol. 24, 148–154. doi:10.1007/BF00300234
 Van Genderen, H. O., Kenis, H., Hofstra, L., Narula, J., and Reutelingsperger, C. P. (2008). Extracellular annexin A5: functions of phosphatidylserine-binding and two-dimensional crystallization. Biochim. Biophys. Acta 1783, 953–963. doi:10.1016/j.bbamcr.2008.01.030
 Wang, X. Q., Ongkeko, W. M., Chen, L., Yang, Z. F., Lu, P., Chen, K. K., et al. (2010). Octamer 4 (Oct4) mediates chemotherapeutic drug resistance in liver cancer cells through a potential Oct4-AKT-ATP-binding cassette G2 pathway. Hepatology 52, 528–539. doi:10.1002/hep.23692
 Wei, S., Kozono, S., Kats, L., Nechama, M., Li, W., Guarnerio, J., et al. (2015). Active Pin1 is a key target of all-trans retinoic acid in acute promyelocytic leukemia and breast cancer. Nat. Med. 21, 457–466. doi:10.1038/nm.3839
 Winter, C., and Albers, P. (2011). Testicular germ cell tumors: pathogenesis, diagnosis and treatment. Nat. Rev. Endocrinol. 7, 43–53. doi:10.1038/nrendo.2010.196
 Wuebben, E. L., and Rizzino, A. (2017). The dark side of SOX2: cancer - a comprehensive overview. Oncotarget 8, 44917–44943. doi:10.18632/oncotarget.16570
 Wulf, G., Garg, P., Liou, Y. C., Iglehart, D., and Lu, K. P. (2004). Modeling breast cancer in vivo and ex vivo reveals an essential role of Pin1 in tumorigenesis. EMBO J. 23, 3397–3407. doi:10.1038/sj.emboj.7600323
 Wulf, G. M., Ryo, A., Wulf, G. G., Lee, S. W., Niu, T., Petkova, V., et al. (2001). Pin1 is overexpressed in breast cancer and cooperates with Ras signaling in increasing the transcriptional activity of c-Jun towards cyclin D1. EMBO J. 20, 3459–3472. doi:10.1093/emboj/20.13.3459
 Yaffe, M. B., Schutkowski, M., Shen, M., Zhou, X. Z., Stukenberg, P. T., Rahfeld, J. U., et al. (1997). Sequence-specific and phosphorylation-dependent proline isomerization: a potential mitotic regulatory mechanism. Science 278, 1957–1960. doi:10.1126/science.278.5345.1957
 Yeh, E., Cunningham, M., Arnold, H., Chasse, D., Monteith, T., Ivaldi, G., et al. (2004). A signalling pathway controlling c-Myc degradation that impacts oncogenic transformation of human cells. Nat. Cell. Biol. 6, 308–318. doi:10.1038/ncb1110
 Yu, J. H., Im, C. Y., and Min, S. H. (2020). Function of PIN1 in cancer development and its inhibitors as cancer therapeutics. Front. Cell. Dev. Biol. 8, 120. doi:10.3389/fcell.2020.00120
 Yun, J. H., Park, Y. G., Lee, K. M., Kim, J., and Nho, C. W. (2015). Curcumin induces apoptotic cell death via Oct4 inhibition and GSK-3β activation in NCCIT cells. Mol. Nutr. Food Res. 59, 1053–1062. doi:10.1002/mnfr.201400739
 Zacchi, P., Gostissa, M., Uchida, T., Salvagno, C., Avolio, F., Volinia, S., et al. (2002). The prolyl isomerase Pin1 reveals a mechanism to control p53 functions after genotoxic insults. Nature 419, 853–857. doi:10.1038/nature01120
 Zhang, Q., Han, Z., Zhu, Y., Chen, J., and Li, W. (2020). The role and specific mechanism of OCT4 in cancer stem cells: a review. Int. J. Stem Cells 13, 312–325. doi:10.15283/ijsc20097
 Zheng, H., You, H., Zhou, X. Z., Murray, S. A., Uchida, T., Wulf, G., et al. (2002). The prolyl isomerase Pin1 is a regulator of p53 in genotoxic response. Nature 419, 849–853. doi:10.1038/nature01116
 Zhou, X. Z., and Lu, K. P. (2016). The isomerase PIN1 controls numerous cancer-driving pathways and is a unique drug target. Nat. Rev. Cancer 16, 463–478. doi:10.1038/nrc.2016.49
 Zhu, F., Qian, W., Zhang, H., Liang, Y., Wu, M., Zhang, Y., et al. (2017). SOX2 is a marker for stem-like tumor cells in bladder cancer. Stem Cell. Rep. 9, 429–437. doi:10.1016/j.stemcr.2017.07.004
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Sun, Lee, Lee, Kim and Kim. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-11-1220179-g005.gif





OPS/images/fcell-11-1220179-g006.gif





OPS/images/fcell-11-1220179-g003.gif
o T om





OPS/images/fcell-11-1220179-g004.gif





OPS/images/fcell-11-1220179-g009.gif





OPS/images/fcell-11-1220179-g007.gif





OPS/images/fcell-11-1220179-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		KPT6566 induces apoptotic cell death and suppresses the tumorigenicity of testicular germ cell tumors		Introduction

		Materials and methods		Cell culture

		Cell growth curve

		Cell counting Kit-8 (CCK-8) assay

		Colony formation assay

		ATP assay

		Determination of IC50 values

		Cell cycle analysis

		Apoptosis assay

		Western blotting

		Xenografts

		Statistical analysis





		Results		KPT6566 treatment suppressed P19 cell growth, viability, colony-forming ability, and ATP production

		Concentration-dependent effect of KPT6566 on P19 and NCCIT cell proliferation ex vivo

		KPT6566 induced apoptotic cell death in P19 and NCCIT cells

		KPT6566 decreased expression of Oct-4 and Sox2 in P19 and NCCIT cells

		KPT6566 decreased P19 xenograft size in nude mice





		Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-11-1220179-g001.gif
i s
I i I





OPS/images/fcell-11-1220179-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





