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Background

The present study aimed to construct and validate a nomogram that can be used to predict cancer-specific survival (CSS) in patients with epithelial ovarian cancer (EOC).



Methods

A total of 7,129 adult patients with EOC were extracted from the Surveillance, Epidemiology, and End Results database between 2010 and 2015. Patients were randomly divided into the training and validation cohorts (7:3). Cox regression was conducted to evaluate prognostic factors of CSS. The internal validation of the nomogram was performed using concordance index (C-index), AUC, calibration curves, and decision curve analyses (DCAs). Data from 53 adult EOC patients at Shengjing Hospital of China Medical University from 2008 to 2012 were collected for external verification. Kaplan–Meier curves were plotted to compare survival outcomes among risk subgroups.



Results

Age, grade, histological types, stage, residual lesion size, number of regional lymph nodes resected, number of positive lymph nodes, and chemotherapy were independent risk factors for CSS. Based on the above factors, we constructed a nomogram. The C-indices of the training cohort, internal validation cohort, and external verification group were 0.763, 0.750, and 0.920, respectively. The calibration curve indicated good agreement between the nomogram prediction and actual survival. AUC and DCA results indicated great clinical usefulness of the nomogram. The differences in the Kaplan–Meier curves among different risk subgroups were statistically significant.



Conclusions

We constructed a nomogram to predict CSS in adult patients with EOC after primary surgery, which can assist in counseling and guiding treatment decision making.





Keywords: epithelial ovarian cancer, prognosis, nomogram, SEER database, cancer-specific survival



Introduction

Among malignant gynecological tumors, ovarian cancer (OC) ranks third in incidence and first in mortality rate. A recent study estimated that there were over 20,000 new cases of OC and over 13,000 deaths due to OC in the United States in 2020 (1).

Epithelial ovarian cancer (EOC) is the most common type of OC, accounting for 90% of OC cases, and the majority of EOC occurs in adults (2). The standard treatment for EOC is a combination of surgery and chemotherapy. Even so, most patients with EOC present at stage III (37%) or IV (28%) at the time of diagnosis, resulting in poor prognosis. The 5-year cancer-specific survival (CSS) rates for stage III and IV EOC are only 41% and 20%, respectively (3). In addition, due to the various factors that may affect cancer progression, evaluation of cancer prognosis based on American Joint Committee on Cancer (AJCC) stage alone is unpredictable (4). Therefore, it is of primary importance to establish an assessment system to guide prognostic evaluation for EOC and adjustments in specific treatment strategies.

Studies have demonstrated that absence of pelvic pain at diagnosis, International Federation of Gynecology and Obstetrics (FIGO) stage IIIC, suboptimal cytoreduction, presence of postoperative complications, inadequate adjuvant treatment, and pathological type of clear-cell cancer are prognostic factors for overall survival (OS) in patients with OC (5). However, to date, no comprehensive evaluation systems have been developed for determining postoperative prognosis in adult patients with EOC.

Among the most widely used prediction tools is the nomogram, which can be used to quantify risk and evaluate prognosis in patients with various types of cancer (6–10). Recent studies have indicated that the nomogram is superior to the AJCC staging system in predicting survival in patients with cancer (11–16). However, to our knowledge, there are currently only two nomograms that predict EOC prognosis in adults, and the sample sizes in the original studies were very small (17, 18). Therefore, it is of great clinical significance to immediately establish a large sample-based nomogram for predicting prognosis in adult patients with EOC.

In the present study, we aimed to analyze independent prognostic factors and construct a nomogram for predicting prognosis in adult individuals with EOC using data from the Surveillance, Epidemiology, and End Results (SEER) database of the National Cancer Institute (NCI). This study was externally validated in a cohort of patients with EOC treated in the Department of Gynecology at Shengjing Hospital of China Medical University. Our findings may aid clinicians in assessing patient outcomes more accurately and provide a foundation for patients with EOC to select individualized treatment.



Materials and Methods


Ethics Approval and Informed Consent

Informed patient consent was not needed for the SEER database data, as cancer is a publicly reportable disease in every state in the United States.

Ethical approval for the use of patient data for external validation in this study was obtained from the Clinical Research Ethics Committee of Shengjing Hospital of China Medical University (Approval No. 2020PS533K), and all patients provided signed informed consent in accordance with the Declaration of Helsinki.



Data Source and Extraction

Patient data for the current study is obtained from the SEER database, which is one of the most representative large tumor registration databases in North America, including data from 18 cancer registries and covering 34.6% of the population of the USA (19). The SEER database has a large sample size and relatively complete follow-up information. EOC cases were retrieved from SEER database using SEER*Stat software version 8.3.6 (https://seer.cancer.gov/seerstat/) (account ID: 19731-Nov2019).

Detailed selection of EOC patients in 2010-2015 from SEER database. The inclusion site code was C56.9-Ovary, and the histological code was Serous: 8441, 8442, 8460, 8461, 8462, 8463, 9014; Mucinous: 8144, 8384, 8470, 8471, 8472, 8480, 8481, 8482; Endometrioid: 8380, 8381, 8382,8383; Clear cell: 8310 and 8313, 8443, 8444, 9110; Transitional cell: 8120, 8122, 8130, 9000; Epithelial stromal: 8800,8801, 8804, 8805, 8810, 8814, 8840, 8850, 8851, 8854, 8890, 8891, 8896, 8900, 8901, 8902, 8920, 8921, 8930, 8931, 8933, 8935, 8936, 8950, according to the International Classification of Tumor Diseases, Third Edition (ICD-O-3).

Inclusion and exclusion criteria: (1) Patients with pathologically confirmed EOC were included, and patients with multi-source tumors and non-primary tumors were excluded. (2) Six types of EOC conforming to WHO (2014) were included (serous, mucinous, endometrioid, clear cell adenocarcinoma, transitional cell tumor [including malignant Brenner tumor and transitional cell carcinoma], and epithelial-stromal [including adenosarcoma and carcinosarcoma]) (20), and patients with unknown histological type (NOS patients) or could not be clearly classified into the above six histological subtypes were excluded. (3) including age, race, marriage, insurance factors, excluding age of patients under 19 years old. (4) Due to histological grade and stage are prognostic factors, histological grade and AJCC stage data were included, and patients with incomplete information above were excluded. (5) Patients who had undergone surgery for the primary lesion with clear surgical method, complete surgical records of lymph nodes, tumor size and residual lesions were included, and those who had not been operated were excluded. (6) Patients with complete follow-up information and cancer-specific death were included, and patients with incomplete follow-up time, other causes of death or unknown death status, and survival time for less than 1 day were excluded. A total of 7129 cases conforming to the screening criteria were included. In this study, the starting point of follow-up was the initial surgery for EOC, and the ending point was cancer-specific death or the end of follow-up was December 31, 2015.

There were 22 variables in this study, including year of diagnosis, age, race, insure, marriage, laterality, tumor size, preoperative serum CA125 level, surgery for primary lesions, regional lymph nodes dissected, histological grade, histologic types, AJCC stage, residual lesion size, lymph nodes positive, radiotherapy, neoadjuvant chemotherapy, chemotherapy, organ metastasis (bone, brain, liver, lung).

The clinical records of 53 patients who underwent surgery in the Department of Gynecology, Shengjing Hospital, China Medical University from 2008 to 2012 and were pathologically diagnosed as having EOC were retrospectively analyzed. Inclusion criteria: 1. Age ≥19 years old, surgery was primary surgery, the patients did not receive preoperative chemoradiotherapy or biological therapy; 2. The tumor was primary, and the postoperative pathological diagnosis was confirmed as EOC. The clinical data and postoperative follow-up data were complete. The cause of death was cancer-specific death. The end of follow-up was January 31, 2021.



Statistical Analysis

X-tile software v3.6.1 (Yale University, New Haven, Connecticut, USA) (21) was used to ascertain the optimal cut-off points for age, tumor size, and the number of positive lymph nodes. Patients enrolled in our study were randomized into the training cohort and validation cohort in a 7:3 ratio (22–24). Univariate analysis was performed using the log-rank χ2 test. Univariate variables with P values < 0.05 were included in the least absolute shrinkage and selection operator (LASSO) analysis, which was used to further select useful predictive features to avoid over-fitting to some extent. The results were then further incorporated into a Cox multivariate regression analysis. All independent prognostic factors in the Cox multivariate regression analysis (P<5.00e-05) were integrated, and a nomogram predicting CSS was constructed using R software version 3.6.0 (http://www.r-project.org/). We internally validated the model in the training cohort and the validation cohort separately. The Concordance Index (C-Index) was used to evaluate the accuracy of the model. Higher C-Index values indicate more accurate prediction. The area under the receiver operating characteristic curve (AUC) was used to evaluate the discriminative ability of the nomogram. AUC values closer to 1 indicate better model discrimination (25, 26). The bootstrap method was used to re-sample the data 1,000 times and draw calibration curves to verify consistency between the predicted 1-year, 3-year, and 5-year CSS and actual survival. Better degrees of calibration reflect better coincidence between the survival probability predicted by the nomogram and the actual survival probability. Decision curve analysis (DCA) was used to assess the clinical practicability of the nomogram (27, 28). The clinical records of 53 patients with pathologically diagnosed EOC who underwent surgery in the Department of Gynecology at Shengjing Hospital of China Medical University from 2008 to 2012 were collected for external validation of the model. Moreover, all patients were regrouped into low- and high-risk groups based on the median risk score generated from the nomogram among the training cohort patients. Kaplan–Meier curves and the log-rank test were used to compare CSS between the two groups. The flow chart of study procedures is shown in Figure 1.




Figure 1 | Flow chart of study procedures.



All statistical analyses were performed using SPSS Mac version 25.0 (Chicago, IL, USA) and R software version 3.6.0. Differences were considered significant if P < 0.05.




Results


Clinicopathological Characteristics of Patients

In this study, a total of 7129 EOC patients were included from the SEER database, including the training cohort (n=4992) and the validation cohort (n=2137). There was no difference in various indicators between the two groups (P < 0.05, Table 1). Most of the patients were white (83.25%), the majority AJCC stage of the patients were stage III (47.30%), the most histological grade was G3 and G4 (75.27%), the histological type was mainly serous carcinoma (67.05%), and 83.85% of the patients received postoperative chemotherapy. The mean survival time of all patients was 59.153 months (95%CI 58.381-59.926), and the 1-year, 3-year, and 5-year CSS rates were 91.9%, 72.1%, and 57.7%, respectively. Characteristics of patients are shown in Table 1.


Table 1 | The clinicopathological characteristics and group comparison of 7129 patients with EOC.






Nomogram Construction


Univariate Analysis and LASSO Analysis

The variables are stratified according to the cut-off points which were ascertained by X-tile software v3.6.1: age: ≤53 years, 54~68 years and ≥69 years; tumor size: ≤62mm and ≥63mm; number of positive lymph nodes: ≤3 and ≥4 (Figures 2A–F).




Figure 2 | X-tile stratification and LASSO analysis. Histograms based on the appropriate cut-off points of (A) age (≤53 years vs. 54~68 years vs. ≥69 years), (B) tumor size (≤62mm vs. ≥63mm), and (C) the number of positive lymph nodes (≤3 vs. ≥4). The Kaplan–Meier curves for CSS in patients with EOC stratified according to (D) age (P<0.0001), (E) tumor size (P<0.0001), (F) positive lymph nodes (P=0.0124). (G) LASSO coefficient profiles of 17 variables for CSS; (H) LASSO analysis identified 17 variables for CSS. LASSO, least absolute shrinkage and selection operator; CSS, cancer-specific survival; EOC, epithelial ovarian cancer.



Univariate Log-rank χ2 test was performed and the factors with P < 0.01 were reserved. Among the 22 variables, year, race, insurance, radiation, and brain metastasis with P > 0.01 are excluded (Table 2). Lasso Cox regression analysis was performed on the remaining 17 variables, and the results showed that there were no further excluded factors (Figures 2G, H).


Table 2 | Univariate and multivariate Cox regression analysis.






Multivariate Analysis

All the 17 variables conforming to the analysis were included in the multivariate Cox analysis (Table 2). The variables with P<5.00e-05 were identified as independent prognostic factors, including age, regional lymph nodes dissected, lymph nodes positive, residual lesions size, histological grade, histologic types, AJCC stage and chemotherapy.



Nomogram Construction

We established the nomogram based on the above independent prognostic factors for CSS. The nomogram was displayed for predicting the 1-, 3-, 5-year CSS (Figure 3). The different subtypes of each independent prognostic factor were projected onto the score scale to obtain the score for each item. The scores corresponding to independent prognostic factors were added to obtain the total score. A vertical line was drawn down on the total score scale to obtain the 1-, 3-, 5-year CSS. The higher the total score, the worse the prognosis. According to the patient information, this nomogram can obtain the individualized prediction of CSS, which improves the accuracy and efficiency of the prediction.




Figure 3 | Nomogram for predicting 1-, 3-, and 5-year CSS in adult patients who underwent primary surgery for EOC. LN, lymph node; AJCC, American Joint Commission on Cancer; CSS, cancer-specific survival; EOC, epithelial ovarian cancer; Ser, serous; Muc, mucinous; End,endometrioid; Cle, clear cell adenocarcinoma; Tra, transitional cell tumor; Sar, epithelial-stromal.






Nomogram Validation


Internal Validation

We validated the model internally in the training cohort and the validation cohort.

In the training cohort, the C-index of the nomogram (0.763 [95%CI 0.751-0.775]) was higher than the AJCC stage (0.687 [95%CI 0.675-0.699]) and histological grade (0.590 [95%CI 0.581-0.599]). In the validation cohort, the C-index of the nomogram (0.750 [95%CI 0.731-0.769]) was also higher than the AJCC stage (0.672 [95%CI 0.653-0.691]) and histological grade (0.581 [95%CI 0.567-0.595]). In addition, we found that the C-index values of our nomogram in the training cohort and the validation cohort were both higher than that of J.N. Barlin et al.’s study (0.714) and M.J. Rutten et al.’s study (0.710 [95% CI 0.690-0.740]) (Table 3).


Table 3 | Comparison of C-indexes in EOC patients.



Furthermore, the AUCs of the nomogram were higher than AJCC stage in both training (1-year AUC: 0.809 vs. 0.696, 3-year AUC: 0.790 vs. 0.721, 5-year AUC: 0.813 vs. 0.749, Figure 4A) and validation (1-year AUC: 0.785 vs. 0.653, 3-year AUC: 0.782 vs. 0.705, 5-year AUC: 0.809 vs. 0.756, Figure 4C) cohorts for 1-, 3- and 5-year CSS, respectively. In addition, we further compared the nomogram with AJCC stage based on the time-dependent AUCs from the half a year to the eighth year, and found that the nomogram performs obviously better in both the training and the validation cohorts, respectively (Figures 4B, D). These results indicate that the nomogram has better degree of discrimination than traditional AJCC stage in both the training and validation cohorts.




Figure 4 | AUC curves of the nomogram and AJCC stage in prediction of prognosis in the training and validation cohorts. AUC curves of the nomogram and AJCC stage in prediction of prognosis at 1-, 3- and 5-year point in the training cohort (A). Time dependent AUC curves of the nomogram and AJCC stage from 0.5 year to 8 year in the training cohort (B). AUC curves of the nomogram and AJCC stage in prediction of prognosis at 1-, 3- and 5-year point in the validation cohort (C). Time dependent AUC curves of the nomogram and AJCC stage from 0.5 year to 8 year in the validation cohort (D).



The calibration curves for the 1-, 3-and 5-year CSS were all close to the gray line of the ideal case, which indicated that there was high degree of consistency between the actual survival probability and the prediction in both the training cohort (Figure 5A) and the validation cohort (Figure 5B).




Figure 5 | Calibration curves for the nomogram in the training and validation cohorts. 1-, 3-, and 5-year calibration curves (A) for the CSS nomogram in the training cohort of patients with EOC (bootstrap = 1,000 repetitions). 1-, 3-, and 5-year calibration curves (B) for the CSS nomogram in the validation cohort of patients with EOC (bootstrap = 1,000 repetitions). EOC, epithelial ovarian cancer; CSS, cancer-specific survival.



Moreover, DCA curves in the training and validation cohorts also showed favorable prediction effects and had better clinical application value than the AJCC stage (Figure 6).




Figure 6 | DCA curves of the nomogram and AJCC stage for CSS in the training and validation cohorts. DCA curves of the nomogram and AJCC stage for CSS in both the training cohort (A) and validation cohort (B). DCA, decision curve analysis; AJCC, American Joint Commission on Cancer; CSS, cancer-specific survival.





External Validation

External data verification of our nomogram model was performed. A total of 53 patients with primary EOC who underwent surgery in the Department of Gynecology, Shengjing Hospital of China Medical University from 2008 to 2012 were collected, and all of them qualified for inclusion.

The mean age of all patients was 58.2 ± 1.24 years old (42-78 years old, median age was 58 years old). In the stages, the proportion of stage I-II was 43.3%. In the differentiation, the proportion of high, middle and low differentiation was 11.3%, 45.3%, and 43.4%, respectively. Among the histological types, the proportions of serous, mucinous, endometrioid, clear cell adenocarcinoma, transitional and epithelial-stromal were 45.3%, 17.0%, 9.4%, 13.2%, 3.8%, and 11.3%, respectively. The percentage of lymph node resection with 1-3 or more than 4 regions was 79.2% and 15.1%. Among the positive lymph nodes, the number of lymph nodes ≤ or ≥4 were 18.9% and 11.3%, respectively. Among the residual lesions, no residual lesions, residual lesions ≤ 1cm and residual lesions ≥ 1cm were 71.7%, 11.3%, and 11.3%, respectively. 81.1% of the patients received postoperative chemotherapy (Supplementary Table 1).

In the 53 patients, the C-index of the nomogram (0.920 [95%CI 0.875-0.965]) was higher than the AJCC stage (0.758 [95%CI 0.672-0.844]). Furthermore, the AUCs of the nomogram were significantly higher than AJCC stage (1-year AUC: 0.934 vs. 0.640, 3-year AUC: 0.892 vs. 0.743, 5-year AUC: 0.968 vs. 0.823, Figure 7) for 1-, 3- and 5-year CSS.




Figure 7 | External validation of the nomogram compared with AJCC stage in 53 cases of EOC from Shengjing Hospital. AUC curves of the nomogram and AJCC stage in the prediction of prognosis at the 1- (A), 3- (B), and 5-year (C) points.



The above internal and external verification results indicate that our nomogram has better performance.




Patient Risk Stratification

We divided the training and validation cohorts and the 53 patients into high-and low-risk groups based on the cutoff values separately. Kaplan-Meier survival analysis showed favorable CSS in the low-risk group compared with the high-risk group. Low-risk patients’ CSS rates were all higher than those of high-risk patients. (Figure 8, all P < 0.001).




Figure 8 | Kaplan–Meier curves of CSS for risk classification based on the nomogram scores in the training and validation cohorts. Kaplan–Meier curves of CSS for risk classification based on the nomogram scores (A) in the training cohort, (B) in the validation cohort, and (C) in the 53 patients with EOC treated at Shengjing Hospital. CSS, cancer-specific survival; EOC, epithelial ovarian cancer.






Discussion

Ninety percent of OC cases are epithelial, the vast majority of which occur in adults and are associated with poor prognosis. Reliable determinations of prognosis for adult EOC remain a difficult problem for clinicians. However, nomograms can be used to evaluate individual survival prognosis according to disease characteristics with high accuracy, which can aid in clinical decision-making for patients with various types of tumors (29–31). Moreover, nomograms have been significantly better at judging prognosis than traditional AJCC stage and clinician experience. At present, there is no reliable, large sample-based, real world tool for evaluating postoperative prognosis among adult patients with EOC. Therefore, using data from the SEER database, the present study aimed to evaluate prognostic factors for 1-, 3-, and 5-year CSS and establish an appropriate individualized nomogram for predicting prognosis in adult patients with EOC following primary surgery. Our internal and external validation results revealed a perfect prediction effect, suggesting that the nomogram can be highly useful in clinical situations.

Our study identified eight independent prognostic factors for CSS, including age, number of regional lymph nodes dissected, number of positive lymph nodes, residual lesion size, histological grade, histological type, AJCC stage, and chemotherapy. In general, older patients are more likely to have poorer survival outcomes. Kim et al. (32) conducted a retrospective analysis of 1,236 patients with EOC, reporting that an age of 66 years was the most significant cut-off for defining the effect of old age with independent prognostic power (HR=1.45; 95% confidence interval=1.04–2.03; p=0.027). In their survival analysis, patients aged ≥66 years had significantly worse overall survival than younger individuals (56 months vs. 87 months; p=0.006). In the present study, age ≥69 years was an independent risk factor for CSS in patients with EOC after primary surgery, and the results were basically consistent.

The degree of cell differentiation or tumor histological grade has been considered to influence the biological behavior of the tumor and patient survival. Grade 1 tumors are associated with higher 3-year disease-specific survival rates (96.4%) than grade 2 (92.4%) or 3 (82.0%) tumors (P<0.001) in patients with early-stage EOC (33). In the present study, tumor histological grade was classified into well-differentiated (G1), moderately differentiated (G2), poorly differentiated (G3) and undifferentiated (G4). Mean CSS for G1, G2, and G3–G4 tumors was 77.428 months (95% CI: 75.942–78.913), 68.660 months (95%CI: 75.942–78.913), and 54.831 months (95% CI: 75.942–78.913), respectively. Multivariate analysis suggested that histological grade was an independent risk factor for patients with EOS, which further indicated that histological tumor grades are associated with worse prognosis among patients with EOC.

The effect of histological types of EOC on prognosis remains controversial. In one study involving 9,491 patients with EOC, 10-year survival rates were better among patients with mucinous, endometrioid, or clear-cell carcinoma than among those with serous carcinoma, although 10-year survival was worse for carcinosarcoma than for serous carcinoma (34). However, some scholars have proposed that long-term survival is worse among patients with clear-cell carcinoma than among those with serous carcinoma, or that there is no significant difference in survival between the two (35, 36). Among all six histological types observed in this study, the epithelial-stromal type (including adenosarcoma and carcinosarcoma) was associated with the shortest mean survival time (37.624 months [95% CI: 33.581–41.667]) and had the worst prognosis.

Previous research has indicated that tumor stage is the most prominent independent factor for progression-free survival (PFS) and OS (37). In the present study, mean survival times (months) for AJCC stages I, II, III, and IV were 78.316 (77.473–79.159), 69.403 (67.339–71.468), 53.253 (52.118–54.388), and 42.603 (40.786–44.421), respectively, and the differences were statistically significant (P0.002). Multivariate analysis revealed that AJCC stage was an independent prognostic factor for EOC, indicating that clinical stage was an important factor affecting the prognosis of EOC. This result suggests that, while focusing on improving clinical efficacy, early detection, early diagnosis, and early treatment are necessary to improve long-term outcomes among patients with EOC.

The most effective tumor cytoreductive surgeries are those in which there are no visible lesions remaining after the initial surgery. Residual tumor volume has been identified as an independent predictor of prognosis in patients with EOC (38). Data from three European prospective randomized trials (AGO-OVAR 3, AGO-OVAR 5, and AGO-OVAR 7) demonstrated that R0 resection was associated with significantly longer median overall survival (R0 resection, 99.1 months vs. <1 cm residual disease, 36.2 months vs. >1 cm residual disease, 29.6 months; P<0.0001) (39, 40). In our study, the mean survival time (months) of patients without residual lesions was 65.611, which was significantly higher than that of patients with residual lesions (46.838 for residual lesions ≤1 cm vs. 42.62 for residual lesions with >1 cm vs. 42.329 for residual lesions of unknown dimensions). Our multivariate analysis revealed that postoperative residual lesion size was an independent risk factor affecting the prognosis of patients with EOC: Satisfactory tumor cell reduction was associated with better prognosis than unsatisfactory tumor cell reduction, highlighting the importance of R0 resection.

We also analyzed the influence of the number of regional lymph nodes dissected and the number of positive lymph nodes on prognosis. The issue of lymph node dissection for OC remains controversial. A multi-center prospective randomized controlled trial (41) reported that systematic pelvic and paraaortic lymphadenectomy in patients with advanced OC who had undergone intraabdominal macroscopically complete resection and had normal lymph nodes both before and during surgery was not associated with longer OS or PFS than no lymphadenectomy. The authors also reported that systematic pelvic and paraaortic lymphadenectomy was associated with a higher incidence of postoperative complications. As a result, the researchers suggested that systemic lymphadenectomy should not be performed in patients with advanced OC who are clinically assessed with negative lymph nodes and have no residual lesions visible to the naked eye. This recommendation was adopted by the National Cancer Care Alliance (NCCA) guidelines in 2019. However, our analysis indicated that the number of regional lymph nodes resected was an independent protective factor for the prognosis of patients with EOC, and that patients with four or more regional lymph nodes resected had the best prognosis. Moreover, lymph node positivity was an independent risk factor for EOC prognosis, and patients with ≥4 positive lymph nodes had the worst prognosis. Thus, our findings highlight the importance of systemic lymphadenectomy for prognosis in patients with EOC. Further studies are required to compare the influence of the number of regional lymph nodes resected and the number of positive lymph nodes on prognosis in patients with early-stage and advanced EOC.

In 2018, the National Comprehensive Cancer Network (NCCN) still proposed that, among patients with EOC who can endure surgery, most will require postoperative chemotherapy after standardized transabdominal comprehensive staging surgery and tumor reduction surgery, with the aim of reducing the recurrence of EOC or treating residual lesions. Platinum combined with paclitaxel is the “gold standard” first-line chemotherapy regimen. In our study, we noted that chemotherapy was significantly associated with CSS, indicating its value in improving survival outcomes.

Based on the eight independent prognostic factors identified above, we constructed a nomogram to evaluate CSS of EOC in adults. It is well known that when the C-index and AUC exceed 0.7, the model has good predictive ability. In our study, the C-Index and AUC of the nomogram were both higher than 0.7, and both were higher than those for the AJCC staging system, indicating a better prediction effect. The calibration curve also revealed good agreement between the nomogram prediction and actual survival. Analysis of the DCA curve further confirmed that the nomogram exhibited better performance than the AJCC staging system. In addition, based on the nomogram, we developed a risk stratification system that allowed for clear division of all patients into two risk groups. The differences in the survival curves of the different risk subgroups were statistically significant.

Previous researchers have also established nomograms for predicting CSS in patients with EOC following surgery [17,18]. However, these studies were conducted with few patients at single centers, and the variables in their nomograms and the SEER database are not completely consistent, making it difficult to directly compare the nomograms. However, our C-index was higher (training cohort: 0.763 [95% CI: 0.751–0.775] vs. internal validation cohort: 0.750 [95% CI: 0.731–0.769] vs. 53 external validation patients: 0.920 [95% CI: 0.875–0.965]) than those reported by Barlin et al. (0.714) and Rutten et al. (0.710) [95% CI: 0.690–0.740]). Importantly, our model is based on a large-sample database in the real world, making our findings more reliable.

More importantly, the previous nomograms have rarely been externally validated. In the present study, external validation was performed using data from 53 eligible patients with EOC. The C-index and AUC results also indicated that the nomogram exhibited excellent performance, which was better than that for the AJCC staging system. Therefore, to our knowledge, our nomogram is currently the most optimal and directly applicable model for predicting CSS in adults who have undergone primary surgery for EOC.

Our study also has some limitations. First, selection bias is inevitable due to the retrospective nature of the study. Second, there is a lack of some important information in the SEER database. For example, the specific pathological types of epithelial carcinoma are not always mentioned, which leads to a certain extent of bias in the data analysis. Third, there are many potentially important factors affecting postoperative outcomes, such as preoperative examinations (positron emission tomography [PET]/computed tomography [CT], serum human epididymis protein 4 (HE4), Risk of Ovarian Malignancy Algorithm [ROMA] score, etc.), ECOG performance status, specific preoperative comorbidities (ascites, intestinal obstruction, etc.), operative time, and occurrence of serious postoperative complications (pulmonary infarction, infection of lymphatic cyst, etc.), none of which could be included in this study.



Conclusion

The large-scale SEER database was used to construct a nomogram that could accurately evaluate 1-, 3-, and 5- year CSS for adult patients with EOC following surgery. The nomogram was internally validated using the SEER database and externally validated in patients with EOC treated at Shengjing Hospital of China Medical University. A risk stratification system was established based on the risk score generated by the nomogram. To our knowledge, our nomogram is currently the most optimal and directly applicable model for predicting CSS in adult patients with EOC following surgery in clinical practice.
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The Exocrine Differentiation and Proliferation Factor (EXDPF) gene could promote exocrine while inhibit endocrine functions. Although it is well known that ovary is an endocrine organ, the functions of EXDPF in ovarian cancer development is still unknown. This study demonstrated that EXDPF gene is significantly higher expressed in ovarian tumors compared to normal ovarian tissue controls. EXDPF DNA amplification was exhibited in lots of human tumors including 7.19% of ovarian tumors. Also, high expression of EXDPF positively correlated with poor overall survival (OS) of ovarian cancer patients. EXDPF expression could be universally detected in most epithelial ovarian cancer cells (SKOV3, IGROV1, MACS, HO8910PM, ES2, COV362 and A2780) tested in this study. Knock-down of EXDPF by siRNA delivered by plasmid or lentivirus largely inhibited ovarian cancer cells, IGROV1 and SKOV3 proliferation, migration and tumorigenesis in vitro and/or in vivo. Knock-down of EXDPF sensitized SKOV3 cells to the treatment of the front-line drug, paclitaxel. Mechanism study showed that EXDPF enhanced DNA replication pathway to promote ovarian cancer tumorigenesis. In conclusion, this study demonstrated that EXDPF could be a potential therapeutic target as a pro-oncogene of ovarian cancer.




Keywords: EXDPF, PPDPF, ovarian cancer, DNA replication, target therapy



Introduction

Ovarian cancer has the highest mortality rate among gynecological cancers with a five-year overall survival (OS) rate remains as low as 30% - 40% in these two decades (1–3). The estimated new cases and death of ovarian cancer worldwide in 2020 was 313,959 and 207,252, respectively (4). This means the ratio of mortality to incidence of ovarian cancer as high as 0.660. There are several factors that responsible for the high mortality of ovarian cancer. Firstly, the symptoms of ovarian cancer at early stages are inapparent, which causes about 2/3 of patients at a late or advanced disease stage at diagnosis (5). At advanced disease stages, tumors are generally disseminated or metastasized to multiple organs especially to those in the abdominal cavity (6). Tumor metastasis makes it very hard to remove all tumor nodes by surgery, which often causes recurrence of cancer (7). Secondly, about 2/3 of ovarian cancers will eventually develop resistance to platinum, a kind of front-line chemotherapeutic drug against ovarian cancer (8). Thirdly, there are lack of novel therapies that could essentially improve OS of ovarian cancer patients. Take the inhibitors targeting poly ADP ribose polymerase (PARP) and immuno-therapy strategies targeting PD-1 and/or PD-L1 for examples. Although, PARP inhibitors, both FDA approved and under clinical trials, could increase 3 to 25 months of median progression-free survival (PFS) of ovarian cancer patients with a better response in BRCA mutated patients in clinical trials (9–11), less efficacy of PARP inhibitors on OS of ovarian cancer patients could be observed (12). Currently, three PARP inhibitors, Olaparib, Rucaparib and Niraparib, are approved by U.S. FDA to treat ovarian cancer patients. Generally, these PARP inhibitors could only increase 2% - 4% of OS, which is just about 2-5 months (13–15). Fortunately, recent report showed that Olaparib, as the maintenance treatment could improve 12.9 months of OS in BRCA mutated patients with platinum-sensitive relapsed ovarian cancer compared to placebo control (16). It is highly valuable to detect the effect of Olaparib treatment on platinum-resistant patients as most of ovarian cancer patients could derive platinum resistance. However, the OS improvement by Olaparib treatment in relapsed platinum-resistant ovarian cancer patients is still unclear. The efficacy of immunotherapies in ovarian cancer was very week, which may be associated with high immunosuppressive tumor microenvironment (17). Although anti-PD-1 and/or anti-PD-L1 antibody treatments rise in these few years, there is still no solid conclusion of the effect of these immunotherapies on ovarian cancer patients. However, the ~ 6 month improvement on the progression free survival (PFS) duration of these immunotherapies is still very weak (18, 19). The worse situation is that only 6% to 15% of ovarian cancer patients respond to PD-1 and/or PDL-1 blockade therapies (18, 19).

Better understanding of the tumorigenesis mechanisms is the critical factor to develop novel therapeutic strategies for high improvement of OS of ovarian cancer patients. The few understanding of ovarian cancer tumorigenesis is largely due to very high heterogenicity of ovarian cancer. Based on histopathology, ovarian cancer could be divided into epithelial ovarian cancer, germ cell cancer, sex cord-stromal tumor and metastatic tumors, usually arise from endometrium, breast, colon, gastric and cervical cancers. Epithelial ovarian cancer consists of 85% of ovarian cancers (20). As to epithelial ovarian cancer, it also could be divided into 5 subtypes of cancers that are high grade serous carcinoma (HGSC), low grade serous carcinoma, mucinous carcinoma, endometrioid carcinoma and clear cell carcinoma. HGSC consists of 75% of epithelial ovarian cancer and has the highest mortality rate among epithelial ovarian cancers. The five-year OS of HGSC is only 25% (21). The high genetic complexity and heterogenicity of epithelial ovarian cancer are mainly exhibited by different subtypes of epithelial ovarian cancer with different genomics, epidemiology and histopathological alterations (22). Taking gene mutation as an example, TP53, BRCA1/2, ATM, CSMD3, NF1, CDK13 and RB1 gene mutations usually occur in HGSC (23, 24). And the mutation rate of TP53 in HGSC reaches as high as 96% (25). While KRAS, BRAF, ARIDIA, PIK3CA, PTEN, and CTNNB1 gene mutations usually occur in other subtypes of epithelial ovarian cancers. For example, usually, low-grade serous carcinoma has ERBB2, BRAF and KRAS mutations (26), mucinous carcinoma has KRAS mutation (27), clear cell carcinoma has ARIDIA and PIK3CA mutations, and endometrioid cell carcinoma has CTNNB1, PTEN and PIK3CA mutations (28). Taking protein expression levels as an example, Martin et al. simultaneously detected the expression levels of 21 tissue-specific associated proteins in HGSC, mucinous carcinoma, clear cell carcinoma, and endometrioid carcinoma subtypes. They showed that the expression levels of 20 out of 21 of these proteins were significantly different among the subtypes (29). These previous studies strongly show that the genetic complexity and heterogenicity of epithelial ovarian cancer is very high.

The ovary is an endocrine and a terminally differentiated organ. The occurrence and development of epithelial ovarian cancer are closely related to the ovarian endocrine system. Studies have shown that the expression level of estrogen receptor (ER) and progesterone receptor (PR) in epithelial ovarian cancer are usually variable. And high expression of ER or PR is favorable to the prognosis of several subtypes of ovarian cancer (30). Except of ER and PR, endocrine associated genes are less studied in ovarian cancer. To elucidate novel characteristics associated with endocrine system in ovarian cancer, this study used high throughput genome mRNA sequencing to screen the mRNA expression profile of epithelial ovarian cancer. Our data showed that EXDPF, also named Pancreatic Progenitor Cell Differentiation and Proliferation Factor (PPDPF), was significantly higher expressed in ovarian tumors compared to the ovarian normal tissues from the same patients. The amino acid length of EXDPF is 114, and the protein molecular weight is 11.78 kDa. Gene Ontology (GO) annotation shows that the functions of EXDPF are associated with cell differentiation and exocrine pancreas development, which is mainly based on a previous study conducted in zebrafish (31). In zebrafish, EXDPF has been shown to promote the growth and differentiation of pancreatic exocrine glands while inhibit the growth and secretion function of pancreatic endocrine glands (31).

The role of EXDPF in cancers, especially in ovarian cancer, is still unclear. By knock-down of EXDPF expression, this study showed that EXDPF promoted ovarian cancer cell proliferation and migration in cell cultures, and ovarian cancer tumorigenesis and metastasis in mouse models. The underlying mechanisms of promoting tumorigenesis by EXDPF are associated with enhancing DNA replication signaling pathway.



Materials and Methods


EXDPF Knock-Down

shRNA plasmid for EXDPF knock-down (shEXDPF, cat# sc-105160-SH) and the control plasmid (shCON, cat# sc-108060) were bought from Santa Cruz (Dallas, TX, USA). For knock-down of EXDPF in IGROV1 cells, shEXDPF were delivered into IGROV1 cells at the presence of Polyethyleneimine (PEI, cat#23966-1, Polysciences, Warrington, PA, USA) as a transfection adjuvant. Twenty-four hours after transfection, cells were treated with 1.0 μM puromycin for 5 days. IGROV1 cells transferred with control plasmid were used as the vehicle negative control. Before experiments, EXDPF knock-down or control IGROV1 cells were cultured for 3 to 5 days without puromycin.

Lentivirus expressing shRNA targeting EXDPF were used for knock-down of EXDPF in SKOV3 cells. For lentivirus packaging, 293T cells were co-transfected with shCON or shEXDPF plasmid combining with the two packaging plasmids psPAX2 and pMD2.G at the present of PEI. Cell culture supernatants containing target virus were collected at 48 h and 72 h after transfection for virus collection. Lentivirus expressing shCON (LT-CON) or shEXDPF (LT-EXDPF) were used for infection of SKOV3 cells. Forty-eight hours after infection, SKOV3 cells were treated with 1.0 μM puromycin for a week. LT-CON or LT-EXDPF SKOV3 cells were cultured for 3 to 5 days without puromycin before experiments.



RNA Sequencing

Three pairs of ovarian tumor tissues and the normal ovarian tissues from the same patients of epithelial ovarian cancer (numbered CZ001, CZ003 and CZ004) were derived from primary debulking surgery (PDS). Specifically, normal ovarian tissues were derived from tumor-adjacent tissues or the contralateral normal ovary. Tissues were kept in Nalgene tubes (ThermoFisher Scientific, #5012-0012) containing MACS tissue storage solution (Miltenyi Biotec, #130-100-008) and frozen in liquid nitrogen for storage. All patients have epithelial ovarian cancers and the characteristics including tumor stages and ages of patients are shown in Supplemental Table S1. Total RNA was extracted using TRIzol reagent (Thermo Fisher SCIENTIFIC, MA, USA) and RNA sequencing libraries were prepared using an Illumina Standard library preparation kit as our previous study (32). RNA sequencing was conducted by Shanghai OE Biotech Co., Ltd (Shanghai, China) using the Illumina HiSeqTM 2500 platform. mRNA expression values were normalized as fragments per kilobase of transcript per million mapped reads (FPKM). Statistical analysis was calculated using the DESeq Software Package (bioconductor.org), and P < 0.05 was considered statistically significant. KEGG pathway enrichment analysis was performed to detect the most affected pathways by knock-down of EXDPF. This RNA sequencing raw data could be accessed through National Center for Biotechnology Information (NCBI) at Sequence Read Archive (SRA) suing submission number SUB4998463.



qRT-PCR

Both tumor tissues and normal ovarian tissues from 8 epithelial ovarian cancer patients (numbered CZ001, CZ003, CZ004, CZ008, CZ009, FX002, HFZ002 and HFZ003) as mentioned above and several epithelial ovarian cancer cells (A2780, COV362, ES2, HO8910PM, MACS, IGROV1, SKOV3, SKOV3-LT-CON and SKOV3-LT-EXDPF) were used for total RNA extraction using TRIzol reagent (Thermo Fisher). Specific clinical characteristics of patients are shown in Supplemental Table S1. cDNA was transcribed using a Superscript III Reverse transcriptase kit (Life Technologies) and used to measure the expression levels of target genes by SYBR Green Real-time PCR master mix kit (Takara, Shiga, Japan) on a 7900HT machine (Applied Biosystems, Foster City, CA, USA). The primer pairs used for amplifying corresponding genes were listed in Supplemental Table S2. GAPDH served as a housekeeping gene control. Relative mRNA expression levels of target genes were calculated by dividing Ct value of target genes by Ct value of GAPDH. mRNA expression levels in normal ovarian tissues or SKOV3-LT-CON control cells were normalized to 1.0.



Detection of EXDPF mRNA Expression in Tumors and Normal Tissues in Database

The Human Protein Atlas online database (https://www.proteinatlas.org/) was used to compare EXDPF mRNA expression in 17 kind of human tumors and 36 kind of human normal tissues. The mRNA expression data in tumors was indexed from TCGA database, while in normal tissues was indexed from GTEx database. The gene name PPDPF or EXDPF could be used as search parameter in the searching toolbar and all other parameters were set with default.



EXDPF DNA Alteration Analysis

EXDPF DNA alterations such as amplification, mutation and deletion in different kind of tumors were analyzed in cBioPortal online database (https://www.cbioportal.org/) by searching its gene name PPDPF in Quick Search toolbar and other parameters were set with default.



Relationship Between EXDPF Amplification and Ovarian Cancer Patient Prognosis

Kaplan Meier-plotter online dataset of ovarian cancer database (http://www.kmplot.com/analysis/index.php?p=service&cancer=ovar) was used to analyze the relationship of EXDPF expression and overall survival (OS) of ovarian cancer patients. This online database was generated using gene expression data and survival information of 1287 ovarian cancer patients downloaded from Gene Expression Omnibus and The Cancer Genome Atlas (Affymetrix HG-U133A, HG-U133A 2.0, and HG-U133 Plus 2.0 microarrays) by Balázs Gyorffy and colleagues in 2012 (33). The probe 227994_x_at of PPDPF gene was used for analysis. Auto select best cutoff was chosen as the cut-off value parameter and data of patients at Stage 2, 3 and 4 that represented the late stage patients were selected for analysis.



Western Blot Analysis

To detect the protein levels of EXDPF in control and EXDPF knock-down cells, total proteins were derived by lysing cells with RIPA buffer containing inhibitors of protease and phosphatase (Beyotime, Jiangsu, China). BCA protein assay kit (ThermoFisher Scientific) was used for detection of protein concentrations. Sixty μg total proteins were analyzed using electrophoresis on 10% SDS-PAGE gels followed by blotting onto polyvinylidene fluoride (PVDF) membranes. Anti-EXDPF antibody (#19912-1-AP, Proteintech, Wuhan, China) and anti-GAPDH (#AP0063) (Bioworld Technology, MN, USA) antibody were used for detecting protein expression of EXDPF and GAPDH, respectively. A secondary antibody, goat anti-rabbit IgG (#926-32211, LI-COR) labeled by IRDye 800CW, was used for luminescence by Image Studio Version 5.2 on an Odyssey CLx infrared imaging system (LI-COR).



Cell Proliferation Assay

A total of 1 × 103 control or EXDPF knock-down SKOV3 cells in a volume of 200 μl culture medium (RPMI-1640 containing 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin.) were seeded into 96 well plates. And 1 × 105 control or EXDPF knock-down IGROV1 cells in 2 ml culture medium were seeded into 6 well plates. Cells were detached by trypsin and counted using a hemocytometer every day for up to 5 to 7 days.



IC50 Detection

A total of 1 × 103 control or EXDPF knock-down SKOV3 cells in a volume of 100 μl culture medium were seeded into 96 well plates and cultured overnight. Cells were treated for another 72 h with paclitaxel at serial diluted concentrations from 10,000 nM to 4.57 nM. Cell viability was measured by 3- (4,5-dimethylthiazol-2-yl)- 5- (3-carboxymethoxyphenyl)- 2- (4- sulfophenyl)- 2H-tetrazolium (MTS) using a Cell Proliferation Assay kit (#G5430, Promega, Wisconsin, USA). Untreated cells were used as 100% viability controls and 50% inhibition concentration (IC50) values were calculated.



Colony Growth Assay

A total of 1 × 103 control or EXDPF knock-down cells (IGROV1 or SKOV3) in a volume of 2 ml culture medium were seeded into 6 well plates. After culturing for 10 days in a 5% CO2 incubator at 37°C, cells were fixed with 4% paraformaldehyde and stained with 2% crystal violet. Cell colonies were photographed and counted as a clone based on containing more than 50 cells.



Cell Migration Assay

Cell migration assay was performed as described in our previous publications (32, 34). Briefly, polycarbonate membrane filter with 8 μm pore-transwells (Costar Group, DC, USA) were inserted into 24 well culture plates. A total of 1 × 105 cells were resuspended in 200 μl RPMI-1640 medium without FBS, and seeded into a transwell. Each well of the 24 well plates was filled with 700 μl culture medium. Cells were cultured for another 18 h and fixed with 4% paraformaldehyde follow by staining with 2% crystal violet. Non-migrating cells that remained in the chamber were scraped off with cotton swabs. Migrated cells stuck to the bottom of the transwell membrane were photographed and counted at five random fields under a microscope with a magnification of 200-fold.



Cell Cycle Assay

Control or EXDFP knock-down SKOV3 cells (1 × 105/ml) treated with or without various concentrations of paclitaxel were seeded into 6 well plates in a volume of 2 ml culture medium and cultured for 24 h. Cells were harvested, washed and fixed with 70% ethanol at 4°C for another 24 h. Cells were stained with 50 μg/ml propidium iodide (PI) containing 400 U/ml RNase and detected using a FACSCalibur flow cytometer (BD Biosciences, CA, USA). Cell cycle distributions expressed by PI content were analyzed by FlowJo (FlowJo LLC, OR, USA) or ModFit LT software (Verity Software House, ME, USA).



Cell Apoptosis Assay

Control or EXDFP knock-down SKOV3 cells (1 × 105/ml) treated with or without various concentrations of paclitaxel were seeded into 6 well plates in a volume of 2 ml culture medium and cultured for 24 h. Cells were stained using an Annexin V and PI staining kit (V13242, Thermo Fisher Scientific, MA, USA) and detected on a FACSCalibur (BD Biosciences). Annexin V and/or PI positive apoptotic cells were analyzed using FlowJo software (FlowJo LLC, OR, USA).



Xenograft Nude Mice Models

For the subcutaneous tumor model, 1 × 106 IGROV1 control or EXDPF knock-down cells were injected subcutaneously into the right front flank of 6 - 8 weeks old BALB/c null nude mice. Each group contains 6 mice. Four weeks later, mice were sacrificed. Tumor nodes were removed, photographed and weighed.

For intraperitoneal metastasis tumor model, 1 × 106 SKOV3 control or EXDPF knock-down cells were injected intraperitoneally into the abdomen of 6 - 8 weeks old BALB/c null nude mice. Each group contains 6 mice. In this model, tumor nodes could be formed in multiple abdominal organs or tissues, mainly in small intestinal, colon, mesenterium, liver and muscular tissues of abdominal cavity as showed by previous studies (34–38). Four weeks later, mice were sacrificed. All tumors nodes from abdominal organs or tissues were surgically removed, photographed, counted and weighed.

For the lung metastasis tumor model, 1 × 106 SKOV3 control or EXDPF knock-down cells were injected into the tail vein of 6 - 8 weeks old BALB/c null nude mice. Each group contains 6 mice. Mice were sacrificed six weeks later. Lungs were removed, fixed with 4% paraformaldehyde, embedded in paraffin and cut into 5 μm slices follow by Haematoxylin Eosin (HE) staining. Tumor burdens were analyzed using ImageJ software and expressed as the percentage of areas of tumors to the whole lung.



Statistical Analysis

All experiments were at least triplicated. Statistical data are shown as mean ± standard deviation (SD). Statistical differences between different groups were analyzed using GraphPad Prism 5.0 software (GraphPad Software Inc., CA, USA) by Student’s t-test for Gaussian distribution data and by Mann-Whitney nonparametric test for non-Gaussian distribution data. A p < 0.05 was considered that the difference was statistically significant.




Results


EXDPF Higher Expressed in Ovarian Tumors Compared to Normal Ovarian Tissue Controls

As ovarian cancer is highly heterogenicity, elucidation of novel genes involved in ovarian cancer development is critical for thoroughly understanding the underlying mechanisms of tumorigenesis. By using RNA sequencing, we found that EXDPF is higher expressed in ovarian tumors compared to normal ovarian tissues from the same 3 patients (Figure 1A). This result was confirmed by qRT-PCR in 8 pairs of samples (Figure 1B). Furthermore, we detected the EXDPF gene expression levels in several epithelial ovarian cancer cell lines by qRT-PCR. All tested 7 cell lines (A2780, COV362, ES2, HO8910PM, MACS, IGROV1 and SKOV3) expressed significantly higher EXDPF mRNA than normal ovarian tissues (Figure 1C). Using the Human Protein Atlas online database, this study showed that ovarian cancer had one of the highest mRNA expression levels of EXDPF among 17 tested tumors, while normal ovarian tissues had weak or low expression of EXDPF among 36 normal human tissues (Figure 1D). The cBioPortal online dataset contains DNA Copy Number Alteration (CNA) and mutation data of tumor samples from TCGA database. Here, we showed that EXDPF DNA is amplified in 7.2% tumors of ovarian cancer patients, which is the second highest proportion just lower than that of Uterine tumors of 10.5% (Figure 1E). Based on the above results, we conclude that EXDPF is general highly expressed in ovarian tumors. Then, we investigated the relationship between expression levels of EXDPF and ovarian cancer patient prognosis in Kaplan Meier-Plotter online database. Our study showed that higher expression of EXDPF is significantly correlated with shorter OS of ovarian cancer patients (Figure 1F).




Figure 1 | EXDPF over-expressed in ovarian tumors which correlated positively with poor OS of patients. (A) Total mRNA from three pairs of samples, both epithelial ovarian tumors and ovarian normal tissue controls from the same patients, were used for RNA sequencing. EXDPF mRNA expression levels were presented as fragments per kilobase of transcript per million mapped reads (FPKM). Statistical analysis was tested between ovarian tumors and normal tissues. (B) Eight pairs including the 3 pairs used for RNA sequencing of ovarian tumors and normal ovarian tissue controls were used for total RNA extraction followed by qRT-PCR assay. EXDPF expression levels were present as the ratio of Ct values of EXDPF to that of GAPDH. EXDPF expression levels of normal tissues were normalized to 1.0. Statistical analysis was tested between ovarian tumors and the normal tissue controls. (C) Total mRNA was extracted from seven epithelial ovarian cancer cell lines (SKOV3, IGROV1, MACS, HO8910PM, ES2, COV362 and A2780) and normal ovarian tissues as in panel (B) and detected by qRT-PCR assay as above. Statistical analysis was performed between ovarian cancer cell lines and the normal tissue controls. (D) EXDPF mRNA expression levels in ovarian tumors (upper panel) and normal ovarian tissues (lower panel) indexed from TCGA and GTEx database, respectively, were compared using The Human Protein Atlas online dataset. Rectangle marks ovarian cancer or normal ovarian tissue data. (E) cBioPortal online database was used to detect the DNA Copy Number Alteration (CNA) of EXDPF in 32 different human tumors. Data were indexed from TCGA database. Ovarian cancer had the second highest DNA amplification of EXDPF among these cancers tested. Red bar represents DNA amplification and green bar represents DNA mutation. (F) Kaplan Meier-Plotter online database was used to analyze the relationship between EXDPF mRNA expression levels and ovarian cancer patient overall survival (OS). Red line shows the samples with higher EXDPF expression levels while black line with lower EXDPF expression levels. Data are presented as mean ± SD. **p < 0.01; ***p < 0.001.





EXDPF Promotes Ovarian Cancer Tumorigenesis and Metastasis

To investigate the role of EXDPF in ovarian cancer development, we knock-down EXDPF expression in two cell lines that have the highest mRNA expression levels of EXDPF among all cell lines tested in this study. A plasmid expressing shRNA targeting EXDPF was used for temporary knock-down of EXDPF in IGROV1 cells. And lentivirus expressing shRNA targeting EXDPF was used for permanently knock-down of EXDPF in SKOV3 cells. EXDPF mRNA expression levels were decreased more than 90% percent in both IGROV1 and SKOV3 cells (Figure 2A). The decrease of protein levels of EXDPF was validated by Western blotting (Figure 2B).




Figure 2 | Knock-down of EXDPF inhibits ovarian cancer tumorigenesis. (A) EXDPF mRNA expression levels in IGROV1 (left panel) and SKOV3 (right panel) cells were knock-down by shRNA plasmid (shEXDPF) and lentivirus expressing shRNA targeting EXDPF (LT-EXDPF), respectively. IGROV1 transfected with control plasmid (shCON) and SKOV3 infected with control lentivirus (LT-CON) served as negative controls. (B) Decreased EXDPF protein levels caused by RNA interference in IGROV1 (left panel) and SKOV3 (right panel) cells were detected by Western Blotting. (C) EXDPF knock-down and control IGROV1 (left panel) or SKOV3 (right panel) cells were cultured and counted for successive 5 to 7 days. Cell numbers were compared between EXDPF knock-down and control groups at each day. (D) One thousand of IGROV1 and SKOV3 cells, both EXDPF normal expression control (shCON and LT-CON, respectively) or knock-down (shEXDPF and LT-EXDPF, respectively) cells, were seeded into 6 well plates and cultured for 10 days for colony counting. Representative images of colonies in a well of 6 well plates were shown in the left panels, and statistical data were shown in the right panels. (E) For detection of the ability of cell migration, 1 × 105 EXDPF knock-down or control cells as elucidated in panel (D) were seeded into a well of transwells and plated into 24 well plates. Transferred cells were counted after a culture duration of 18 h. The left panels show the representative images and the right panels show the statistical data compared between EXDPF knock-down and control groups. Images were token by a microscope under 200-fold magnitude. (F) BALB/c null nude mice were subcutaneously inoculated with 1 × 106 EXDPF knock-down (shEXDPF group) or control (shCON group) IGROV1 cells. Mice were sacrificed 4 weeks later and tumors were collected and weighed. Tumor images were shown in left panel. Statistical data of tumor weights were shown in the right panel. (G) EXDPF knock-down (LT-EXDPF group) or control (LT-CON group) SKOV3 cells were inoculated intraperitoneally into nude mice at the amount of 1 × 106. Four weeks later, mice were sacrificed and tumor nodes from the abdominal organs or tissues of each mouse were removed to a 6 cm dish, photographed and weighed. Tumor images were shown in the upper panel while statistical analysis of tumor numbers and tumor weights were shown in the lower panels. (H) 1 × 106 EXDPF knock-down (LT-EXDPF group) or control (LT-CON group) SKOV3 cells were injected into nude mice through tail vein. Six weeks later, mice were sacrificed and lungs were derived, fixed with 4% paraformaldehyde and sliced into 5 μm sections followed by HE staining. The upper left panel is the scan images of whole lungs. The upper middle and right panels are a 7- and 28-fold magnitude zoomed images of the rectangle marked areas in the left and middle panels, respectively. Arrows within each sample marked the same tumor. The tumor burden was defined as the percentage of tumor areas to the whole lung areas. Statistical analysis of tumor burdens between mice inoculated with EXDPF knock-down and control SKOV3 cells was shown in the lower panel. Statistic data are presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.



One of the key roles of cancer cells is the high ability of proliferation. So, we detected the effect of EXDPF knock-down on ovarian cancer cell proliferation. As shown in Figure 2C, knock-down of EXDPF significantly inhibited proliferation of both IGROV1 and SKOV3 cells. Also, the colony growth ability of IGROV1 and SKOV3 cells was tremendously inhibited by EXDPF knock-down (Figure 2D). Transwell assay was used to measure the effect of EXDPF on migratory ability of ovarian cancer cells. EXDPF knock-down largely hampered IGROV1 and SKOV3 cell migration (Figure 2E).

Xenograft in BALB/c null nude mice is a widely used animal model for investigation of tumor development in vivo. Here, we compared the tumor growth ability in nude mice of EXDPF knock-down and the control IGROV1 cells inoculated subcutaneously. As expected, the weights of tumors grown from EXDPF knock-down cells (0.19 ± 0.18 gram) were significantly decreased compared to that from control IGROV1 cells (1.14 ± 0.69 gram), p = 0.0003 (Figure 2F). Inoculating cancer cells intraperitoneally could, at least to some extent, mimic ovarian cancer growth and metastasis in abdomen. In this study, SKOV3 cells with or without EXDPF knock-down were injected into the abdominal cavity of nude mice. Four weeks later, all tumor nodes from the organs or tissues of abdomen were collected, counted and weighed. As shown in Figure 2G, knock-down of EXDPF in SKOV3 cells strongly decreased tumor counts (6.83 ± 2.23 vs. 25.00 ± 4.98, p < 0.0001) and weights (0.71 ± 0.51 gram vs. 1.68 ± 0.71 gram, p = 0.0152) in nude mice compared to the control cells. Injection of tumor cells into mice through the tail vein is a good model of lung metastasis. Here, one million EXDPF knock-down or control SKOV3 cells were injected intravenously into the nude mice. Six weeks later, mice were sacrificed and lungs were removed followed by HE staining for tumor nodes detection. Tumor burden, presented by the percentage of tumor area to the whole lung area, of mice inoculated with EXDPF knock-down SKOV3 cells was extremely lower than that of control mice (0.52 ± 0.37 vs. 39.71 ± 10.14, p = 0.0026) (Figure 2H).



Knock-Down of EXDPF Sensitized SKOV3 Cells to Paclitaxel Therapy

Synthetic lethality is an effective therapeutic strategy against cancer. Here, we detected the synthetic effect of EXDPF knock-down and paclitaxel chemotherapy. The data showed that when SKOV3 control cells treated alone with paclitaxel, there were only about 5% of Annexin V staining positive apoptotic cells at high dose (1 μM) of paclitaxel (Figure 3A). However, the apoptotic cells rose to more than 10% in EXDPF knock-down SKOV3 cells when treated with even low dose (0.1 μM) of paclitaxel (Figure 3A). PI staining showed more percentage of cells with DNA degradation in EXDPF knock-down SKOV3 cells treated with serial diluted paclitaxel from 1 μM to 0.01 μM compared to control cells (Figure 3B). We then hypothesized that EXDPF knock-down could decrease the IC50 of paclitaxel on SKOV3 cells. Indeed, the IC50 of paclitaxel on EXDPF knock-down SKOV3 cells is 3.03 nM which is 22.5-fold lower than that of 68.3 nM on SKOV3 control cells (Figure 3C). These data demonstrated the positive synthetic effect of EXDPF knock-down combined with paclitaxel treatment.




Figure 3 | Knock-down of EXDPF sensitized SKOV3 cell to paclitaxel treatment. (A) EXDPF knock-down (LT-EXDPF group) or control (LT-CON group) SKOV3 cells were treated with or without 0.1 or 1 μM paclitaxel (PAC) for 24 h. Cell apoptosis was detected by Annexin V and PI staining assay. Annexin V and/or PI positive cells represent the apoptotic cells. Representative images are shown in the left panel and statistical data are shown in the right panel. LT-CON PAC 0.1: LT-CON cells treated with 0.1 μM paclitaxel. LT-EXDPF PAC 0.1: LT-EXDPF cells treated with 0.1 μM paclitaxel. LT-CON PAC 1: LT-CON cells treated with 1 μM paclitaxel. LT-EXDPF PAC 1: LT-EXDPF cells treated with 1 μM paclitaxel. (B) EXDPF knock-down (LT-EXDPF group) or control (LT-CON group) SKOV3 cells were treated with or without 0.01, 0.1 or 1 μM paclitaxel for 24 h. Cell cycle distribution was detected by PI staining. Representative data and statistical data are shown in the left and right panel, respectively. SubG1, subG1 apoptotic cell phase. G1: G0/G1 phase. S: S phase. G2: G2/M phase. PAC 0.01, PAC 0.1 and PAC 1: cells treated with paclitaxel at the concentration of 0.01, 0.1 and 1 μM, respectively. (C) A total volume of 100 μl culture medium contain 2 × 103 EXDPF knock-down (LT-EXDPF group) or control (LT-CON group) SKOV3 cells were seeded into 96 well plates and treated with serial diluted paclitaxel at concentrations from 10,000 to 4.57 nM for 72 h. Cell viability was measured by MTS assay and IC50s were calculated. The statistical difference of IC50s between EXDPF knock-down (LT-EXDPF group) and control (LT-CON group) SKOV3 cells was analyzed. Statistic data are presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.





EXDPF Promotes Ovarian Tumorigenesis Through Enhancing DNA Replication

To investigate the underlying mechanisms of EXDPF promoting ovarian cancer development, we used whole genome mRNA sequencing to compare the genomic mRNA expression pattern in EXDPF knock-down and control SKOV3 cells. KEGG pathway enrichment analysis showed that DNA replication pathway had the highest probability affected by EXDPF knock-down (Figure 4A). In DNA replication pathway, mRNA expression levels of 16 genes (PCNA, MCM3, MCM2, FEN1, MCM7, MCM4, MCM5, LIG1, POLD1, RPA1, MCM6, PRIM1, POLD3, DNA2, POLA1 and POLE2) were significantly decreased and 1 gene was increased (RNASEH2B) upon EXDPF knock-down (Figures 4B, C). We used qRT-PCR assay to validate the above 17 and EXDPF gene expression levels. The qRT-PCR experimental results were highly consistent with mRNA sequencing data (Figure 4D).




Figure 4 | EXDPF promotes DNA replication in ovarian cancer. (A) Total mRNA from triplicated EXDPF knock-down (LT-EXDPF) and control (LT-CON) SKOV3 cells were used for whole genome mRNA sequencing. KEGG pathway enrichment shows the most significant altered pathways. Arrow points to the DNA replication pathway that has the lowest p value. (B) Heat map shows the 17 significantly altered genes enriched in DNA replication pathway. LT-CON: control SKOV3 cells. LT-EXDPF: EXDPF knock-down SKOV3 cells. (C) FPKM values indicate mRNA expression levels of the 17 significantly altered genes and EXDPF gene from the RNA sequencing assay. LT-CON: control SKOV3 cells. LT-EXDPF: EXDPF knock-down SKOV3 cells. (D) qRT-PCR was used to validate the mRNA expression of the 17 significantly altered genes and EXDPF gene in LT-EXDPF and LT-CON SKOV3 cells. Relative expression of genes in LT-CON control cells was normalized to 1.0. (E) PI staining was used to detect cell cycle distribution of LT-EXDPF and LT-CON SKOV3 cells. The left panel shows the representative data and the right panel shows the statistical analysis of differences between LT-EXDPF and LT-CON groups. G0/G1: G0/G1 phase. S: S phase. G2/M: G2/M phase. (F) Flowchart of genes affected by EXDPF knock-down in DNA replication pathway was derived from KEGG pathway enrichment analysis in panel (A). The left panel shows the flowchart model of DNA replication. And the right panel shows genes involved in DNA replication. Green background indicates down-regulation while red background indicates up-regulation of mRNA expression levels of genes in SKOV3 cells upon EXDPF knock-down. (G) DNA replication pathway was up-regulated in ovarian cancer tissues compared to normal ovarian tissue controls. As indicated in Figure 1A, total mRNA from three pairs of samples, both epithelial ovarian tumors and ovarian normal tissue controls from the same patients, were used for RNA sequencing. mRNA expression levels of genes involving in DNA replication pathway were presented as fragments per kilobase of transcript per million mapped reads (FPKM). Statistical analysis was tested between ovarian cancer tissues and normal tissues. * p < 0.05; ** p < 0.01; *** p < 0.001.



As knock-down of EXDPF highly decreased DNA replication pathway, which indicated DNA replication could be inhibited and cell cycle arrested upon lower expression of EXDPF. We detected cell cycle distribution of SKOV3 cells with or without EXDPF knock-down by FACS using PI staining. As expected, the percentage of EXDPF knock-down cells at S phase was significantly decreased while at G0/G1 phase was significantly increased (Figure 4E). Here, we show the summary flowchart of DNA replication pathway analyzed by KEGG pathway enrichment assay in Figure 4F. Also, we measured the expression levels of the above indicated 17 genes in human ovarian cancer tissues. As shown in Figure 4G, more than half of these genes are statistically over-expressed in ovarian cancer tissues compared to the normal ovarian tissue controls. In conclusion, these results demonstrated that knock-down of EXDPF significantly inhibited DNA replication in ovarian cancer cells.




Discussion

An estimated about 62.6% - 66.0% ratio of death to incidence each year in ovarian cancer according to the GLOBOCAN reports, makes it the highest mortality rate and the fifth leading cause of death that accounts for 5% of death among gynecological malignancies (2, 4). Although novel therapeutic reagents, such as PARP inhibitors and anti-PD-1 and/or anti-PD-L1 antibodies, have been tested during these two decades, the five-year OS of ovarian cancer patients still just remains to 30 – 40 percent. One key cause that blocks developing novel efficient therapeutics to largely improve OS of ovarian cancer patients is the high heterogenicity of ovarian cancer, making it very hard to thoroughly uncover the underlying mechanisms associated with tumorigenesis. As ovary is an endocrine organ, we assume that dysfunction of endocrine could be associated with ovarian cancer tumorigenesis. EXDPF was demonstrated to promote the growth and differentiation of pancreatic exocrine glands while inhibit the growth and secretion function of endocrine glands in zebrafish (31). To measure the expression levels of EXDPF in ovarian cancer, 20 female patients with epithelial ovarian cancers were enrolled at the initial diagnosis. And only 8 patients got both tumor tissues and normal ovarian tissues. Pairs of tumor tissues and normal ovarian tissue controls from 3 out of these 8 patients were used for RNA-sequencing. All samples from these 8 patients were used for qRT-PCR to confirm the RNA-sequencing data. In this study, we showed that EXDPF is significantly higher expressed in ovarian tumors compared to normal ovarian tissues of the same patients. Consistent with our observation, a previous study showed high expression of EXDPF in hepatocellular carcinoma (39). The role of EXDPF in development of cancers especially ovarian cancer is still unknown. Except to exploring expression levels and functions of EXDPF by RNA-sequencing and qRT-PCR, public available databases containing a large number of samples were used to confirm our study results. We validated the high expression of EXDPF in ovarian tumors while low expression in normal ovarian tissues using the Human Protein Atlas dataset. Also, EXDPF DNA amplification could be detected in 7.2% ovarian tumors according to the cBioPortal online database. These results validated the high expression of EXDPF in ovarian cancer. To investigate the effect of EXDPF overexpression on clinical prognosis of ovarian cancer patients, we used the Kaplan Meier-Plotter online database to study the relationship of EXDPF expression levels to the OS of patients. The results showed that higher EXDPF expression correlated positively with poor OS of ovarian cancer patients. Together, these results demonstrated that EXDPF was over-expressed in ovarian tumors and correlated with poor OS of ovarian cancer patients.

As high EXDPF expression correlates with poor OS of ovarian cancer patients, it is meaningful to elucidate the functions of EXDPF in ovarian cancer. siRNA interference assays were used to knock-down EXDPF expression in IGROV1 and SKOV3 cells, which had the highest EXDPF mRNA expression levels among all tested cell lines in this study. EXDPF expression was knock-down temporarily in IGROV1 cells by shRNA expressing plasmid while permanently in SKOV3 cells by lentivirus expressing shRNA targeting EXDPF mRNA. By these methods, EXDPF mRNA expression levels were decreased more than 90% both in IGROV1 and SKOV3 cells. High abilities of proliferation, colony growth and migration are the basic properties of cancer cells. Our in vitro study showed that knock-down of EXDPF highly inhibited IGROV1 and/or SKOV3 cell proliferation, colony growth and migration. These data demonstrated EXDPF to be a pro-oncogene in ovarian cancer. Inoculation of cancer cells into BALB/c null nude mice to develop xenografts is a widely used assay to investigate the characteristics of cancer cells in vivo. We injected IGROV1 cells with or without knock-down of EXDPF subcutaneously into nude mice to measure tumor growth in mouse models. The results showed that knock-down of EXDPF significantly inhibited tumor growth. We also injected EXDPF knock-down or control SKOV3 cells into the abdominal cavity of nude mice to mimic human ovarian tumor growth and metastasis of advanced disease patients who usually accompanied with abdominal tumor metastasis. This model is widely adopted in ovarian cancer metastasis studies even though it cannot differentiate primary tumor cell dissemination from metastasis nodes (34–38). In this model, tumor node numbers correlated positively with migratory ability while total tumor weights correlated positively with proliferation ability of cancer cells. Our results showed that EXDPF knock-down strongly inhibited both tumor node numbers and tumor weights. Cancer cells injected into nude mice via tail vein is a widely used model to assess tumor growth and metastasis in the lungs of mice. Here, we also adopted this model to detect the effect of EXDPF knock-down on SKOV3 cells. Tumor burden presented as ratio of tumor areas to the whole lung areas correlated positively with cancer cell proliferation and migratory abilities. The results also showed that knock-down of EXDPF strongly inhibited tumor growth and metastasis in the lungs of nude mice. The above data demonstrated that EXDPF contributed to tumor growth and metastasis of ovarian cancer. Also, a previous study showed that circ-FOXM1 increased non-small cell lung cancer (NSCLC) cell proliferation and migration through upregulating the protein level of EXDPF and metastasis-associated in colon cancer 1 (MACC1) (40). That study showed that EXDPF involve in tumor development, while the functions of EXDPF in cancers were unclear. Then we wonder if knock-down of EXDPF could sensitize ovarian cancer cells to paclitaxel therapy. Here, we found that EXDPF knock-down SKOV3 cells exhibited higher percentage of Annexin V positive and DNA degraded apoptotic cells detected by FACS assay. The IC50 of paclitaxel in EXDPF knock-down SKOV3 cells was 22.5-fold lower than that of control cells. This means that combination of EXDPF knock-down and paclitaxel chemotherapy has positive synthetical antitumor efficacy. So, EXDPF may be a potential target candidate for ovarian cancer therapies.

To elucidate the underlying mechanisms of promoting ovarian cancer development by EXDPF, we sequenced mRNA from EXDPF knock-down and the control SKOV3 cells. KEGG pathway enrichment analysis showed that EXDPF knock-down mostly inhibited DNA replication pathway. Sixteen genes (PCNA, MCM3, MCM2, FEN1, MCM7, MCM4, MCM5, LIG1, POLD1, RPA1, MCM6, PRIM1, POLD3, DNA2, POLA1 and POLE2) were significantly decreased and 1 gene (RNASEH2B) increased in this pathway upon knock-down of EXDPF. It is rational that EXDPF knock-down could inhibit cell cycle progress by decrease DNA synthesis. As expected, EXDPF knock-down SKOV3 cells had higher percentage at G1 phase while lower percentage at S phase. Furthermore, using human ovarian cancer tissues and the normal ovarian tissues from the same patients, we demonstrated that DNA replication pathway associated genes were statistically over-expressed in ovarian tumors. In general, these results demonstrated that EXDPF mediated DNA replication in ovarian cancer.



Conclusions

In summary, this study thoroughly demonstrated that EXDPF promoted ovarian cancer tumorigenesis and metastasis. The underlying mechanisms are associated with enhanced DNA replication induced by EXDPF. EXDPF could be a novel therapeutic target for ovarian cancer therapies.
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Our hypothesis was that the predictive accuracy of pathogenic variants in genes participating in the homologous recombination repair (HRR) system in patients with epithelial ovarian cancer (EOC) could be improved by considering additional next-generation sequencing (NGS) metrics. NGS genotyping was performed in tumor tissue, retrospectively and prospectively collected from patients with EOC, diagnosed from 8/1998 to 10/2016. Variants were considered clonal when variant allele frequencies corresponded to >25%. The primary endpoint was overall survival (OS). This study included 501 patients with EOC, predominantly with high-grade serous (75.2%) and advanced stage tumors (81.7%); median age was 58 years (22-84). Pathogenic and clonal pathogenic variants in HRR and/or TP53 genes were identified in 72.8% and 66.5% tumors, respectively. With a median follow-up of 123.9 months, the presence of either pathogenic or clonal pathogenic HRR-only variants was associated with longer OS compared to HRR/TP53 co-mutation (HR=0.54; 95% CI, 0.34-0.87, Wald’s p=0.012 and HR=0.45; 95% CI, 0.27-0.78, Wald’s p=0.004, respectively). However, only the presence of clonal HRR-only variants was independently associated with improved OS (HR=0.55; 95% CI, 0.32-0.94, p=0.030). Variant clonality and co-occuring TP53 variants affect the predictive value of HRR pathogenic variants for platinum agents in patients with EOC.


Clinical Trial Registration

[ClinicalTrials.gov], identifier [NCT04716374].
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Introduction

Precision oncology uses tumor histopathology, genomic/molecular alterations and immune profile, in combination with patient’s clinical characteristics and comorbidities to select the optimal treatment (1). Ovarian cancer is one of the characteristic clinical settings, where precision medicine has led to a significant improvement in patient outcomes. Specifically, tumor and germline testing provide clinically relevant information for the use of innovative treatments, including poly ADP-ribose polymerase (PARP) inhibitors and immunotherapy (1–4). On this basis, the American Society of Clinical Oncology (5), the National Cancer Comprehensive Network (6), the Society of Gynecologic Oncology (7) and the European Society of Medical Oncology (8) recommend the implementation of tumor molecular profiling at the time of diagnosis of epithelial ovarian cancer (EOC).

These recommendations focus on the identification of pathogenic tumor and/or germline variants (mutations) in BRCA1/2 and other genes participating in the homologous recombination repair (HRR) of double-strand DNA breaks. When these genes are non-functional, cells develop homologous recombination repair deficiency (HRD) and are rendered sensitive to platinum-based chemotherapy (9, 10) and PARP inhibition (11). The first approvals of PARP inhibitors in patients with recurrent disease (12, 13) were based on pathogenic BRCA1/2 mutations. In recurrent platinum sensitive disease, initial response to platinum treatment was the most consistent parameter associated with response to PARP inhibitors (14–16). Based on these data, PARP inhibitors have been approved as maintenance treatment of adult patients with recurrent epithelial ovarian, fallopian tube, or primary peritoneal cancer, who are in a complete or partial response to platinum-based chemotherapy (17, 18). Thus, the clinical phenotype, i.e., platinum sensitivity, appears to be a surrogate for response to PARP inhibitors in EOC, in the absence of reliable HRD testing (19–21). As these drugs are now being used as front-line treatment (21), and since more than 70% of patients does not respond to therapy or progresses soon after standard platinum-based chemotherapy or during maintenance therapy with PARP inhibitors (20), it is critical to improve currently used markers predictive of platinum sensitivity.

Tumor molecular profiling, which is performed in routinely processed formalin-fixed paraffin-embedded (FFPE) tissues, is recommended for newly diagnosed EOC. The presence of a pathogenic BRCA1/2 or any HRR gene mutation in a tumor is not synonymous and interchangeable with HRD, and it does not necessarily signify a non-functional gene status (22, 23). Guidelines for reporting and interpreting the clinical relevance of e.g., BRCA1/2 variants in tumors usually focus on the accurate annotation of variant pathogenicity and on increasing the sensitivity of variant detection, by taking into account the variant load (24, 25), or without such consideration (26). However, a higher rate of a pathogenic allele in a tumor would indicate the presence of a clonal alteration driving tumor evolution (27) and in the case of HRR genes, loss of function. Additionally, the clinical relevance of HRR co-mutations has seldom been addressed in EOC (28), even though this phenomenon is common in this context (29).

Here, we hypothesized that the mere presence of pathogenic variants in genes participating in the HRR system cannot sufficiently predict benefit from platinum-based chemotherapy and improved patient outcomes. In this context, we retrospectively examined the mutational profile of EOC and assessed additional variant parameters that are obtained with next-generation sequencing (NGS), including load of pathogenic HRR variant in the examined samples, and concurrent pathogenic variants in HRR genes and TP53 to assess whether these parameters could provide more reliable information on predicting response to platinum agents compared to HRR pathogenic variants alone.



Materials and Methods


Patients

Patients with epithelial ovarian adenocarcinoma with archival tumor tissue available for analysis were identified through the Hellenic Cooperative Oncology Group (HeCOG)’s tumor repository. Patients had been diagnosed from 8/1998 to 10/2016 and had received treatment at HeCOG-affiliated institutions following standard international guidelines. Patient demographics, tumor histopathological characteristics, treatment regimens and outcome data were recorded from the HeCOG electronic clinical database.



Samples and Genotyping

Tumor tissue processing and all NGS genotyping were performed at the Laboratory of Molecular Oncology (Hellenic Foundation for Cancer Research/AUTH). Paraffin H&E sections from the retrieved tissue blocks were centrally reviewed for tumor histology and tissue adequacy for DNA extraction and were marked for macrodissection along with tumor DNA content [(former tumor cell content (TCC%)] assessment (30, 31). DNA was extracted from macrodissected tissue fragments with the QIAamp® DNA mini kit (Qiagen, Hilden, Germany), measured in a Qubit fluorometer (Thermo Fisher Scientific, Paisley, UK), and genotyped with NGS in an Ion Torrent Proton sequencer (Thermo Fisher Scientific) by using a previously published custom panel (32). Following stringent variant quality filtering (30), 500 tumors were considered for analysis, with median TCC 68.3% (interquartile range [IQR] 53.3% – 80%), average mean depth at 3854 (IQR 2166.5 – 5379.5) and average uniformity of 86.03% (IQR 81.15% – 89.59%). The same panel was applied for germline DNA genotyping in patients with available peripheral blood samples, yielding 247 technically informative samples.



Variant Classification

The ~59000 informative variants were annotated with ANNOVAR (33) v. March 2019. Amino acid and splice site changing variants with minor allele frequencies <0.1% in the European population were considered as mutations. Of these, pathogenic variants were called based on COSMIC, CLINSIG and fathmm scores. The present analysis was restricted in HRR (ATM, BRCA1, BRCA2, CHEK2, FANCD2, MRE11A, PALB2, RAD50) and TP53 gene variants. Pathogenic variants were further classified as clonal for stringently obtained variant allele frequencies (VAFs) corresponding to >25% (34), and position-loss of heterozygocity (LOH) for VAFs corresponding to >65% (35, 36) of 0.5XTCC% (30). The subset of clonal pathogenic variants included position-LOH and that of pathogenic variants included both clonal and position-LOH, with a respectively aggravating impact in terms of gene deactivation. Although this is only an approximate estimation of the variant load in an FFPE tumor sample, it may still be informative for the assessment of clinical samples on a routine basis (31, 35, 36).

Based on the panel targets (32), HRR pathogenic variants might have been missed in both tumors and blood samples. Therefore, in patients with informative blood samples, germline status was considered for those who tested positive with the custom panel in matched blood/tumor samples, as well as for those who had genetic test results with a multigene panel (37). In cases without matched blood samples, known cancer predisposing variants in the targeted genes with sample VAFs >65% independently of TCC% were considered as suspected germline variants.



Statistical Analysis

Patient, tumor characteristics and mutation classes were summarized using descriptive statistics, including counts with the corresponding percentages (for categorical variables) and medians with ranges (for continuous variables). The chi-square test was used for comparisons of categorical data and the Kruskal-Wallis or the Wilcoxon rank-sum test for comparisons between categorical and continuous variables. Overall survival (OS) was defined as the time from ovarian cancer diagnosis to the date of death from any cause. Alive patients were censored at the last follow-up date. Progression free survival (PFS) was defined as the time from initiation of first-line chemotherapy to the first documented progression, death from any cause or last contact, whichever occurred first and was estimated only among patients treated with first-line chemotherapy. Time-to-event endpoints were assessed in the entire cohort upon exclusion of patients with mucinous tumors and separately among patients with high grade serous tumors of advanced stage (III or IV), using the Kaplan-Meier product limit method. The complementary log-log transformation was used to calculate the 95% confidence intervals (CI) for the median values and the log-rank test was performed for comparison of survival distributions. Our analysis focused on patients with HRR and/or TP53 pathogenic variants. The effect of clinicopathological parameters of interest (age, stage, histology, performance status (PS), family history of cancer) and of the presence of (clonal) pathogenic variants in HRR/TP53 genes on OS and PFS was estimated by univariate Cox regression models. Departures from the proportional hazards assumption were assessed using time dependent covariates. The group of patients with (clonal) pathogenic variants in both HRR and TP53 genes was used as the reference group and was compared to the group of patients with a) HRR-only and b) TP53-only variants. Because of the aforementioned selective targeting by the applied panel, our analysis was limited to the subgroup of patients whose tumors harbored variants in these genes. Multivariate models adjusting for age, stage (I-II, III-IV), PS (0, 1-3) and histology (high grade serous vs. other) were applied to estimate the independent effect of (clonal) pathogenic variants on patients’ outcomes. In the subpopulation of patients with high grade serous tumors of advanced stage, the effect of (clonal) pathogenic variants was adjusted for age and PS only. All tests were two-sided at a 5% level of significance. Analysis was performed using the SAS (version 9.3, SAS Institute Inc., Cary, NC) software.




Results


Patient Clinicopathological Characteristics

In total, 501 patients with ovarian adenocarcinoma were included in the study. Median age at ovarian cancer diagnosis was 58 years (range 22-84). Tumor histological types included predominantly high-grade serous (n=377 patients, 75.2%), followed by endometrioid (n=58, 11.6%) and clear cell carcinomas (n=30, 6%). All except 3 patients (of 488 patients with available data) underwent surgery at initial diagnosis, most commonly total abdominal hysterectomy with bilateral salpingo-oophorectomy (392 patients, 82%). Residual disease <2cm was reported in 71% (218 of 307 with available data) patients. Patient clinicopathological characteristics are summarized in Table 1.


Table 1 | Patient and tumor characteristics.





Tumor Molecular Profiling

Among 500 informative tumors, pathogenic variants in any gene of the panel were identified in 406 (81.2%); of these, 364 (89.7%) had pathogenic variants in HRR and/or TP53 genes (Figure 1A). The most frequently affected genes were TP53 in 324 (of 500, 64.8%) and BRCA1 in 135 (27%) tumors, while pathogenic variants in all examined HRR genes were observed in 157 (31.4%) tumors. Clonal variants in HRR and/or TP53 genes were identified in 330/496 (66.5%) tumors. Clonal TP53, BRCA1 and HRR gene variants were observed in 292 (58.4%), 94 (18.8%) and 108 (21.6%) tumors, respectively. Position-LOH was observed in 201/495 (40.6%) tumors. TP53 was affected in 160 (of 500 informative tumors, 32%), BRCA1 in 60 (of 498 informative, 12.0%), and HRR genes in 66 (of 495 informative, 13.3%) tumors.




Figure 1 | Description and distribution of alterations in HRR and TP53 genes. (A) Incidence of alterations for each studied gene and for grouped HRR genes. Variants were classified as pathogenic, by simple presence, and as clonal or position-LOH, based on mutation and tumor DNA load in the examined sample. X-axis: number of affected tumors. Percentages are shown for rates >5% among all tumors with pathogenic variants (n=406). (B) Distribution of TP53/HRR gene co-mutations in the same tumor, among tumors bearing the same class of alteration in any of these genes. (C) Distribution of multiple HRR gene pathogenic variants in the same tumor, among tumors bearing the same class of alteration in these genes. (D) Map showing profiled HRR and TP53 gene mutations among tumors bearing any class of alterations in these genes, in comparison to germline mutation status and standard clinicopathological parameters. Up or down showing arrows: non-BRCA1 alterations. Tumors with only TP53 mutations and non-mutated tumors were not included in this chart.



The majority of tumors had one pathogenic variant, while 174 (34.8%) tumors had ≥2 variants. Simultaneous presence of pathogenic HRR and TP53 variants was observed in 117 of 364 (32.1%) tumors with alterations in these genes. The simultaneous presence of the same alteration class in TP53 and HRR genes declined from pathogenic to clonal to position-LOH (Figure 1B). Similarly, among the 157 tumors bearing alterations in HRR genes, multiple pathogenic, clonal and position-LOH alterations in the same or in different genes were observed with respectively declining incidence (Figure 1C).

The profiles of HRR gene alteration classes in the 157 affected tumors are shown in Figure 1D. Among these tumors, the majority (117/157, 74.5%) had simultaneous pathogenic TP53 alterations. In addition, alterations in ≥2 HRR genes were observed in 62/157 (39.5%) of all HRR affected tumors and in 45/117 (38.5%) of HRR/TP53 co-mutated tumors. Only 19/157 (12.1%) HRR affected tumors had non-BRCA1 pathogenic variants in single HRR genes (10 BRCA2, 5 CHEK2, 3 ATM and 1 BLM), precluding separate statistical analysis on single HRR genes co-mutated with TP53. This map also shows the strong association between clonal pathogenic HRR variants and positive germline status, validated (chi-square p<0.0001) and validated/suspected (Fisher’s exact p<0.0001). However, these results cannot be generalized because these only pertain to the subgroup of 86 patients with known germline status (17.2% of the cohort).

Regarding all tumors informative for HRR and TP53, pathogenic HRR/TP53 variants were observed in 117 (32.1%) of 364 tumors, while clonal HRR/TP53 in 70 (21.2%) of 330 tumors.

In the entire cohort, the presence of pathogenic variants in both HRR and TP53 genes was associated with advanced stage disease (p=0.024). Patients carrying tumors with clonal TP53-only pathogenic variants were of older age as compared to those with HRR-only clonal pathogenic variants (median age: 59.3 vs. 52.2, Wilcoxon rank-sum p<0.001) or clonal pathogenic co- variants in HRR/TP53 genes (median age: 59.3 vs. 54.9, p=0.020). Tumors with position LOH and clonal variants were more frequent in high-grade serous ovarian cancer (HGSOC) (both p-values <0.001) (Supplementary Table 1).



Clinical Outcomes


All Patients

Survival analysis was performed after excluding patients with mucinous tumors. At the time of analysis, with a median follow-up of 123.9 months (95% CI 115.9-132.1), 308 deaths had occurred. Among 474 patients with available data, the median OS was 66.8 months (95% CI 58.2-75.2). Increasing age, higher stage (stage III-IV vs. I-II), histology (HGSOC vs. other) and performance status (1-3 vs. 0) were associated with shorter OS univariately (Supplementary Table 2).



Patients With HRR and/or TP53 Mutated Tumors, Excluding Mucinous

Importantly, the presence of both pathogenic and clonal HRR-only variants was associated with longer OS compared to HRR/TP53 co-mutation (HR=0.54; 95% CI, 0.34-0.87, Wald’s p=0.012, Figure 2A, and HR=0.45; 95% CI, 0.27-0.78, Wald’s p=0.004, Figure 2B, respectively).




Figure 2 | (A) Overall survival based on the presence of HRR and/or TP53 pathogenic variants (excluding mucinous tumors). (B) Overall survival based on the presence of HRR and/or TP53 clonal pathogenic variants (excluding mucinous tumors). (C) Forest plot of hazards ratios showing the risk of death for patients with HRR and/or TP53 clonal pathogenic variants upon adjustment for clinicopathological parameters (excluding mucinous tumors). *Statistically significant parameters.



In multivariate analysis, the presence of pathogenic variants did not retain its favorable prognostic significance for OS (HR=0.69; 95% CI, 0.43-1.12, p=0.14). On the contrary, the presence of clonal HRR-only variants was independently associated with improved OS (HR=0.55; 95% CI, 0.32-0.94, p=0.030) (Figure 2C).

PFS analysis was also performed in patients without mucinous tumors who received first-line platinum-based treatment. Among 452 patients, 339 progressed (75%) at a median PFS of 24.9 months (95% CI 22.1-31.5). Both the presence of pathogenic and clonal HRR-only variants compared to HRR/TP53 co-mutations was univariately associated with longer PFS (HR=0.56; 95% CI, 0.36-0.88, p=0.012 and HR=0.56; 95% CI, 0.34-0.93, p=0.023, respectively), but did not remain independently significant in multivariate analysis (details in Table 2).


Table 2 | Cox regression analysis with respect to OS and PFS in patients with HRR and/or TP53 pathogenic variants.



Even though the primary analysis focused on patients with pathogenic variants in HRR and/or TP53 genes, we further evaluated our results in the entire cohort including patients carrying tumors without any pathogenic variants or with pathogenic variants in other genes. The replication of the analysis in the entire cohort yielded results consistent with the ones previously obtained, thus ensuring robustness of our analysis (Supplementary Figure 1).



Patients With Advanced HGSOC

Additionally, the prognostic role of pathogenic and clonal pathogenic variants was explored in patients with advanced HGSOC. The presence of pathogenic variants in HRR and/or TP53 genes did not appear to be associated with PFS (p=0.23, Figure 3A) or OS (p=0.10, Figure 3B) in this subgroup of patients. By contrast, the presence of clonal HRR-only mutations compared to HRR/TP53 co-mutations was associated with longer PFS (HR=0.55; 95% CI, 0.31-0.96, p=0.037, Figure 3C) and OS (HR=0.42, 95% CI, 0.23-0.78, p=0.006, Figure 3D). Finally, clonal HRR-only variants were independently associated with longer OS compared to HRR/TP53 co-mutations (HR=0.47, 95% CI, 0.25-0.87, p=0.016) (Figure 3E). Detailed data on univariate and multivariate analysis in patients with advanced HGSOC is shown in Table 2.




Figure 3 | Analysis was performed in patients with high-grade serous ovarian cancer. (A) Progression-free survival (PFS) and (B) Overall survival (OS) based on the presence of pathogenic variants in HRR and/or TP53 genes. (C) PFS and (D) OS based on the presence of clonal pathogenic variants in HRR and/or TP53 genes. (E) Forest plot of hazard ratios showing the risk of death for patients with HRR and/or TP53 clonal pathogenic variants upon adjustment for clinicopathological parameters. *Statistically significant parameters.







Discussion

Molecular alterations in HRR genes have been associated with clinical benefit from chemotherapy and/or PARP inhibitors in patients with EOC. Therefore, the performance of tumor molecular profiling is currently recommended by international guidelines (6–8) at initial diagnosis, among other reasons, for the modification of the treatment plan. We show that tumor molecular profiling reveals additional parameters that can improve the predictive and prognostic role of the mere presence of HRR gene mutations. In our study, patients with clonal variants in HRR genes without concurrent TP53 pathogenic variants had improved PFS and OS compared to patients with HRR/TP53 co-mutated tumors. Similar findings were observed in advanced stage HGSOC, the predominant histological type of clinical interest.

Our initial hypothesis was that the predictive adequacy of pathogenic variants might be improved by taking into account additional variant metrics that are provided with each tumor NGS genotyping test. Indeed, in our study the presence of pathogenic variants in HRR genes was not independently associated with OS or PFS, either in the total population or in patients with advanced stage HGSOC. When taking into consideration the clonality of the respective variants, we observed a significant improvement of their prognostic and predictive value. In clinical practice, despite limitations and possible inadequacies, therapeutic decisions are often based solely on variant pathogenicity (5–8). However, while pathology guidelines mark the importance of reporting specific tumor variant parameters with respect to variant description and interpretation (24, 25), these are not always taken into consideration in NGS reports. For instance, the Joint Consensus of the Association for Molecular Pathology, American Society of Clinical Oncology, and College of American Pathologists recommends that VAF and coverage, among other metrics, should be evaluated and clearly stated in the molecular testing report (25). These parameters seem to be critical for variant interpretation and clinical decision making, as shown in our study of clonal pathogenic variants.

VAF reflects the variant load in the examined sample, i.e., the rate of altered DNA molecules among all analyzed DNA molecules. VAF is a standard NGS metric that may help in interpreting the biological impact of the pathogenic variant in tumor tissues, provided that technical and sample issues are addressed (36, 38). FFPE tumor samples pose additional challenges due to DNA quality and to the presence of malignant and non-malignant cell DNA. The assessment of tumor burden or cellularity (TCC%), is performed by an experienced pathologist, manually or computationally, with a high concordance between the two approaches (39). In the present series, there were only 11 (2.2%) tumor samples without matched germline data and with cellularity below 30%, which is considered a safe tumor burden for variant interpretation (38). Pathogenic variants are considered clonal if present in all tumor cells (34). For example, in a tumor sample with 50% cellularity, a 25% VAF potentially indicates that the variant is present in all malignant cells or, if pathogenic in tumor suppressors, that gene function is lost in half of them. In the same tumor, a 5% VAF would potentially pertain to 10% or 20% of the tumor cells, respectively. This is an approximate approach for assuming the impact of a pathogenic variant in a given tumor, which, as shown here, seems of clinical relevance.

Current NGS technologies typically detect and report pathogenic variants that are present even at low rates. Low VAFs might result from normal cell contamination or tumor heterogeneity, being indicative of subclonal variants (40). Clonality has been previously shown to affect the prognostic and predictive role of the variant in patients with hematologic malignancies (41). Since clonality might interfere with the clinical utility of a variant, VAF needs to be considered for variant interpretation. However, VAFs are often not included in tissue genotyping reports. In line with previous studies (28), we observed that HRR variants were predominantly clonal in ovarian tumors, which is compatible with a driver role of HRR in the development of these cancers. Based on our study, clonal pathogenic variants represent only a subgroup of pathogenic HRR variants (21.6%), however they seem to indicate the proportion of patients who benefit the most from platinum treatment. Whether the remaining subclonal variants are predictive of benefit from platinum agents is worth further evaluating.

Driver co-existing mutations are often being identified in diverse tumor types. Whether co-occurrence of additional driver mutations interferes with the predictive role of specific mutations remains to be prospectively studied. Investigators have examined whether co-occurring mutations affect the predictive role of pathogenic variants in specific genes (42–44). In one study, patients with NSCLC with TP53/EGFR co-mutations had marginally shorter PFS when treated with EGFR inhibitors (42). Another study of patients with NSCLC who were treated with EGFR inhibitors also demonstrated that concurrent driver gene mutations were associated with poorer clinical outcomes (44). In patients with ovarian cancer, the presence of two concurrent driver mutations was also associated with significantly shorter time to relapse (29). Patients with co-mutations had more frequently platinum-refractory disease, compared to patients with one mutation. In line with previous findings, in our study patients with HRR/TP53 co-mutation had shorter OS compared to patients with HRR-only mutations. Even though patients with HRR-only clonal pathogenic variants represented a small proportion (7.7%) of patients with epithelial ovarian cancer, these were the ones to benefit the most and seem to have the best prognosis. Additional molecular alterations need to be taken into consideration when assessing the predictive role of selected mutations.

Our study had certain limitations, including the retrospective nature. Furthermore, debulking status, which is known to be strongly correlated with clinical outcomes in ovarian cancer, could not be included in the analysis due to missing data in a large proportion of our patients which would significantly limit the study’s sample size. For the same reason, we do not report on platinum sensitivity. Additionally, we do not address other molecular factors that might interfere with the predictive role of HRR pathogenic variants. The strengths of our study include the long follow up of our patients, large number of patients and the inclusion of diverse histological types of ovarian cancer.



Conclusions

In conclusion, we demonstrated that variant clonality and co-occuring TP53 variants might affect the predictive value of HRR pathogenic variants for platinum agents, which probably applies to PARP inhibitors as well. Our findings emphasize the need to improve variant assessment and interpretation during routine tumor NGS testing, to enhance the predictive value of pathogenic variants in patients with EOC.
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Supplementary Figure 1 | (A) Overall survival based on the presence of HRR and/or TP53 pathogenic variants in the entire cohort including patients with wild-type tumors or with pathogenic variants in other genes (excluding mucinous tumors). (B) Progression-free survival based on the presence of HRR and/or TP53 pathogenic variants in the entire cohort of first-line treated patients including those with wild-type tumors or with pathogenic variants in other genes (excluding mucinous tumors). (C) Overall survival based on the presence of clonal HRR and/or TP53 pathogenic variants in the entire cohort including patients with wild-type tumors or with pathogenic variants in other genes (excluding mucinous tumors). (D) Progression-free survival based on the presence of clonal HRR and/or TP53 pathogenic variants in the entire cohort of first-line treated patients including those with wild-type tumors or with pathogenic variants in other genes (excluding mucinous tumors).
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Objective

The aim of the present study was to construct and test a liquid-liquid phase separation (LLPS)-related gene signature as a prognostic tool for epithelial ovarian cancer (EOC).



Materials and Methods

The data set GSE26712 was used to screen the differentially expressed LLPS-related genes. Functional enrichment analysis was performed to reveal the potential biological functions. GSE17260 and GSE32062 were combined as the discovery to construct an LLPS-related gene signature through a three-step analysis (univariate Cox, least absolute shrinkage and selection operator, and multivariate Cox analyses). The EOC data set from The Cancer Genome Atlas as the test set was used to test the LLPS-related gene signature.



Results

The differentially expressed LLPS-related genes involved in several cancer-related pathways, such as MAPK signaling pathway, cell cycle, and DNA replication. Eleven genes were selected to construct the LLPS-related gene signature risk index as prognostic biomarker for EOC. The risk index could successfully divide patients with EOC into high- and low-risk groups. The patients in high-risk group had significantly shorter overall survival than those with in low-risk group. The LLPS-related gene signature was validated in the test set and may be an independent prognostic factor compared to routine clinical features.



Conclusion

We constructed and validated an LLPS-related gene signature as a prognosis tool in EOC through integrated analysis of multiple data sets.
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Introduction

Although rapid progress was made in recent decades in identifying the genetic causes of cancers, our mechanistic understanding of these diseases remains incomplete and limits our ability to provide effective treatments. Novel concepts may be required to reveal the complex mechanisms underlying these diseases. Evidence is mounting that liquid-liquid phase separation (LLPS) (1) underlies the formation of various subcellular structures, such as membraneless bodies, heterochromatin (2), and the transport channel in the nuclear pore complex (3). LLPS has emerged as a new concept to elaborate the organization of living cells (4). Hundreds of genes (5) were considered involved in the dynamic process of LLPS in the form of protein or RNA molecules (6). The emerging evidence indicated that aberrant forms of LLPS are associated with many human diseases, including cancer (7). For instance, the FET protein family is involved in phase transitions at sites of RNA storage (8, 9) and assembles into higher-order structures by a process that is stimulated by RNA (10, 11). Notably, these functions are often impaired in human diseases, such as cancer and neurodegenerative diseases (12, 13).

Epithelial ovarian cancer (EOC) is the most lethal gynecological cancer with 46% survival five years after the diagnosis (14). A risk score system help in identifying the patients at high risk and decision-making for treatment. Thus, we hypothesized that the LLPS-related genes way be potential prognostic signature in EOC. To test our hypothesis, an LLPS-related gene signature was constructed in a discovery data set and tested in another independent data set.



Materials and Methods


Data Processing

The LLPS-related genes were obtained from PhaSepDB (http://db.phasep.pro/) (5). Three epithelial ovarian cancer (EOC)-related processed gene expression data sets were downloaded from Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) using the “GEOquery” package (15). The data set GSE26712 (16) based on the GPL96 platform contains the gene expression profiles of 185 EOC and 10 normal ovarian surface epithelium and was used to screen the differentially expressed genes (DEGs) in EOC compared to normal ovarian surface epithelium. The data set GSE17260 (17) based on the GPL6480 platform contains the gene expression profiles of 110 EOC samples and prognosis information of the corresponding patients. The gene expression profiles of 260 EOC samples based on GPL6480 from GSE32062 (18) were also downloaded from GEO. The GSE17260 and GSE32062 were combined as the discovery set, and then the batch effects were removed using the ComBat function in the “sva” package (19). Principal component analysis was performed to visualize the results of removing batch effects. The discovery set was used to generate an LLPS-related gene signature in EOC. Another EOC-related data set (20), including gene expression profiles based on Affymetrix Human Genome U133 Plus 2.0 Array platform (Affymetrix; Thermo Fisher Scientific Inc., Waltham, MA, USA) and the clinical data The Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov/) was downloaded from UCSC Xena (http://xena.ucsc.edu/) and used as the test set to validate the LLPS-related gene signature. In the above data sets, if one gene matched multiple probes, the average value of the probes was calculated as the expression of the corresponding gene. The workflow of the present was showed in Figure 1.




Figure 1 | The workflow of the present study.





Screen the Differentially Expressed Genes in EOC

The expression profiles of the LLPS genes were extracted from GSE26712. The DEGs between EOC and normal ovarian surface epithelium were screened using the “limma” package (21) in R. The fold changes (FCs) of individual genes were calculated, and DEGs with FCs > 1.5 and P (adjusted by false discovery rate) value < 0.05 were considered significant.



Functional Enrichment Analysis

Functional enrichment analysis was performed to reveal the potential biological functions of the DEGs using clusterProfiler (22) package, including gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. P adjusted by Benjamini & Hochberg method < 0.01 and q value < 0.05 was considered significant.



Construction of an LLPS-Related Gene Signature

In our present study, a three-step analysis was carried out to construct a robust LLPS-related gene signature for predicting prognosis in the discovery set. Firstly, univariate Cox regression analysis was performed to identify overall survival (OS)-related DEGs. A DEG with a P < 0.05 was considered a OS-related gene. Secondly, the gene expression profiles of the OS-related DEGs were subjected to least absolute shrinkage and selection operator (LASSO) Cox regression analysis using the “glmnet” package (https://CRAN.R-project.org/package=glmnet). In this analysis, the OS-related DEGs with non-zero regression coefficients were identified in 10-fold cross-validation. The relevant parameters were set to “family=“cox”,” “maxit = 1000”, and “nfolds=10”. Third, the expression profiles of the OS-related DEGs with non-zero coefficients were used to perform multivariate Cox regression analysis. The LLPS-related gene signature was constructed as the formula:

	

The “Expr” represents the expression value of a gene with P < 0.05 in the multivariate Cox regression analysis. The “Coef” represents the coefficient of the corresponding gene. Each individual was assigned the LLPS-related gene signature index. The patients were divided into high- and low-risk group, and the OS between the two groups were compared.



Validation of the LLPS-Related Gene Signature in the Test Set

As it was in the discovery set, each individual in the test set was assigned an LLPS-related gene signature index according to the above formula. Moreover, the prognostic value of the LLPS-related gene signature and the routine clinical features was compared using multivariate Cox regression analysis.



Gene Set Enrichment Analysis

In order to reveal the biological functions of candidate genes in EOC, we performed gene set enrichment analysis (GSEA) (23, 24). We use the median expression value of each candidate gene as a threshold, and divide the EOC in TCGA into high- and low-expression groups. The canonical pathways of Kyoto Encyclopedia of Genes and Genomes gene sets derived from the Molecular Signatures Database (25) were selected as the reference gene sets. The P value adjusted by Benjamini & Hochberg method < 0.05 was set as the cut-off criteria. GSEA was performed using the clusterProfiler package and visualized using enrichplot package (https://github.com/YuLab-SMU/enrichplot).



Statistical Analysis

In the present study, all these analyses were performed in R (version 4.0.2) (https://www.r-project.org). The DEGs were screened using unpaired t-tests provided by “limma” package. The OS was compared using Kaplan-Meier curve with log-rank method. The predictive value of the LLPS-related gene signature was evaluated by time-dependent receiver operating characteristic (tROC) curve analysis using the timeROC package (https://CRAN.R-project.org/package=timeROC). All tests were two-sided and P < 0.05, unless otherwise stated, was considered statistically significant.




Results


Multiple LLPS-Related Genes Aberrantly Expressed in EOC

PhaSepDB database includes 2957 eligible genes, however, a total of 1767 LLPS-related genes were found in the GSE26712, among them, 252 genes were down-regulated and 248 were up-regulated in EOC compared to the normal ovarian surface epithelium (Figure S1A). These DEGs showed clearly different expression patterns in EOC and normal ovarian surface epithelium (Figure S1B). This indicates that the abnormal state of liquid-liquid phase separation may contribute to EOC.



Biological Functions Involved in Differentially Expressed LLPS-Related Genes

The GO enrichment analysis included cellular component (CC), biological process (BP), and molecular function (MF). The top significant (ranked by P value) 15 GO terms were showed in Figure S2. In CC (Figure S2A), the DEGs mainly involved in the composition of macromolecules and organelles, such as spliceosomal complex, ribonucleoprotein granule, and preribosome. In BP (Figure S2B), the DEGs significantly involved in RNA processing, such as RNA splicing, regulation of mRNA metabolic process, and RNA catabolic process. In MF (Figure S2C), the DEGs involve the activity of multiple enzymes, such as helicase activity, phosphatase activity, and DNA-dependent ATPase activity. The DEGs involved in several cancer-related pathways (Figure S2D), including MAPK signaling pathway, cell cycle, and DNA replication.



The LLPS-Related Gene Signature in the Discovery Set

The results of PCA showed the GSE17260 and GSE32062 had obvious batch effects (Figure 2A, left), which was removed by “sva” package for the subsequent analysis (Figure 2A, right). Sixty differentially expressed LLPS-related genes were identified as OS-related genes by univariate Cox analysis (Table 1), and 32 LLPS-related genes were identified with non-zero regression coefficients by LASSO analysis (Table 1). Finally, 11 LLPS-related genes (EIF3J, BYSL, NRGN, SAP18, PACSIN2, DUSP10, EIF6, HMBOX1, UTP3, HOMER2, and KIAA0355) remained significantly associated with OS in multivariate Cox analysis (Table 1) and were selected to construct the LLPS-related gene signature risk index (RI) (Figure 2B). The RI was significant associated with poor prognosis (hazard ratio {HR] = 2.771, 95% confidence interval [CI] for HR = 2.272-3.379, P < 2.2e-16). The tROC curve analysis showed the predictive value of the RI was high with area under the ROC curve (AUC) = 0.7–0.8 (Figure 2C), and the AUC of 5-year tROC curve was 0.793 (Figure 2D). The patients with high RI had significantly shorter OS than those with low RI (Figure 2E).




Figure 2 | The liquid-liquid phase separation-related gene signature in the discovery set. (A) PCA results before (left) and after (after) removing batches between GSE17260 and GSE32062. PC, principal component. (B) The 11 genes of interest constitute the liquid-liquid phase separation-related gene signature. (C) The time receiver operating characteristic curve (ROC) analysis in the discovery set. (D) The five-year time ROC in the discovery set. (E) The patients with high risk index had significantly shorter overall survival than those with low risk index.




Table 1 | The overall survival-related genes and their coefficients.





The LLPS-Related Gene Signature Was Validated in the Test Set

After removing the TCGA-OV patients without survival information, and a total of 566 patients remained in the test set (Table S1). Each individual in the test set was also assigned a RI according to the formula (Figure 3A). It is exciting that the RI remained associated with poor prognosis (HR = 1.211, 95% CI for HR = 1.070–1.372, P = 0.003). It also successfully divided patients into high- and low-risk groups, the patients with high RI had significantly shorter OS than those with low RI (Figure 3B). Moreover, the LLPS-related gene signature RI is an independent prognostic factor adjusted by some clinical features (Figure 3C).




Figure 3 | The liquid-liquid phase separation-related gene signature was validated in the test set. (A) The risk plot of test set based the 11 liquid-liquid phase separation-related gene signature. (B) The patients with high risk index had significantly shorter overall survival than those with low risk index in the test set. (C) The risk index remains significant compared routine clinical features.





Pathways Involved in These 11 Candidate Genes

According to the GSEA results, the 11 candidate genes may involve in various pathways (Figure 4). For instance, the high expression of BYSL may associate with activation of DNA replication, Mismatch repair, and Proteasome. However, LLPS is the introduction of physical and chemical concepts to explain biological phenomena, the specific link between these pathways and LLPS remains to be further elucidated.




Figure 4 | Pathways involved in these 11 candidate genes.






Discussion

LLPS provides a new framework to understand and interpret cancer, with potentially new way for treatment. The mutation of LLPS-related gene may lead to aberrant forms of LLPS (26–28), the aberrant forms of LLPS contribute to the abnormal activity in cancer-related pathways (29). In the present study, we found that differentially expressed LLPS-related genes in EOC were involved in multiple cancer-related pathways, such as MAPK signaling pathway, cell cycle, and DNA replication. This indicated that LLPS in EOC was complicated. We also found that the expression patterns of LLPS-related genes were associated with prognosis in EOC and proposed an LLPS-related gene signature for predicting prognosis. Our LLPS-related gene signature was constructed and validated in two independent data sets based on different platforms. Thus, this might indicate that this LLPS-related gene signature is still robust in different populations and suitable for different platforms. In some previous studies (30, 31), univariate and multivariate Cox regression analyses were used but lack of LASSO analysis to create the prognostic gene signatures. However, these previous studies may encounter overfitting problems and not validated in independent data sets. The LASSO method was used for the optimal selection of features in high-dimensional data with a robust predictive value and low correlation between each other to prevent overfitting (32). Thus, our LLPS-related gene signature was validated in independent data sets. Moreover, the LLPS-related gene signature is independent prognostic factor compared clinical features, including age, pathological staging, and grade. According to the risk score system, the patients at high risk may be followed up more frequently and accept more active management than those at low risk.

The present LLPS-related gene signature consists of 11 LLPS-related genes. Unsurprisingly, some of the 11 LLPS-related genes were reported associated with EOC, such as a previous study proposed that altered EIF6 expression is associated with clinicopathological features in EOC (33), and low expression level of HMBOX1 in EOC may accelerate cell proliferation by inhibiting cell apoptosis (34). BYSL may be an oncogene in various cancer, including hepatocellular carcinoma (35), glioblastoma (36), and diffuse large B-cell lymphoma (37). NRGN was reported as a tumor suppressor in glioma cells (38), and we found that it is also associated with good prognosis in EOC. SAP18 was reportedly associated with the promotion of cell invasion and angiogenesis in virus oncogenic (39). PACSIN2 polymorphism was associated with thiopurine metabolism in children with acute lymphoblastic leukemia (40). The role of DUSP10 in cancer may be related to specific cancer types, some studies indicated that it is an oncogene, while in other studies indicated that it is a tumor suppressor (41). Although further molecular experiments are required, our GSEA results may help reveal the biological functions of these 11 candidate genes in EOC.

Although the present study may provide new insight into the risk stratification in EOC, several limitations should be noticed. First, the LLPS-related gene signature was proposed through retrospective study, prospective study is needed before it is used in clinical practice. Second, molecular function experiments were lacking in our present study, thus, it is not clear whether these genes are causal or merely prognostic markers in EOC.

In conclusion, we found significantly different expression patterns of LLPS-related genes in EOC compared to normal ovarian surface epithelium, and constructed and validated an LLPS-related gene signature as a prognosis tool in EOC through integrated analysis of multiple data sets.
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Supplementary Figure 1 | The differentially expressed liquid-liquid phase separation-related genes in epithelial ovarian cancer. (A) The vocano plot of the liquid-liquid phase separation-related genes. Red represents up-regulated genes, blue represents down-regulated genes, and grey represents not significantly differential expression. (B) The expression heatmap of the differentially expressed liquid-liquid phase separation-related genes.

Supplementary Figure 2 | Gene ontology terms and pathways involved in differentially expressed liquid-liquid phase separation-related genes. (A) cellular component, (B) biological process, (C) molecular function, and (D) Kyoto Encyclopedia of Genes and Genomes pathways. Log2FC, log2 (fold change).
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Introduction

Melphalan, as a bifunctional alkylating agent has been shown to be selectively efficient in BRCA-deficient case reports of epithelial ovarian cancer (EOC). The clinical benefit of melphalan on unselected platinum-resistant EOC population and stratified by BRCA status has not been clearly elucidated. We aimed to determine the response to melphalan in patients with recurrent EOC after platinum-based therapy.



Material and Methods

This retrospective observational study included patients with recurrent EOC treated with melphalan between February 2007 to July 2020. Eligibility criteria included having a histological confirmation of EOC, previous treatment with carboplatin plus paclitaxel regimens, and disease recurrence during treatment with or within 6 months of the end of the platinum-based chemotherapy.



Results

A total of 75 platinum-resistant EOC patients were enrolled. Median age was 69 years (range 41-82). Median of previous therapies before melphalan was 4 (range 1-7). We observed a median follow-up of 32 months (range 1-62), progression-free survival (PFS) and overall survival (OS) of 3.6 months (range 2.9-4.7) and 9.5 months (range 8.0-14.1), respectively. In the whole population, 1 complete response, 6 partial responses and 37 stable diseases were registered with an overall clinical benefit rate of 58.7%. In BRCA1/2 mutant patients, we showed a significant longer PFS compared to BRCA1/2 wild type patients (6.2 versus 2.6 months; hazard ratio (HR) 0.25, 95% confidence interval (CI) 0.10-0.61; p=0.002). Moreover, a trend was seen for BRCA1/2 mutants to have a better OS (25.9 versus 8.0 months; HR 0.38; 95% CI 0.12-1.19; p=0.097).



Conclusions

Our study represents the largest cohort of heavily-pretreated EOC patients receiving melphalan treatment. Here, we report a considerable clinical activity of melphalan chemotherapy, more evident in a subset of BRCA1/2 mutated patients. Prospective studies to validate these findings are warranted.





Keywords: melphalan, ovarian cancer, BRCA, platinum resistance, survival



Introduction

Ovarian cancer is a leading cause of death from gynaecologic cancers worldwide (1). Despite optimal debulking surgery, appropriate first-line chemotherapy based on taxane-platinum doublets and combination/maintenance therapy with bevacizumab or poly(adenosine diphosphate-ribose) polymerase inhibitors (PARPi), approximately 60-70% of patients eventually relapse (2, 3). For recurrent patients, a rate of response more than 60% is reported in platinum-sensitive patients (occurring at least 6 months after last treatment completion) receiving platinum-based combination chemotherapy, whilst the response rate dramatically drops to less than 20% (4) in platinum-resistant women (recurring within 6 months after the last therapy) who can receive several drugs characterized by different mechanisms of action and, in general, a modest activity, such as topotecan (5), gemcitabine (6), liposomal doxorubicin (7), oral etoposide (8), ifosfamide (9) and oxaliplatin plus leucovorin and 5-fluorouracil (FOLFOX-4) (10). Thus, there is an urgent need to identify agents active in this group of EOC platinum-resistant patients.

Melphalan is a nitrogen mustard-like alkylating agent, administered orally or parenterally and mainly used for the treatment of multiple myeloma. Very little information is available regarding the use of melphalan for the treatment of epithelial ovarian cancer (EOC), thus providing controversial results to date (11, 12). Additionally, melphalan, considered as a bifunctional alkylating agent that induces inter- and intra-strand DNA cross-links, has been shown to be selectively efficient in BRCA-defıcient case reports of EOC (13, 14) (Figure 1).




Figure 1 | Melphalan and DNA repair mechanisms. DNA is continually exposed to a series of insults that cause a range of lesions, from single-strand breaks to base alkylation events. Several mechanisms of DNA repair (such as base excision repair, homologous recombination, non-homologous endjoining, and nucleotide excision repair) can be involved recruiting different key proteins which belong to pathways used in the therapeutic strategy in ovarian cancer. Alkylating agents, platinum salts, and PARP inhibitors are particularly effective in DNA defect repair deficient tumors, albeit through different molecular mechanisms. Melphalan is a bifunctional alkylating agent that produces intra- and inter-strand cross-links in double-strand DNA and provides base alkylation, whereas platinum mainly generates intra-strand crosslinks through platinum coordinated complexes and PARP1 inhibitors block base excision repair leading to single-strand breaks. As a different spectrum of DNA damage is produced by each drug, it is possible that the DNA damage produced by melphalan may be more reliant on BRCA protein products for repair.



Here we evaluated the efficacy and toxicity of melphalan in heavily-pre-treated platinum-resistant EOC. In addition, through an exploratory analysis, we aimed to show an increased sensitivity to melphalan in patients harbouring BRCA1/2-defıciency.



Materials and Methods


Study Population

This is a retrospective single-centre case series of patients with ovarian cancer receiving melphalan from February 2007 to July 2020. Eligibility criteria were: histological confirmation of epithelial ovarian cancer, previous treatment with carboplatin plus paclitaxel regimen, and disease recurrence during treatment within 6 months from the end of the platinum-based chemotherapy. Additional eligibility criteria included: Eastern Cooperative Oncology Group (ECOG) performance status 0–2, and adequate cardiac, renal, hepatic and bone marrow function. Metastatic disease was documented by bone scan, computed tomography or magnetic resonance imaging. For each patient, we extracted clinical-pathologic features, treatment history and outcomes with follow-up data from medical records. Moreover, we collected molecular data including somatic and/or germ line BRCA1/2 status from each subject, when available. The study was approved by the Institutional Review Board of IRCCS Istituto Romagnolo per lo Studio dei Tumori (IRST) “Dino Amadori”, Meldola, Italy.



Treatment and Evaluation

Melphalan (2 mg/tablet, Alkeran™; Excella GmbH; Feucht, Germany) was orally administered at dosage of 0,20 mg/Kg daily for 5 consecutive days monthly until evidence of either progressive disease (PD) or unacceptable toxicity.

Patients were evaluated monthly for safety and dosing compliance. Renal, liver and bone marrow function were assessed at every cycle, while cancer antigen 125 (CA-125) and radiographic evaluation were left to the discretion of the treating physician, but were usually performed after at least every three months during treatment.

Tumour response was usually evaluated every three cycles by repeating baseline assessments using imaging studies (computed tomography and/or magnetic resonance imaging) according to the Response Evaluation Criteria in Solid Tumours (RECIST) for patients with measurable disease (15). CA-125 was evaluated in recurrent disease using CA-125 response criteria developed by the Gynaecologic Cancer InterGroup (16). Toxicity was graded using the National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE), version 4 (17).



Statistical Analysis

All data were analyzed by descriptive statistics. Relationships between patients’ characteristics were tested using the Chi-square test for categorical variables and the median test for continuous variables. The Kaplan-Meier method was used to estimate progression-free survival (PFS) and overall survival (OS), with two-sided 95% confidence intervals (95% CI). PFS was defined as the time from the start of melphalan until disease progression or last tumour evaluation or death from any cause. OS was defined as the time from the start of melphalan until death from any cause or last follow-up. Survival curves were compared using the log-rank test. All statistical analyses were carried out with SAS statistical software, version 9.4 (SAS Institute, Cary, NC, USA). A two-sided p-value < 0.05 was deemed statistically significant for all the analyses.




Results


Patients’ Characteristics

Between February 2007 and July 2020, a total of 75 patients were eligible. Median age was 69 years (range 41-82). Median of previous therapies before melphalan was 4 (range 1-7). At the time of study entry, all patients were defined as resistant to the last platinum treatment. We excluded EOC patients receiving concurrent use of other anticancer agents or treatments. The majority of the patients (~90%) had high-grade serous type. Forty-three patients (57.3%) had initial International Federation of Gynecology and Obstetrics (FIGO) stage III, and 66 (88.0%) underwent primary or interval debulking surgery. Patient characteristics are summarized in Table 1.


Table 1 | Patient characteristics.





Clinical Outcomes in Overall Melphalan-Treated Patients and Carriers of BRCA1/2 Mutations

The median follow-up was 32 months (range 1-62). All patients had measurable disease. In the whole population, 1 complete response (CR), 6 partial responses (PR) and 37 stable diseases (SD) were registered with an overall clinical benefit rate (CR+PR+SD) of 58.7%. A CA-125 response was observed in 20 (26.7%) melphalan-treated patients and it was not associated with objective radiological response (CR or PR).

Median PFS and OS were of 3.6 months (range 2.9-4.7) and 9.5 months (range 8.0-14.1), respectively (Table 1). BRCA status was associated with outcomes at univariate analysis. On the other hand, univariate analyses did not identify any other significant factors (including age, debulking surgery, FIGO stage, ECOG performance status, pre-treatment CA-125, hemoglobin, neutrophil-to-lymphocyte ratio (NLR) and platelet-to-lymphocyte ratio (PLR) predicting PFS and OS (Table 2).


Table 2 | Univariate analysis of progression-free survival and overall survival.



We studied the association of BRCA1/2 status with melphalan treatment. In EOC patients with available molecular data, when comparing baseline characteristics of BRCA1/2 mutant to BRCA1/2 wild type patients, no differences were observed (Supplementary Table 1).

Based on BRCA mutational status, we reported in 11 BRCA1/2 mutated patients an overall response rate (ORR) (CR+PR) of 18.2%, SD and PD in 36.4% and 45.4% of cases, respectively; whereas 25 BRCA1/2 wild type patients had ORR of 4%, SD and PD in 36% and 60% of cases, respectively.

In BRCA1/2 mutant EOC receiving melphalan, we observed a significant longer PFS compared to BRCA1/2 wild type patients (median, 6.2 versus 2.6 months; hazard ratio (HR) 0.25, 95% confidence interval (CI) 0.10-0.61; p = 0.002) (Figure 2A). Moreover, a trend was seen for BRCA1/2 mutants to have a better OS (median, 25.9 versus 8.0 months; HR 0.38; 95% CI 0.12-1.19; p = 0.097) (Figure 2B).




Figure 2 | Melphalan treatment outcomes in ovarian cancer patients according to BRCA status. Progression-free survival (A) and Overall survival (B) in melphalan-treated ovarian cancer patients according to BRCA status.





Safety and Tolerability

Thirty-two patients (42.7%) were treated with initial standard melphalan regimen. In 21 patients (28%), the dose of melphalan was reduced by at least 75%, and in more than 80% of cases, reduction was required because of hematologic toxicity. However, only 4 (5.3%) patients receiving melphalan discontinued treatment because of unacceptable toxicity (two grade 3 thrombocytopenia, one grade 2 anemia, and one grade 4 neutropenia).

The hematological and non-hematological adverse events occurred in our series are reported in Table 3. As expected, myelotoxicity was the prevalent toxicity with 17.3% of patient experiencing grade 3-4 thrombocytopenia, 13.4% and 6.7% of patients reporting grade 3-4 neutropenia and anemia, respectively. Nausea and vomiting and fatigue were the most frequent non-hematologic events (grade 3: 2.7% and 4% of patients, respectively). Neither cardiac and renal toxicities nor treatment-related deaths were reported.


Table 3 | Toxicity in melphalan-treated patients.



There was no difference of hematological toxicity related to melphalan treatment between BRCA mutants versus wild-type patients.




Discussion

Our study represents the largest cohort of EOC patients treated with melphalan reported to date. Currently, the management of platinum-resistant EOC represents one of the most important unmet medical issues. Despite great research endeavors over the last decades, standard treatments have often inadequate clinical benefit. Here, we report a considerable clinical activity of melphalan chemotherapy in this difficult-to-treat patients group. For exploratory purposes, we also investigated a subset of BRCA1/2 mutated patients showing improved outcomes and enhanced sensitivity to melphalan chemotherapy compared to BRCA1/2 wild type women.

An overall clinical benefit of 58.7% in a population who has received a median of four previous chemotherapy lines appears as a notable result. In heavily-pre-treated platinum-resistant EOC patients with a median of four prior therapeutic lines, the overall clinical benefit observed in this work was slightly higher than that observed in our previous retrospective experience of women receiving FOLFOX-4 and topotecan as salvage chemotherapy lines (30.8% and 48.3%, respectively) (10). A multicenter retrospective study showed that weekly paclitaxel monochemotherapy had similar clinical benefit rate of 36%, with a median PFS of 21 weeks (18), which is consistent with the PFS of 4.7–5.3 months in the SaPPrOC trial (19). Both these studies suggested a therapeutic role of weekly paclitaxel in patients with EOC regardless of BRCA1/2 status. Similar evidence was reported in the prospective MITO-15 phase II trial (20) in which trabectedin showed a very similar clinical benefit (54.2%) to melphalan, and no differences in treatment outcomes were observed according to BRCA1/2 status (20).

According to these findings, the outcomes of melphalan treatment were quite similar to those reported with other drugs for heavily pre-treated platinum-resistant EOC patients. However, there is increasing evidence to consider BRCA mutation status when selecting not only PARPi agents but also chemotherapy regimens, such as melphalan treatment. In support of this conjecture, melphalan was shown to be selectively toxic to BRCA2-deficient breast cancer cell lines and to produce a longer relapse-free survival in mice than platinum or olaparib (21).

Overall, we recognize some limitations of our study such as the relatively modest sample size, influencing the statistical significance especially for OS, the clinical and histological heterogeneity of the patients’ cohort and its retrospective, non-randomized design. In addition, several studies showed that BRCA mutant patients have, in general, better prognosis, likely due to the high response rate to platinum-based chemotherapy. This aspect could be a confounding factor in the interpretation of our survival data in melphalan-treated patients according to BRCA status; however, the exact effect of BRCA1/2 mutations on EOC prognosis is still controversial (22–24). Lastly, we have considered only BRCA1/2 mutations and not other alterations in DNA defect repair genes and no patient did prior therapy with PARPi. Nevertheless, our preliminary results suggest that BRCA status is associated with sensitivity to melphalan therapy. Thus, since BRCA-related EOC represents a distinct entity within the ovarian cancer spectrum, developing a subtype-specific treatment tailored to the unique cancer biology of ‘BRCA-pathway’ ovarian tumours (arising from germ-line or somatic BRCA mutations) may lead to an improved disease management. Some preclinical studies demonstrated a decreased likelihood of response to subsequent chemotherapy following olaparib treatment due to the development of cross-resistance between PARPi and platinum-based regimens through the acquisition of secondary mutations restoring BRCA1/2 protein expression (25, 26). In this context, the availability of other active DNA alkylating agents could constitute an additional therapeutic option for resistant or recurrent EOC BRCA1/2 mutant patients.



Conclusion

In heavily pre-treated EOC patients, melphalan chemotherapy is an effective and well-tolerated treatment. Discovering the underlying molecular mechanism of chemo-responsiveness could lead to subtype-specific treatment selection. This study supports the notion that the knowledge on BRCA status may improve clinical decision-making in choosing between different therapies for platinum-resistant EOC. Prospective trials including overall BRCA/Homologous recombination deficiency assessment are warranted.
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Ovarian cancer (OC) is one of the deadliest gynecological cancers worldwide. Previous observational epidemiological studies have revealed associations between modifiable environmental risk factors and OC risk. However, these studies are prone to confounding, measurement error, and reverse causation, undermining robust causal inference. Mendelian randomization (MR) analysis has been established as a reliable method to investigate the causal relationship between risk factors and diseases using genetic variants to proxy modifiable exposures. Over recent years, MR analysis in OC research has received extensive attention, providing valuable insights into the etiology of OC as well as holding promise for identifying potential therapeutic interventions. This review provides a comprehensive overview of the key principles and assumptions of MR analysis. Published MR studies focusing on the causality between different risk factors and OC risk are summarized, along with comprehensive analysis of the method and its future applications. The results of MR studies on OC showed that higher BMI and height, earlier age at menarche, endometriosis, schizophrenia, and higher circulating β-carotene and circulating zinc levels are associated with an increased risk of OC. In contrast, polycystic ovary syndrome; vitiligo; higher circulating vitamin D, magnesium, and testosterone levels; and HMG-CoA reductase inhibition are associated with a reduced risk of OC. MR analysis presents a2 valuable approach to understanding the causality between different risk factors and OC after full consideration of its inherent assumptions and limitations.
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Introduction

Ovarian cancer (OC), the eighth most common type and eighth leading cause of cancer-related mortality in women, is considered the deadliest gynecological cancer. Three main types of OC have been identified, specifically epithelial, germ cell, and sex cord-stromal, with epithelial tumors comprising about 95% of OC cases (1). Epithelial OC is classified into four primary histological subtypes: serous, endometrioid, mucinous, and clear cell carcinoma (1). Serous tumors can be categorized into high-grade serous carcinomas (HGSC) and low-grade serous carcinomas (LGSC) (1, 2), with HGSCs accounting for 70%–80% of all subtypes of epithelial OC and LGSCs for less than 5% cases. Endometrioid, mucinous, and clear cell subtypes account for 10%, 3%, and 10% cases, respectively (2). According to Global Cancer Statistics 2020, the estimated number of new OC cases in 2020 is 313,959, accounting for 3.4% of all new female cancer cases, and the OC death toll in 2018 is estimated as 184,799, representing 4.7% of all female cancer deaths (3). The symptoms of this disease are usually indistinct and diagnosed at the late stages, having spread at the time of clinical diagnosis in 75% of cases (1). The survival rate of patients with OC is related to stage at diagnosis. For instance, in the United States, the 5-year survival rate of a small proportion of women with stage I OC exceeds 90%. The 5-year survival rate of patients with regional disease is 75%–80% while that of patients with distant metastasis is only 25%. Although the prognosis of early OC is good, overall 5-year survival rate is only 48.6%, highlighting the critical need to develop effective prevention strategies to reduce the public health burden of OC.

OC is a multifactorial disorder influenced by both genetic predisposition and modifiable exposures. Identification of causative risk factors amenable to modification is thus essential for prevention of this disease. Randomized controlled trials (RCTs) can be uniformly applied to determine whether certain exposures are causal factors for diseases of public health interest. While RCTs remain the gold standard research design for inferring causality, they are extremely expensive, time-consuming, and associated with a high failure rate (>50% due to lack of efficacy) (4, 5). In addition, RCTs often involve multi-effect interventions (such as drugs that modify multiple biomarkers), which may challenge the causal inferences of any single biomarker. Finally, RCTs are not always feasible or ethical (6, 7). Observational studies provide another opportunity to clarify the relationship between exposure and disease (8). These studies provide a wealth of information on associations between disease exposure and outcome but cannot be interpreted as indicating causality owing to limitations introduced by confounding and reverse causality (9, 10).

To overcome the limitations of observational design, genetic variants have been proposed as potential instrumental variables (IV), usually single-nucleotide polymorphisms (SNPs), to simulate the effects of modifiable environmental exposures on disease susceptibility, referred to as Mendelian randomization (MR) (11). MR offers a number of advantages over observational epidemiology. First, although reverse causality cannot be completely avoided, MR can still avoid the bias caused by reverse causality to a certain extent (12). Second, MR studies are relatively immune to common behavioral, physiological, and socioeconomic confounders owing to random assignment of alleles at meiosis. Third, in most cases, genetic variants are precisely measured and reported and thus not subject to bias and errors, which is especially useful in evaluating risk factors of long-term effects (13). Therefore, MR design resembling RCT can aid in strengthening causal inferences on the roles of modifiable exposures (14), not only with significantly reduced concerns in terms of ethical, applicability, and financial issues but also for examination of causal factors for phenotypes that are not appropriate for RCTs, such as height.

MR uses germline genetic variants as instruments (i.e., proxies) for exposures (e.g., environmental factors, biological traits, or drug pathways) to examine the causal effects of these exposures on health outcomes (disease incidence or progression) (15). Exposure is determined as causal if its association with outcomes is statistically significant and can be explained entirely by the two associations of genetic variants: (1) exposure and (2) outcome (16, 17). The MR technique relies on a number of assumptions for accuracy. The rationale underlying MR and required IV assumptions are as follows:

I. IVs (SNPs being used) should be clearly and quantifiably linked to the exposure(s) in question.

II. IVs should not be linked in any way to confounding variables.

III. IVs should be linked to outcomes only through the exposure(s) in question.

To estimate a causal effect with IV analysis, additional assumptions are required. One such assumption is that:

IV. The associations are linear and not affected by statistical interactions (6).

In MR studies, researchers initially identify and extract information for SNPs associated with exposure at the genome-wide significance level (p = 5×10−8) and subsequently evaluate the relationship between these SNPs and outcomes to obtain odds ratios (OR) and mean differences (Figure 1).




Figure 1 | Directed acyclic graph depicting MR principles and underlying IV assumptions (I–III).





Application of MR in OC

Although epidemiological research has revealed a wealth of biomarkers associated with increased or decreased risk of OC, causality remains largely undefined. Over the past few decades, genome-wide association studies (GWAS) have made an important contribution to the identification of genetic variants associated with numerous potential risk factors for health-related outcomes. GWAS results have facilitated the application of MR in evaluating causal relationships between modifiable exposures and outcomes. During recent years, numerous MR studies focusing on OC have been conducted (18). In addition, development of new methodologies in MR research has challenged the previously reported causality of certain biomarkers. Therefore, it is essential to record research progress and focus on the quality and effectiveness of MR. In this review, we have sorted and analyzed evidence from MR research on OC published in the literature, focused on its advantages and limitations, and designed strict literature retrieval strategies and selection criteria.


Search Strategy and Selection Criteria

Original studies were identified by searching for relevant articles up to February 2, 2021, in the PubMed database. The search algorithms for PubMed database were as follows: “Mendelian randomization” or “genetic instrumental variable” or a related term (e.g., “genetic instrument”) and “Ovarian Cancer” or “Ovarian Neoplasm” or “Ovary Cancer” or “Ovary Neoplasm” or “Cancer, Ovary” or “Neoplasm, Ovary”, with no restriction on subheadings. All retrieved articles were checked for relevant citations and studies not included in the above electronic sources were searched manually. We included studies based on the following criteria: (1) those using MR methodology and instrumental variable analysis to evaluate risk factors of OC and (2) those performed on the basis of observational study design. The search strategy and selection criteria have been checked by two independent authors and, if necessary, the inconsistent part would be judged by third authors. A total of 30 articles were finally included and classified according to type of exposure (Table 1).


Table 1 | Characteristics of Mendelian randomization studies included in the review.









Causality Between Life Habits and OC Risk


Alcohol Consumption

Alcohol is hypothesized to promote ovarian carcinogenesis based on its potential to increase circulating levels of estrogen and other hormones through its oxidation by-product acetaldehyde, which may act as a co-carcinogen, induction of cytochrome P450 enzymes involved in activation of liver carcinogens, and depletion of folate (49). In contrast, alcohol is reported to prevent ovarian carcinogenesis by decreasing follicle-stimulating hormone levels (50). Observational studies do not support association of alcohol intake with increased risk of OC (51–53). Interestingly, in a subgroup analysis on multiple subpopulations, low alcohol intake was associated with reduced risk of OC while high alcohol intake had the opposite effect (54). Limited reports to date have focused on the causal associations between alcohol and OC risk.

Alcohol is degraded to acetaldehyde in the liver by alcohol dehydrogenase (ADH1) and then to acetate by acetaldehyde dehydrogenase (ALDH2). Carriers of the A-allele of ADH1B rs1229984 consumed less alcohol per week (48). Therefore, early MR studies often use rs1229984 as an instrumental variable. A two-sample MR study based on participants of European ancestry, single instrument MR using rs1229984 and multiple instrument MR using 34 SNPs on alcohol consumption and epithelial OC showed no causal evidence of association (48). In the other two MR studies, similar results were obtained after eliminating interference of potential confounding factors such as body mass index (BMI), smoking, and education (39, 40).



Cigarette Smoking

A number of epidemiological studies on epithelial OC have shown that smoking increases risk of OC, but only for the mucinous subtype. Significantly increased risk of invasive mucinous and borderline mucinous OC among current smokers has been reported (55), shown to increase with increased duration of smoking and decline with time after smoking cessation (56). In other studies, smoking was not associated with risk of serous OC and current smokers had a 20% lower risk of developing endometrioid and clear cell OC (57, 58).

An MR study using 115 SNPs from participants of European ancestry recruited from 14 countries reported that lifetime smoking exposure was associated with increased risk of invasive epithelial OC. In subtype-specific analyses, evidence for association of smoking with high grade serous cancer (HGSC), but not the mucinous subtype, was obtained (29). Another MR study on smoking and OC risk with subjects of European descent reported no causal evidence (39).



Coffee

Coffee consumption is suggested to be associated with decreased estrogen circulation in pre- and postmenopausal women. Its intake is linked with obesity, metabolic syndrome, and type 2 diabetes as well as liver fibrosis, cirrhosis, and specific types of cancer, including breast, colorectal, lung, endometrial, and prostate cancer. Given that elevated estrogen has been long suspected to increase the risk for OC, coffee consumption may decrease this risk (59). Additionally, risk could be lower because coffee contains flavonoids, and both flavonoids and caffeine have anti-carcinogenic properties. Previous observational studies have shown that coffee intake is potentially associated with reduction of cancer risk. However, prospective studies on the relationship between intake of caffeine and different types of coffee and OC risk have reported conflicting results (60). MR research could aid in clarifying whether this association is causal.

In 2018, Ong et al. (26) conducted MR analysis of moderate coffee consumption and OC risk among subjects of European ancestry. Their results showed no evidence of a strong association between EOC risk and genetically predicted coffee or caffeine levels. In 2019, Ong and co-workers performed a large-scale MR study in a Caucasian British population, with the aim of understanding the causal link between coffee consumption and various cancer types. After several experiments, corrections and meta-analysis, the results of MR remained unchanged. The authors propose that the relationship between coffee intake and disease outcome may have changed due to smoking behavior (33).




Causality Between Anthropometric Characteristics and OC Risk

Previous studies suggest that anthropometric characteristics are related to OC risk and prognosis (55). While several studies have focused on the role of anthropometric characteristics in risk of OC, the findings to date are inconsistent (55).


BMI

Observational studies have revealed an association between BMI and various cancer types. In 2014, fat index was identified as a potential risk factor for OC by World Cancer Research Fund/American Institute for Cancer Research (61). Conversely, according to the US National Cancer Institute, OC is not considered an obesity-related disease. Similarly, the American Cancer Society lists OC as only possibly being linked to overweight or obesity (62). Overall findings from substantial research on adiposity (primarily adult BMI) suggest only a weak positive association, with stronger correlations observed for population-based case–control studies compared to prospective studies. Relatively few studies have conducted detailed examinations of other adiposity-related factors, such as childhood BMI, birth weight, and waist–hip ratio (WHR) (63). The mechanisms by which obesity leads to OC risk remain poorly understood, and the issue of whether associations between obesity and cancer in observational studies are causal is currently unclear.

An MR study published in 2016 with data (all European ancestry) from FOCI and large-scale GWAS of adiposity-related traits comprehensively analyzed the causal relationship between adiposity at different life stages and OC risk. The group reported potential associations of genetic scores for higher adult BMI with increased risk of overall OC but failed to show strong evidence of associations between genetically predicted birth weight, childhood BMI or WHR, and OC risk (21). In 2016, an MR study on the BMI of European adults in relation to risk of different subtypes of OC was published showing that higher genetically predicted BMI was associated with increased risk of non-HGSC but not HGSC cases (22). Secondary analyses stratified by behavior/subtype suggested that consistent with observational data, the strongest association was observed for low-grade/borderline serous OC. Consistent with findings in the general population, MR analysis of height and BMI as modifiers of OC risk in BRCA1 and BRCA2 mutation carriers revealed a positive association between BMI and OC risk in premenopausal BRCA1/2 mutation carriers (32). Subsequent MR analysis showed strong evidence of an association of BMI with invasive epithelial OC. Furthermore, association of BMI with HGSC, endometrioid carcinoma, and low malignant potential tumors but not other subtypes was observed. However, MR-Egger analysis showed little evidence of horizontal pleiotropy (29).



Height

Changes in sex hormones in females during their 20s and 30s are important in the pathogenesis of epithelial OC. Height is strongly influenced by the peripubertal hormonal milieu and reflects pubertal hormonal levels. Observational studies support an association of increased height in adults with higher risk of OC (64). Reports of the 2014 World Cancer Research Project Fund/American Institute for Cancer Research have documented convincing evidence of a correlation between adult height and increased OC risk (55). However, these conventional observational studies are subject to inherent bias, including selection bias, differential and non-differential reporting bias, and confounding.

In contrast, an earlier MR study demonstrated little evidence that height is associated with risk of aggressive epithelial OC. In analyses examining histotypes and low malignant potential tumors, significant association of height with clear cell carcinoma was observed, which was robust in various sensitivity analyses, but not with other subtypes (29). In 2018, Dixon-Suen et al. published an MR study on height and OC risk based on data from 16,395 European women with primary ovarian/fallopian tube/peritoneal cancer and 23,003 controls from 39 OCAC studies. The group concluded that greater genetically predicted height was associated with increased OC risk, both overall and separately for invasive and borderline tumors. Among BRCA1/2 mutation carriers, no causal relationship between height and OC risk was observed (28).




Causality Between Reproductive Factors and OC Risk

Numerous studies have been performed to establish whether reproductive factors are associated with risk of OC as a gynecological tumor. Infertility has been consistently identified as a risk factor for OC and the use of oral contraceptives, parity, and tubal ligation shown to reduce the risk of disease. In addition, risk of OC is related to use of a number of hormone drugs. Taking into account the effects of pregnancy and use of oral contraceptives on risk of OC, it is reasonable to assume that age at menarche and natural menopause are potential risk factors (65, 66).


Age at Menarche

The “incessant ovulation” hypothesis suggests that delaying the age of menarche may reduce the number of ovulations, thereby reducing risk of OC. Moreover, levels of sex hormones (such as progesterone and androgens) show changes during childhood and adolescence, which are thought to play an important role in the etiology of OC. In 2013, a meta-analysis including 22 case–control and 5 cohort studies on age at menarche and OC risk supporting an inverse relationship between menarche and risk of OC was published. An inverse association between menarche age and OC risk has been reported in the majority of subgroups, but limited to invasive and borderline serous OC (65, 67).

Another article showed evidence for association of earlier age at menarche with risk of invasive epithelial OC in inverse-variance-weighted (IVW) models. However, horizontal pleiotropy may bias the IVW estimate. In studies examining invasive epithelial OC histotypes and low malignant potential tumors, evidence for association of earlier age at menarche with endometrioid carcinoma was obtained, which was robust in MR-Egger, weighted median, weighted mode, and leave-one-out analyses (29). MR analysis of women of European descent revealed a strong reverse genetic correlation between age at menarche and BMI. Meanwhile, increasing age at menarche adjusted for genetically predicted BMI was associated with lower risk for OC, in particular, serous OC and endometrial cancer (24). Further MR analysis of Chinese genome-wide association studies and women of European descent revealed a causal relationship between earlier age at menarche and epithelial OC in both Chinese and European populations (34).



Age at Natural Menopause

Menopause is permanent cessation of the menstrual cycle, marking the end of female reproductive life. In addition to changes in related sex hormone levels, the timing of menopause can also be applied to predict future health outcomes, such as risk of hormone-related cancers. Earlier menopause may be related to increased risk of OC. This theory is based on the gonadotropin hypothesis for pathogenesis of OC, which predicts that ovarian aging, accompanied by higher concentrations of follicle-stimulating and luteinizing hormones, increases the risk of OC (68). Previous MR analysis of individuals of European descent showed little evidence that late natural menopause is associated with risk of aggressive epithelial OC. However, in subtype-specific analysis, evidence of a potential association of later age of natural menopause with risk of endometrioid carcinoma was obtained (29).



Parity

Past epidemiological studies have shown that parity is associated with the occurrence of ovarian cancer. Nulliparity and low parity are associated with an increased risk of ovarian cancer. Parous women have a 30%–40% lower risk of developing ovarian cancer, and an additional protective effect is seen with increasing parity (58). Studies have shown that after the first pregnancy, the risk of ovarian cancer is related to the number of pregnancies, and every pregnancy is related to a reduced risk of ovarian cancer (69). Conversely, MR studies show that there is no relationship between parity and ovarian cancer risk (29).




Causality Between Pathological Conditions and OC Risk


Endometriosis

Endometriosis is a chronic, estrogen-dependent progressive disease characterized by the presence of endometrioid tissue, glands, and interstitium outside the uterine cavity. In addition to serious adverse effects on female health and wellbeing, increased risk of OC development cannot be overlooked. Endometriosis, in particular, ovarian endometriosis, is suggested to increase the risk of malignant tumors. Two main pathways have been proposed to describe the potential association between OC and endometriosis: (1) the two diseases coexist and are the result of common risk factors and their effects and (2) endometriotic cells gradually transform into cancer cells (70). Numerous epidemiological studies have reported a significant increase in incidence of OC in patients with endometriosis. Subsequent retrospective studies consistently demonstrated higher incidence of endometriosis in patients with OC (58). A literature review summarized these findings and indicated that high risk of cancer development was attributable to elevated estrogen concentrations leading to cystic malignant hyperplasia and/or ARID1A gene (SWI/SNF family member) mutations and, consequently, loss of BAF250a expression. Therefore, further exploration of the relationship between endometriosis and OC from a genetic perspective is necessary (70).

Our MR analysis include reports that endometriosis is associated with risk of OC. Strong evidence of an association of genetic liability to endometriosis with increased risk of invasive epithelial OC was obtained in these studies. Subtype-specific analyses further confirmed significant association with clear-cell carcinoma and potential association with endometrioid carcinoma, low malignant potential tumors and HGSC. Findings on invasive epithelial OC and clear-cell carcinoma were reported based on sensitivity analyses examining horizontal pleiotropy whereas somewhat inconsistent effect estimates were found for endometrioid carcinoma, low malignant potential tumors, and HGSC. Analyses employing Steiger filtering provided strong evidence that the causal direction was from genetic liability to endometriosis to invasive epithelial OC whereas the causal direction could not be clearly established for clear-cell carcinoma (29).



Polycystic Ovary Syndrome

Polycystic ovary syndrome (PCOS) is a common hormonal disorder affecting 5%–8% women of reproductive age. A population-based case–control study highlighted the possibility of risk of OC in women with PCOS, which was not supported by other studies (71). Recently, the Ovarian Cancer Association Consortium (OCAC) reported decreased risk of invasive OC among women with self-reported PCOS (71, 72). The conflicting results obtained to date highlight the necessity for further research.

Two recent MR analyses on PCOS and OC risk may contribute to clarification of this issue. The first article provided little evidence that genetic susceptibility to PCOS affects the risk of invasive epithelial OC (58). Further subtype-specific analyses revealed an inverse association of genetic liability to PCOS with endometrioid carcinoma, which remained robust in sensitivity analyses. In contrast, association of PCOS with low-grade serous carcinoma was indicated but not clearly detected across all sensitivity analyses in IVW models, suggesting the presence of horizontal pleiotropy or potentially reflecting limited statistical power in these analyses (29). The second study used 14 SNPs to analyze PCOS and risk of OC in women of European descent and demonstrated an inverse association between genetically predicted PCOS and risk of invasive OC. Subtype-specific analyses disclosed the strongest inverse association between genetically predicted PCOS and endometrioid tumors (30).



Schizophrenia

For more than 100 years, the debate on whether schizophrenia can reduce the risk of cancer has continued. A number of previous studies indicate that schizophrenia contributes to prevention of cancer. Genetic research additionally supports an inverse correlation between schizophrenia and cancer, including evidence of common protein transcription pathways of the two diseases (73). However, epidemiological studies have not validated this correlation, because no significant differences in cancer risk of patients with varying levels of schizophrenia have been identified (74, 75). A number of researchers suggest that the reduction in cancer risk is attributable to protective genetic effects of schizophrenia while others believe that reduced risk is related to the drugs used to treat schizophrenia (73). From this viewpoint, it is necessary to study schizophrenia in relation to risk of cancer from a genetic perspective.

Choline metabolism disorders in association with schizophrenia and epithelial OC are documented. A bidirectional MR analysis of epithelial OC (data from six OCAC and two Consortium of CIMBA projects) and schizophrenia [Schizophrenia Working Group of the Psychiatric Genomics (76)] highlighted an association of schizophrenia with weaker but increased risk of epithelial OC. Moreover, in subtype-specific analyses, schizophrenia was shown to be associated with increased risk of high-grade serous OC (31).



Vitiligo

Vitiligo is an autoimmune disease characterized by selective destruction of melanocytes leading to depigmentation of skin. The association between vitiligo and skin cancer has been discussed previously, but findings to date are inconsistent. The potential correlation between vitiligo and risk of other cancer types has received limited research attention. A recently published MR analysis of vitiligo and cancer risk in European populations suggests a protective role of vitiligo against development of OC (35).



Type 2 Diabetes

Several epidemiological studies support an association between type 2 diabetes and increased risk of some types of gynecologic neoplasms, such as endometrial, cervical, ovarian, and vulvar cancer. Insulin resistance, chronic inflammation, and high levels of free ovarian steroid hormones may be among the potential mechanisms underlying this complex relationship (77). In the MR analyses included, there were two studies that mentioned type 2 diabetes and OC risk and showed no evidence of a causal relationship (29, 45).




Causality Between Nutritional Factors and OC Risk

Nutritional factors are related to OC, and improper lifestyle choices can exacerbate disease progression. Therefore, assessment of the impact of diet on risk of OC is of critical importance to the public, clinicians, and research and health institutions (78). MR research on nutritional factors and OC risk could provide a fundamental understanding of this association.


Vitamin A

Vitamin A activity is important for normal control of cellular differentiation and proliferation and hypothesized to modify cancer risk. Interestingly, a previous study exploring the correlation between vitamin A levels and risk of OC demonstrated no association while a subsequent meta-analysis reached the opposite conclusion (79, 80). A further MR analysis using two SNPs on a Caucasian population showed no causal link between vitamin A levels and risk of OC (37).



Vitamin E

Vitamin E, also designated tocopherol, has strong antioxidant activity that protects cells against oxidative DNA damage and mutagenesis, thereby preventing the onset of specific tumors. Vitamin E also contains putative anti-cancer and anti-mutant compounds and were suggested to play a role in the prevention of cancer. However, conflicting data have been reported showing that vitamin E is not related to OC (80, 81). An MR analysis focusing on three SNPs in a European population showed that this study showed no association between vitamin E and OC risk. However, in a study conducted on invasive epithelial OC and low malignant potential cancers, genetically predicted vitamin E levels were inversely associated with these cancer types (37).



B Vitamins

B vitamins (including folate, thiamin, riboflavin, niacin, vitamin B6, and vitamin B12) are essential micronutrients purported to influence carcinogenesis through regulation of one-carbon metabolism. Women in the highest quintile of folate and vitamin 6 intake were shown to have lower risk of OC than those in the lowest quintile (80, 82). However, an MR analysis of European populations showed that higher vitamin B12 concentration was associated with increased risk of low malignant ovarian tumors while other B vitamins (B6, folate) are not associated with risk of OC (37).



Vitamin D

Vitamin D has attracted widespread scientific interest in cancer prevention research. Data from in vitro and animal model studies support anti-tumor effects of vitamin D (83). Vitamin D functions by activating the nuclear vitamin D receptor, which is ubiquitously expressed and regulates the growth, differentiation, and apoptosis of normal and tumor cells. However, evidence from case–control and cohort studies so far suggests no effect of vitamin D on OC risk and survival (84).

The results of the three earlier MR studies may provide further insights into the potential association of vitamin D with OC. In 2016, Ong et al. failed to find a link between vitamin D and the risk of ovarian cancer (20). In 2017, Dimitrakopoulou et al. conducted an MR study of vitamin D using four SNPs to evaluate multiple cancer risk in women of European ancestry. The group failed to show a causal relationship between circulating vitamin D concentrations and OC risk (23). Similarly, a study published by Ong et al. in 2018 still failed to find a link between vitamin D and the risk of ovarian cancer (27). In 2021, an MR study by Ye et al. (46) using 104 SNPs on women of European descent showed that higher circulating vitamin D concentrations can reduce the risk of OC. The latest study by Ong and co-workers in the face of horizontal pleiotropy involving analysis with 74 SNPs further validated this result. Increase in vitamin D concentration may thus be related to decreased risk of OC (47).



β-Carotene

As a main vitamin precursor, vitamin A carotenoid, β-carotene is metabolized into biologically active retinol and other vitamin A compounds essential for maintenance of normal human physiology and homeostasis. Previous in vitro and in vivo studies have shown that β-carotene is a powerful antioxidant that can neutralize free radicals in cells involved in the development of chronic diseases. However, similar to other active substances with antioxidant properties, variable results have been obtained on potential associations of β-carotene and various cancers (85, 86).

Data from MR studies on β-carotene and OC may provide evidence for related research. In standard IVW analysis, genetically predicted serum β-carotene levels were positively associated with invasive epithelial OC, mucinous carcinoma, and endometrioid carcinoma. Conversely, β-carotene levels were negatively correlated with low-grade serous carcinoma, low malignant potential tumors, and mucinous borderline tumors (37).



Selenium

Selenium is an important trace element in the human body. A lack of trace elements necessary to maintain balance in the body, such as cofactors, and accumulation of specific toxic metals, may destroy resistance of the host to cancer. For example, selenium is a critical component of selenoproteins and plays a key role in resistance to oxidative stress. A number of epidemiological studies support an inverse correlation of selenium levels with cancer, in particular, breast cancer (87). Similar to the results of other epidemiological investigations, no causal relationship between selenium and OC was observed in the MR study (37).



Phosphorus

Phosphorus is one of the main elements that widely affect health of organisms. Almost all natural foods contain phosphorus in the form of inorganic phosphate or organic molecules. Several tumor types are reported to be associated with high phosphorus intake, including lung, colon, breast, ovary, and endometrial cancer, among others (88). In contrast, no causal link between circulating phosphorus concentrations and risk of OC was detected in an MR study (37).



Metal Elements

Iron is an essential element for numerous cellular processes. Imbalance in homeostasis attributable to iron overload is harmful to the body (89) and believed to contribute to the onset of cancer. Considering the known functions of oxidative stress, DNA repair, cell cycle regulation, and angiogenesis, trace metal concentrations in the diet (including zinc and copper) can affect cancer risk. Previous studies clearly suggest that circulating zinc and copper status are associated with initiation of OC (90, 91). Increasing evidence supports the synergistic roles of calcium and vitamin D in physiological processes. A recent randomized clinical trial reported that calcium supplementation reduces the risk of all-cause cancer in women and simultaneous supplementation with calcium and vitamin D exerts greater protective effects (92, 93). In addition, accumulating literature indicates that the balance between calcium and magnesium intake (Ca:Mg ratio) may modify the relationship between calcium and magnesium intake and risk of various outcomes (94).

Although various avenues of research on metal elements in relation to OC are ongoing, MR analysis remains an important means to clarify causal relationships. The MR study specified above highlighted an association of increase in magnesium concentration with decreased risk of epithelial OC. However, no causal relationship has been uncovered between other metal ions and risk of OC (37). Notably, a recently published MR study using 21 SNPs as instrumental variables on circulating copper and zinc and risk of OC in subjects of European ancestry showed novel results distinct from previous findings. Their data suggest that the circulating zinc concentration is causally related to risk of OC, in particular, HGSC (43).




Causality Between Biomarkers and OC Risk


C-Reactive Protein

C-reactive protein (CRP) is a highly sensitive and widely used systemic marker of inflammation. The protein is mainly produced by liver cells, together with other acute phase proteins, and released into the circulatory system in response to tissue damage and inflammation. Systematic reviews and meta-analyses have validated the utility of serum CRP levels as an effective indicator of risk of OC (95). However, further research is essential to clarify the causal relationship between CRP and risk of OC and the role of CRP in etiology of disease.

MR analysis conducted on a European population showed that despite no evidence that C-reactive protein affects risk of invasive epithelial OC, analyses examining histotypes and low malignant potential tumors suggested an inverse association of C-reactive protein with endometrioid carcinoma. C-reactive protein was not clearly associated with other histotypes or low malignant potential tumors (29).



Sex Hormone Binding Globulin

The sex hormone binding globulin (SHBG) gene regulates its effect by regulating the bioavailability of sex steroid hormones in target tissues (such as ovary). Hormone stimulation of ovarian epithelial cells is proposed as a mechanism underlying the development of OC. According to animal and in vitro studies as well as epidemiological observations, available evidence that sex steroids play a role in OC is mainly indirect and the precise relationship between circulating levels of sex steroids and risk of OC is yet to be established (96). An earlier MR analysis of a population of European descent showed little evidence of an association of genetic liability to sex hormone binding globulin with OC or its subtypes (29). In 2020, an MR analysis of testosterone and cancer showed the same results (41).



HMG-CoA Reductase

Statins are widely used to treat hypercholesterolemia. These drugs inhibit 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR), an enzyme necessary for synthesis of mevalonate (97). HMGCR is essential for cellular synthesis of cholesterol and various non-steroidal isoprenoid derivatives involved in proliferation, differentiation, and survival (98). Both in vitro and in vivo studies have shown that statins inhibit cancer cell growth by inducing apoptosis and inhibiting cell cycle progression through multiple cell signaling pathways (99). MR studies could be effectively used to explore the causal relationship between HMG-CoA reductase inhibition and risk of OC. An MR study in which all participants were of European descent (median age of the cohort, 41.5 to 59.0 years) showed that genetically proxied HMG-CoA reductase inhibition equivalent to 1 mmol/L (38.7 mg/dl) reduction in LDL cholesterol is associated with lower odds of epithelial OC. Similarly, in BRCA1/2 mutation carriers, genetically proxied HMG-CoA reductase inhibition was associated with lower OC risk (36).



Insulin-Like Growth Factor 1

Due to the increase in cardiovascular, endocrine, and metabolic diseases, such as metabolic syndrome, diabetes and polycystic ovary syndrome, the prevalence of insulin resistance continues to increase. Several studies support a link between insulin resistance and OC. Insulin resistance is reported to be related to ovarian steroid hormone imbalance and inflammation in diabetic patients and gynecological malignancies. Effective control of insulin resistance could therefore prevent various gynecological cancers. However, contrary to these findings, no association between insulin-like growth factor 1 (IGF-1) or binding protein 3 (IGFBP-3) and OC was identified in other studies (100). The causal link between IGF-1 and the risk of OC is also an issue of concern. A previous MR study on insulin-like growth factor-1 and site-specific cancer risk in a population of European descent demonstrated no significant association between genetically predicted IGF-1 levels and 14 other cancers (including OC), with the exception of colorectal cancer (44).



Testosterone

Testosterone is also a key hormone in women. In addition to being an essential precursor for estradiol biosynthesis, testosterone directly acts as an androgen and exerts physiological effects on both reproductive and nonreproductive tissues in women. The role of endogenous androgens in ovarian carcinogenesis is not well understood at present. A number of reports have shown no correlation between androgens and overall risk of invasive epithelial OC while other studies suggest that androgens are both protective and carcinogenic (101, 102). MR research conducted from a genetic perspective may provide constructive perspectives on the relationship between testosterone and OC risk. An MR study on the impact of testosterone on diseases in both sexes highlighted that genetically higher levels of testosterone are harmful to women with metabolic diseases and increase the risk of endometrial cancer but reduce risk and of OC (41).



Arachidonic Acid

Arachidonic acid (AA) is metabolized by cyclooxygenases and lipoxygenases to proinflammatory eicosanoids that modulate tumor cell proliferation, differentiation, and apoptosis according to experimental research. AA is a polyunsaturated fatty acid present at high concentrations in the OC microenvironment and associated with poor clinical outcomes. Several studies support its utility as a therapeutic target for intervention and prognostic indicator of OC (103). However, an MR study on female patients of European descent revealed no association of AA with OC risk (38).



Circulating Adipokine Concentrations

Obesity is considered a chronic inflammatory state characterized by continued infiltration of adipose tissue by macrophages and other immune cells leading to increased or decreased adipose secretion of adipokines [such as adiponectin, leptin, and plasminogen activator inhibitor-1 (PAI-1)] that may be linked to cancer development (104, 105). While accumulating research suggests that obesity presents an important risk factor for development of OC (61, 62), the underlying molecular mechanisms are not fully understood. Obesity is proposed to lead to increased insulin signaling, inflammation, enhanced availability of lipids, and changes in adipokine signaling, resulting in transformation of normal epithelial cells into aggressive tumor cells (106). Conversely, a previous large-scale MR study on circulating adiponectin and five obesity-related cancer types does not support an association of tumor progression with concentrations of circulating adiponectin, leptin, sOB-R and PAI-1. The causal relationship between circulating adipokines and development of obesity-related cancers (including OC) is yet to be established (42).



Telomere Length

Telomeres, which protect the physical integrity of linear chromosomes, are shortened with each cell division, a process that may be accelerated by damage incurred by oxidative stress. Tissue-based studies have revealed a pattern of telomere shortening, genomic instability, and upregulated telomerase expression in many tumor types, including OC. As cells progress from noninvasive precursor lesions to cancer, telomere shortening is a common phenomenon of the early stage of malignant transformation. Prospective studies suggest that greater circulating leukocyte telomere length is associated with lower risk of OC, especially for non-serous and rapid death cases. However, no evidence showing that overall telomere length is causally related to the risk of OC is currently available (107). In 2015, an MR study on telomere length in relation to common cancers in subjects of European descent was published. The study used 11 SNPs as instrumental variables and showed no causal relationship between telomere length and OC and its subtypes (19). However, a more recent MR study published in 2017 using 16 SNPs as instrumental variables on subjects of European descent showed a significant causal relationship of longer telomere length with increased risk of serous low malignant potential OC (25).





Discussion

MR is effective in reducing reverse causality and confounding variables and has gradually become an increasingly useful tool in epidemiological research. Moreover, MR analysis can be effectively used to analyze exposures that are not easy to investigate in some RCT and observational studies (such as height and BMI) (11, 16). The key to MR analysis is use of SNP as an instrumental variable to explore the relationship between exposure and results. Therefore, even under conditions of exploring the same exposure, when different SNPs or different numbers of SNPs are included, the results of MR analysis may differ, which may explain the variable findings discussed above. According to the classification of risk factors, we have sorted out the MR research and research results related to OC from 2015 to the present in detail. Readers can directly and comprehensively understand the application of MR research in the field of OC by reading this article.

A straightforward and common way of performing MR is called the ratio of coefficients or Wald method. The causal effect is triangulated by dividing the coefficients of regression of the outcome on the IV by the regression of the exposure on the IV (108). This method can be performed using summary-level data, without the need for individual-level data (108). Two-stage least-squares method is another method of performing MR analysis. Two-stage least-squares method involves two stages of regression: The first is from the IVs to the exposure, and the second is from the exposure to the outcome (108). However, this method requires individual-level data and becomes biased when at least one invalid IV is used (109).

Despite the fact that the inverse-variance weighting method gives higher weighting to SNPs, it makes the standard errors in the IV-outcome regression smaller (110). A number of limitations must be considered. A common issue is horizontal pleiotropy, which is difficult to avoid in MR research. Horizontal pleiotropy indicates that instrumental variables are not directly related to results through exposure, which violates the third hypothesis of instrumental variables (111). For the horizontal pleiotropy of one-sample MR, the Q test has a good test effect, especially when the data set is large, but the Q test cannot explain the origin of the horizontal pleiotropy (112). Some of the MR studies we included use the Q test, such as Yarmolinsky et al. (36). Another method that serves as a sensitivity analysis is an adaptation of Egger regression called MR-Egger. It can be used to detect bias that results from horizontal pleiotropy based on the assumption that any pleiotropic effects from IVs on the outcome are independent of the exposure (113). This method is widely used in the studies we included. In addition, in recent years, such as Larsson et al. (44), 2020, MR-PRESSO can minimize and correct the level of pleiotropy, but only if the traits that cause horizontal pleiotropy was known a priori (114). On this basis, the weighted median method gives consistent results when at least 50% of the IVs are valid (109) and weighted mode methods can infer a causal effect, even if the majority of IVs are invalid (115).

In addition, the bias in MR can also originate from assortative mating, that is, nonrandom matching between spouses (116). Whether it is a single-trait assortative mating, for example, tall women are more likely to select tall men, or a cross-trait assortative mating (117), for example, women with high intelligence test scores select taller men in research (118), results will be biased due to the non-random nature of this mating. This kind of bias is more common in MR studies where appearance characteristics such as height are used as exposure factors (119). Unfortunately, the two height-related MR studies included in our study did not consider the issue of assortative mating. In these two studies, statistical methods were not used to deal with the bias caused by assortative mating.

Similarly, linkage disequilibrium, defined as a nonrandom association between alleles at a genetic locus on a chromosome, which violates the basic assumption of instrumental variables (6), is a common occurrence. The Bayesian test that can be used to determine whether the association is the result of a colocalized SNP may also reduce the linkage disequilibrium bias in MR analysis (120). As well as setting a maximum pairwise linkage disequilibrium threshold for SNP inclusion, methods such as penalized logistic regression have been described as a means of selecting SNPs based on the knowledge of linkage disequilibrium (121). Some of the MR studies we included use the penalized logistic regression, such as Ong et al. (20). In addition, the winner’s curse is also a situation that has sometimes appeared in past MR studies. In the context of GWAS, the winner’s curse refers to the situation that usually only the main SNP with the smallest P value is reported, and other important SNPs may not even be mentioned (122). This makes the statistical ability of MR analysis insufficient. This situation often occurs in one-sample MR analysis due to chance correlation between instrumental and confounding variables during the discovery stage of the GWAS (123). Two-sample MR analysis can solve this problem well. Most of the MR analyses we have included are two-sample MR analyses.

Weak instrument bias occasionally appears in MR research, such as the IVs explain only a small part of the resulting phenotype (124). This then leads to a bias towards the confounded observational association or the null hypothesis, respectively, depending on whether one- or two-sample MR was used (123). Therefore, the F-statistic regression of the exposure on the IV is generally used to define strength, defining an instrument as being weak with a score lower than 10 (125). The I2 statistic may be used to check for weak instrument bias in MR-Egger analysis; values closer to 0 may be indicative of weak instrument bias (126).

In the context of MR analysis, the collider is a variable, which is the causal downstream of exposure and result (15). When trying to make statistical adjustments or conditioning to the collider, bias may occur (127, 128). This means that sample selection may introduce bias into MR analysis. Selection bias is considered to be a form of collider bias. Inverse probability weighting is a countermeasure to collider/selection bias (127). Inverse probability weighting considers underrepresented cases in the data set and gives them more weight in the analysis, assuming that these cases may be more common in the general population (127).

With the continuous development of GWAS, we should be able to successfully identify further accurate exposure-related SNPs as instrumental variables for continued MR analysis of specific exposures and findings to establish causal relationships. With the enrichment of statistical methods and the deepening of observational research, the results of MR analysis will become more accurate and reliable.



Conclusion

In conclusion, MR analysis plays an important role in etiological research on OC. Overall, higher BMI and height, earlier age of menarche, endometriosis, schizophrenia, and higher circulatory β-carotene and circulatory zinc levels are associated with increased risk of OC. Conversely, PCOS; vitiligo; higher circulatory vitamin D, magnesium, and testosterone levels; and HMG-CoA reductase inhibition are associated with reduced risk of OC. Despite its limitations, MR analysis should provide constructive insights into disease prevention and drug development as well as effective guidance for observational research and RCT.
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Background

PARP inhibitor (PARPi) is an important progress in ovarian cancer treatment. The available evidence suggests that BRCA mutation and homologous recombination deficiency (HRD) are effective biological markers for PARPi. Here we investigated the relationship between adverse events (AEs) and efficacy of PARPi in ovarian cancer patients.



Methods

Seventy-eight patients with ovarian cancer patients underwent Olaparib and Niraparib from July 2018 to July 2020 were analyzed. AEs were assessed by the National Cancer Institute Common Terminology Criteria for Adverse Events (NCI CTCAE) v5.0. Chi-square test or fisher exact tests was performed to observe the association between categorical variables. Logistic regression analysis was conducted to investigate the independent variables for disease control response (DCR). Progression-free survival (PFS) was compared between AEs variables by log-rank test.



Results

Patients with AEs in the first one week had a higher DCR compared with those after one week (86.11% versus 60.98%, p=0.013). Patients with serious AEs (SAEs) had a significantly higher DCR (81.40% versus 60.60%, p=0.045). There were associations between anemia and DCR in both occurrence (79.63% versus 56.52%, p=0.037) and grade (100% versus 73.17%, p=0.048). The median PFS of patients with hematological toxicity was longer than that of patients with no-hematological toxicity (30 versus 20 weeks, p=0.047). Patients with hematological toxicity within four weeks had prolonged median PFS than those with hematological toxicity after four weeks (40 versus 22 weeks, p=0.003).



Conclusions

The early presence of AEs and SAEs in hematological toxicity of PARPi were related to the antitumor efficacy, which might be a valid and easily measurable clinical marker in ovarian cancer patients.





Keywords: PARP inhibitor, ovarian cancer, efficacy, clinical marker, adverse events



Introduction

Ovarian cancer remains the first leading cause of cancer death in gynecological malignancy (1). Seventy percent of ovarian cancer patients can benefit from the traditional standard first-line treatment including cytoreductive surgery followed by platinum-based chemotherapy (2). However, about 80% patients will develop disease recurrence after traditional initial treatment and ultimately progress to platinum-resistance ovarian cancer (3). Recently, PARPi have transformed the treatment landscape of patients with ovarian cancer (4–11).

DNA damage in cells manifests mainly as single-strand breaks (SSBs), double strand breaks (DSBs) or replication fork stalling (12). PARP1 and PARP2 enzymes play an important role in the repair of SSBs in DNA, and they can recognize and bind to the DNA fracture site, and mediate DNA single-strand damage repair in tumor cells. HRD-positive tumor cells (cells with BRCA mutation or other mutations in homologous recombination repair (HRR) pathway genes such as RAD51 and ATM) cannot repair DNA single-strand damage, forming the synthetic lethal effect (13). Therefore, BRCAmt or HRD-positive tumor cells are more sensitive to PARPi in terms of molecular mechanisms (14).

PARPi are recommended as maintenance treatment and multi-line treatment in ovarian cancer patients according to National Comprehensive Cancer Network (NCCN) guidelines. The five-year follow-up data of SOLO1 showed that nearly 50% of patients harbored BRCA mutation have not progress with olaparib as first-line maintenance treatment, compared with 20% of patients in placebo group in 2020 ESMO meeting (15). Furthermore, olaparib as second-line maintenance treatment significantly increased progression-free survival (PFS) and overall survival (OS) for patients with BRCA mutation in SOLO2 study (16, 17). Both NOVA and PRIMA studies demonstrated that patients with HRD positive could get more benefit from niraparib as maintenance treatment (4, 5). On the other hand, olaparib could be used as single-agent therapy for multi-line treatment in ovarian cancer patients harbored BRCA mutation (18). QUADRA study demonstrated that women with heavily pretreated ovarian cancer, especially in patients with HRD positive platinum-sensitive disease, which included not only patients with BRCA mutation but also population with BRCA wild-type could benefit from niraparib (19). Previous clinical trials showed that ovarian cancer patients with BRCA mutation or HRD positive were more likely to benefit from PARPi. It was confirmed that BRCA mutation or HRD positive was an effective predictive biomarker for efficacy of PARPi from both molecular mechanisms and clinical practice.

However, there were no early clinical biomarkers to predict the efficacy. We observed that most patients suffered different PARPi-related adverse events (PrAEs) that might correlate with prognosis in our previous real-world studies (20). Based on these observations, we conducted this study to investigate the association of PrAEs with clinical outcomes in ovarian cancer patients.



Materials and Methods


Study Population

Between July 2018 to July 2020, seventy-eight advanced ovarian cancer/fallopian tube cancer/peritoneal cancer patients treated with PARPi, including olaparib with initial dose as 300 mg twice-daily and niraparib with initial dose as 200mg once-daily that was based on the baseline weight or platelets were enrolled in Jiangsu Cancer Hospital. If the patient experienced SAEs (Grade 3-4), the dose reduction and interruption would be done according to drug instruction of olaparib or niraparib. Treatment discontinued until the occurrence of radiological progression, as defined by Response Evaluation Criteria in Solid Tumors 1.1 (RECIST 1.1), unacceptable adverse events or death. Basic characteristics were collected from these patients. Platinum-sensitive ovarian cancer was defined as patients who relapsed more than or equal to 6 months after initial treatment and platinum-resistant ovarian cancer was considered as patients who progressed during initial treatment, or relapsed less than 6 months after initial treatment.

The inclusion criteria for all patients included histologically confirmed advanced ovarian cancer, fallopian tube cancer, peritoneal cancer, taking PARPi for more than four weeks, at least one measurable lesion as defined by RECIST 1.1, an Eastern Cooperative Oncology Group performance status (ECOG PS) of 0 or 1, and acceptable hematologic, hepatic, and renal function. Patients were excluded if they received platelet or red blood cell infusion within 4 weeks before taking the drug and had other malignant diseases within 2 years. All methods were performed in accordance with the relevant guidelines and regulations by the ethics committee of Jiangsu Cancer Hospital (2020- science-040).



Assessments

Patient demographics, adverse events and treatment efficacy were available and collected from all enrolled subjects. Efficacy assessments were performed based on computed tomography at baseline, after two and three cycles, and every 8 weeks thereafter until disease progression. The baseline of serum CA125 and a following monthly examination of CA125 were also conducted. The efficacy was assessed as complete response (CR), partial response (PR), stable disease (SD) and progressive disease (PD) by RECIST 1.1. Disease control rate (DCR) was defined as the proportion of patients achieving CR, PR or SD for at least 12 weeks. PFS was assessed from the first day of treatment with PARPi to disease progression or death from any cause. Treatment-related AEs were graded according to NCI CTCAE 5.0.



Statistical Analysis

Data were statistically analyzed using SPSS version 19.0 professional statistical software and all the count data were expressed as a percentage (%). Baseline characteristics and AEs were compared using t tests for continuous variables and fisher’s exact or chi-squared tests for categorical variables. Logistic regression analysis was conducted to investigate the association between independent variables and DCR. PFS was assessed using Kaplan–Meier method and compared between AEs variables by log-rank test. Single factors with p < 0.10 were defined as independent variable. Multivariate cox regression analysis was conducted to investigate the association between independent variables and PFS. A two-sided p-value less than 0.05 was considered statistically significant.




Results


Patient Characteristics

The demographic and baseline characteristics of the seventy-eight patients were summarized in Table S1, of whom seventy-four patients were ovary cancer and four patients were fallopian tube cancer. The median age of patients was 56 years (range 30–80 years). The median follow-up time was 22 weeks (range 12–88 weeks), and median PFS was 28 weeks with 95% confidence interval (CI) of 21.6–34.4%. Among overall population, the overall DCR was 72.7% (95% CI: 62.6–82.9%) and ORR was 14.3% (95% CI: 6.3–22.3%).

Of those, forty-eight patients (61.5%) treated with olaparib and the remaining thirty patients (38.5%) treated with niraparib. During olaparib treatment, a total of thirty-seven patients experienced anemia, twelve of whom were diagnosed with grade 3-4 anemia. Thrombocytopenia occurred in seven patients, two of whom were grade 3-4. In patients treated with niraparib, seventeen patients had mild (grade 1–2) anemia except for one case with grade 4 anemia. Thrombocytopenia developed in eighteen patients, six of whom had grade 3-4 thrombocytopenia. In addition, there were 83.1% patients suffered fatigue, 66.2% patients had nausea, and 62.3% patients experienced decreased appetite in total subjects.



AEs and DCR

This cohort analysis showed that early presence of AEs (within one week), SAEs, residual disease at initial surgery, and ECOG ps were associated with DCR. Patients with AEs in the first one week had a higher DCR compared with after one week (86.11% versus 60.98%, p=0.013). Also patients with SAEs had a significantly higher DCR (81.40% versus 60.60%, p=0.045). Besides, the DCR among patients with R0 resection was higher (83.33% versus 54.84%, p=0.008) than those with R1 resection. The same results were also observed in patients with ECOG 0 (83.33% versus 60.00%, p=0.038) compared with those with ECOG1 (Table 1).


Table 1 | Disease control rate of patients with different baseline characteristics and adverse events.



In the further analysis of each AE, it was found that there were relationships between anemia and DCR in both occurrence (79.63% versus 56.52%, p=0.037) and grade (100% versus 73.17%, p=0.048) (Table 1). Similarly, DCR among patients treated with olaparib was association with occurrence of anemia (83.78% versus 36.36%, p=0.007). However, patients treated with niraparib had a higher DCR in those experienced thrombocytopenia within four weeks than after four weeks (86.67% versus 40.00%, p=0.044) (Table S2). Baseline characteristics between the occurrence of AEs were not significantly different (Table S3).

A multivariable logistic regression model was constructed to predict DCR in the study population. It showed that the occurrence of AEs (odds ratio (OR): 0.162; 95% CI: 0.041-0.643, p = 0.010), ECOG score (OR: 0.188; 95% CI: 0.051-0.684, p=0.011) and residual disease at initial surgery (OR: 0.275; 95% CI: 0.084-0.903, p=0.033) were statistically significant for predicting DCR (Table 2). After internal verification of the existing population by logistic model, it was found that the accuracy rate of three factors including occurrence of AEs, ECOG score and residual disease at initial surgery for DCR was 96.1% and the total accuracy for DCR or PD was 76.4% (Table S4).


Table 2 | Logistic regression analysis (Forward: LR) of multi-factor for predicting disease control rate.





AEs and PFS

Median progression-free survival of patients with different baseline characteristics and adverse events were presented in Table 3. Univariate log-rank test analysis showed that the PFS among patients with hematological toxicity was longer (median: 30 weeks [95% CI: 20.78, 39.22]) than with no-hematological toxicity patients (median: 20 weeks [95% CI: 13.61, 26.39], p=0.047) (Figure 1). Patients with hematological toxicity within four weeks had prolonged median PFS than who with hematological toxicity after four weeks (40 versus 22 weeks, p=0.003) (Figure 2). Multivariate Cox regression analysis showed that hematological toxicity after four weeks (HR: 2.613; 95% CI:1.104-6.187, p=0.029), residual disease at PDS/IDS(R1/R2) (HR: 3.579; 95% CI:1.443-8.880, p=0.006) and BRCAmt (HR:0.301; 95% CI:0.123-0.739, p=0.009) were the independent factors (Table 4). Further interaction analysis with these independent factors found that there was no interaction between BRCAmt and hematological toxicity within four weeks [(relative excess risk due to interaction, (RERI): -1.246; 95% CI: -4.255-1.763], residual disease at PDS/IDS and hematological toxicity within four weeks (RERI: 2.134; 95% CI: - 3.270-7.538).


Table 3 | Median progression-free survival of patients with different baseline characteristics and adverse events.






Figure 1 | PFS was compared between patients with or without hematological toxicity.






Figure 2 | PFS was compared between patients with hematological toxicity within 4 weeks or after 4 weeks.




Table 4 | Cox regression analysis of multi-factor for predicting progression-free survival.






Discussion

PARPi is an important milestone in ovarian cancer treatment. Clinical studies showed that most patients experienced different degrees of AEs after taking PARPi. And mild or moderate AEs, namely CTCAE grade 1-2 is more common, including hematologic toxicity, gastrointestinal reactions and fatigue. Most of the hematologic laboratory abnormalities occurred within the first three months. The incidence of grade 3 or 4 anemia, thrombocytopenia and neutropenia was the main reason of dose reduction, interruption and even discontinuation. 10-15% of patients terminated their medication due to adverse reactions, and most patients could be treated with long-term medication (4, 5).

Similar adverse events were also observed in our previous real-world studies as well as in the population of this study. Interesting, it was observed that AEs of PARP inhibitors were highly similar to the traditional cytotoxic drugs that might be related to the distribution of PARP in various tissues of the body (20, 21). And molecular mechanism of PARP inhibitors is different from traditional targeted drugs which are targeted at a known oncogenic site, whether a protein molecule or a gene fragment. PARP inhibitors have high therapeutic index and low off-target effect based on the mechanism (22). Therefore, we combined with our clinical observation and mechanism of PARPi to further speculated that the AEs of PARP inhibitors might be related to the efficacy.

Some studies have found that there is a correlation between AEs of apatinib and the efficacy in treatment of gastric cancer, non-small cell lung cancer, colorectal cancer and liver cancer that may be due to the simultaneous expression of vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) receptors in tumor tissues and normal tissues (23–27). Recent studies reported that patients who experienced immune-related adverse events demonstrated marked improvements in survival and response rate compared to those lacking toxicity, which might be triggered by antigens that were common to both tumor and inflamed organ (28–30). Similar to the mechanism of immune-related adverse events, the correlation in PARP inhibitors is likely to be related to the widespread distribution of PARP in the cells. At present, there are no studies on the efficacy and AEs of PARPi.

In this study, we found that early presence of AEs (within one week), SAEs, residual disease at initial surgery, and ECOG score were correlated with the short efficacy of PARPi. But multivariable analysis showed that early presence of AEs, ECOG score and residual disease at initial surgery were statistically significant for DCR. The accuracy rate of these three factors for DCR was 96.1% and the total accuracy for DCR or PD was 76.4% through internal verification of the existing population which needed to be further performed by external validation. DCR among patients treated with olaparib and niraparib were association with anemia and thrombocytopenia, respectively. However, all patients who experienced anemia had a higher DCR that might be attributed to more enrolled patients taking olaparib. In addition, the prolonged PFS was observed among patients with hematological toxicity and hematological toxicity within four weeks, especially the latter. Further interaction analysis verified that hematological toxicity within four weeks, residual disease with R0 at PDS/IDS and BRCAmt were three independent factors for the efficacy of PARPi. The differences between PFS and DCR related factors were due to the small sample and short follow-up time.

Small sample size and diverse cohort is the most critical limitation in our single-center analysis that may affect parts of results to demonstrate statistically significant differences. The data of overall survival were lacking in our study because PARPi was approved in China not long ago. The level of evidence for our retrospective study was insufficient. In clinical practice, it may only be used in the process of patients using PARP inhibitor to roughly evaluate the immediate or short-term efficacy. RECIST 1.1 is still the evaluation standard of curative effect. And further randomized studies should be performed to evaluate the role of PrAEs as a potential prognostic marker in advanced ovarian cancer patients treated with PARPi. Therefore, we recently initiated a prospective study to that intended to confirm the results of this retrospective study, and to further explore other possible clinical markers and the possibility of establishing a comprehensive evaluation model for the efficacy of PARP inhibitors (Clinical trial information: NCT04582552).

In conclusion, we firstly found that the early presence of AEs, and SAEs in hematological toxicity of PARPi were related to the antitumor efficacy, which might be a valid and easily measurable clinical marker in ovarian cancer patients.
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Platinum-based chemotherapy is still the standard of care after cytoreductive surgery in the first-line treatment for epithelial ovarian cancer. This study aims to integrate novel biomarkers for predicting platinum sensitivity in EOC after initial cytoreductive surgery precisely. To this end, 60 patients were recruited from September 2014 to October 2019. Based on the duration of progress-free survival, 44 and 16 patients were assigned to platinum-sensitive and platinum-resistant group, respectively. Next generation sequencing was performed to dissect the genomic features of ovarian tumors obtained from surgery. Multiple genomic variations were compared between two groups, including single-nucleotide variant, single base or indel signature, loss of heterozygosity (LOH), whole-genome duplication (WGD), and others. The results demonstrated that patients with characteristics including positive SBS10a signature (p < 0.05), or FAM175A LOH (p < 0.01), or negative WGD (p < 0.01) were significantly enriched in platinum-sensitive group. Consistently, patients with positive SBS10a signature (15.8 vs. 10.1 months, p < 0.05), or FAM175A LOH (16.5 vs. 9.2 months, p < 0.05), or negative WGD (16.5 vs. 9.1 months, p < 0.05) have significantly longer PFS than those without these genetic features. By integrating these three biomarkers, a lasso regression model was employed to train and test for all patients, with the AUC value 0.864 in platinum sensitivity prediction. Notably, 388 ovarian cancer patients from TCGA dataset were leveraged as independent validation cohort with AUC value 0.808, suggesting the favorable performance and reliability of this model.




Keywords: biomarker, next generation sequencing, ovarian cancer, platinum sensitivity, ROC curve



Introduction

Epithelial ovarian cancer (EOC) remains the most aggressive and lethal disease of all gynecologic malignancies. Seventy percent of the patients are in advanced stage at initial diagnosis. Although the majority of these patients respond to first-line treatment, around 70% of them recur within 2 years (1). Treatment strategy for recurrent EOC is mainly based on platinum sensitivity which is defined by the duration of progression free survival (PFS). PFS less than 6 months is considered platinum resistant, while PFS more than 6 months reveals platinum sensitive (2). However, there are few effective methods to predict the timepoint of recurrence and prejudge its platinum sensitivity. Now platinum-based chemotherapy is still the standard of care after cytoreductive surgery in the first-line treatment in EOC. The prediction of platinum sensitivity before chemotherapy could assist us applying more individualized regimen as well as other therapeutic modalities.

Treatment for EOC has begun to develop into individualized management following the new era of precise medicine. It was reflected in the appropriate systemic treatment based on clinical characteristics and intrinsic genomic alterations of patients. Due to increasing advances in sequencing technologies and decreasing costs, our understanding of molecular basis for ovarian cancer has improved extensively (3). Accumulating evidence have proved that the “gene testing” could provide significant impact on treatment options. Predominantly, tumor with BRCA mutations and homologous recombination deficiency (HRD), which emerged in 25% and 50% of high grade serous ovarian cancer respectively, were associated with better response to platinum and PARP inhibitors (4). In addition, the exploration of other biomarkers related to the efficacy of ovarian cancer treatment has also been widely reported. Luo et al. demonstrated that clonal mutations in homologous combination repair pathway were associated with improved survival and chemotherapy response for ovarian cancer (5). Färkkilä et al. reported that tumor mutational signature 3 positivity was associates with prolonged progression-free survival with the combination of niraparib and pembrolizumab (6). Kang et al. proved a 151 DNA repair genes-based score was associated with better survival in ovarian cancer patients treated with platinum-based chemotherapy (7). Based on this evidence, we assume that it is a multi-factor mediated event that influences the therapeutic efficacy of ovarian cancer. Therefore, there is an urgent requirement for a model that could integrates multiple predictive factors for the prognosis and platinum sensitivity in EOC.

This study aims to explore novel predictive genetic characteristics to stratify platinum responsive patients ahead of recurrence. Through deep-sequencing of 60 previously collected EOC tumor samples, we compared the genomic landscape between platinum responsive and resistant patients, encompassing single nucleotide variation, loss of heterozygosity, clonal architecture, and WGD status. Furthermore, the impact of genomic alterations on the response to platinum-based chemotherapy was evaluated. Finally, the lasso regression model integrated with weight coefficient was established for discriminating patients who could benefit from platinum-based therapy, and then TCGA dataset was introduced to validate the reliability of this model.



Materials and Methods


Patient Enrollment and Follow-Up

All 60 epithelial ovarian cancer patients treated with standard initial cytoreductive surgery followed by platinum-based chemotherapy were recruited from September 2014 to October 2019. The median age at diagnosis was 55. Among the patients, 50 of them were high grade serous ovarian cancer (HGSOC), and 10 were others including low grade serous ovarian cancer, clear cell ovarian cancer, and endometrioid ovarian cancer. According to regulations 2018 FIGO stages, there were 15 patients with I–II stages and 45 with III–IV stages in this cohort. In addition, all patients received taxol plus platinum-based chemotherapy, and 11 patients received neoadjuvant chemotherapy. The therapeutic evaluation was performed at the ending of surgery and chemotherapy, 54 patients were complete response, and 6 patients were partial response. The demographic characteristics of enrolled patients were showed in Supplementary Table S1. All patients were monitored regularly every 3 months at outpatient clinic. PFS was calculated from the date of last chemotherapy to the date imaging diagnosable recurrence. According to the PFS, 44 patients (PFS > 6 months) and 16 patients (PFS < = 6 months) were defined as platinum-sensitive and platinum-resistant recurrence, respectively. The cohort consisted of patients from Beijing Cancer Hospital and Peking Union Medical College, and written informed consent was obtained from all patients before initiating adjuvant chemotherapy for sample collection, gene sequencing and data publication. The study was approved by the institutional review board of Beijing Cancer Hospital (No.2020KT27), Peking Union Medical College (HS-1437) and conducted in accordance with the Declaration of Helsinki. Briefly, the principles of the ethic standard are including social and clinical value, scientific validity, fair subject selection, favorable risk-benefit ratio, independent review, informed consent, respect for potential and enrolled participants, and others.



Sample Collection

All patients underwent optimal cytoreduction. Primary tumor tissues together with matched normal tissues were collected and prepared into formalin-fixed paraffin-embedded (FFPE) samples. Genomic DNA extraction was performed with TIANamp Genomic DNA kit (Tiangen Biotech, Beijing, China) following manufacturer’s instruction.



Library Construction and High-Throughput Sequencing

Genomic DNA prepared via the methods stated above were fragmented with an ultra-sonicator UCD-200 (Diagenode, Seraing, Belgium), and subsequently purified and size-selected with magnetic Beads (Beckman, MA, USA). The quality of DNA was determined by Qubit 2.0 Fluorometer with Quanti-IT dsDNA HS Assay Kit (Thermo Fisher Scientific, MA, USA). Library construction was then performed using a custom 53M whole exons capturing probe (IDT, IA, USA). Captured libraries were then pair-end sequenced in 100-bp lengths with Geneplus-2000 sequencing platform (Geneplus, Beijing, China) following the manufacturer’s guidance. Raw data from next-generation sequencing was then filtered to remove low-quality reads and adaptor sequence. Reads were further aligned to the reference human genome (hg19) utilizing BWA aligner (version 0.7.10) for mutation calling. All laboratory procedures are followed the biosecurity guidelines of Geneplus Medical Laboratory.



Genomic Data Analysis

Single nucleotide variants (SNVs) were called by MuTect (8) (version 1.1.4). For quality control, somatic mutations were identified only when (1) present in <1% of the population in the 1000 Genomes Project (https://www.internationalgenome.org/), the Exome Aggregation Consortium (ExAC), and the Genome Aggregation Database (gnomAD) (https://gnomad.broadinstitute.org); (2) not present in paired germline DNA from normal tissues; (3) detected in at least 3 high-quality reads containing the particular base, where high-quality reads were defined with Phred score > = 30, mapping quality ≥ 30, and without paired-end reads bias. Germline mutations were called by GATK (version 4.0) and in-house script. The mutational signature analysis was performed with unfiltered somatic mutations using R package YAPSA (9) and matched to COSMIC signature database (https://cancer.sanger.ac.uk/cosmic/signatures). Somatic copy number variation (SCNV) was identified by GATK (version 4.0). The focal level of somatic copy number variation was detected by in-house script with bam file. The clonal architectures of somatic mutations and status of whole genome duplication (WGD) were inferred by ABSOLUTE (10) considering with tumor purity and copy number alterations. Events with estimated upper 95% confidential intervals of cancer cell fraction (CCF) of 1 were defined as clonal, whereas the rest were defined as sub-clonal. The 276 DNA damage repair (DDR) related genes list was downloaded from previous report (11). LASSO regression model was trained and tested (patients’ proportion is 2:1) with potential biomarkers which have prognostic value and ROC curve was drawn with R package glmnet (version 4.0.2). The TCGA dataset of ovarian cancer was downloaded from cbioportal (http://cbioportal.org/) and PanCanAtlas (https://gdc.cancer.gov/about-data/publications/pancanatlas). Three hundred eighty-eight patients were derived with status of all three genomic features and platinum sensitivity, then 10% of total patients were randomly selected as the test set, and cross-validated for 10 times.



Statistics

Two-sided Mann-Whitney and Fisher’s exact tests were performed on Graphpad Prism (version 7.01) or R (version 3.6.1) to generate the P value. Log-rank tests within Kaplan-Meier estimation was introduced to study the predictive impact of biomarkers in estimating the progression free survival (PFS). Multivariate Cox regression was performed by R package survminer (version 0.4.8.999) to test whether each biomarker of interest was an independent predictive marker. For all tests, a P value < 0.05 was considered statistically significant.




Results


Mutational Landscape of DNA Damage Repair Related Genes in Epithelial Ovarian Cancer Patients

To systematically evaluate the impact of genomic variation on platinum-based chemotherapy, we performed high-throughput sequencing on 60 epithelial ovarian cancer (EOC) patients completed with standard initial treatment. The mean sequencing depth for this cohort was 273X, and the mean mutation count was 134 (Supplementary Table S2). According to previous report, the platinum-based chemotherapy could kill tumor cells by binding to DNA and leading to inter-strand or intra-strand crosslinks which would prevent DNA replication (12). The platinum-based treatment efficacy was determined by not only the amount of imposed DNA damage but also by the DNA damage repair (DDR) ability of host individuals. To depict the aberrations on DDR pathway in this cohort, the landscape of diver mutations was showed in Figure 1. TP53 was the top (96%) mutation within 51 patients, who were detected with at least one driver mutations in top 20 frequency. Other DDR drivers recurrently mutated included BRCA1, HERC2, ATR, FACNL, POLE, ATRX, BLM, ERCC1, ERCC5, and others. Meanwhile, the results showed that there was no significant discrepancy on single DDR mutation between platinum-sensitive and platinum-resistant patients. There were 17 patients (28.3%) with germline or somatic BRCA1/2 mutations. However, as shown in Supplementary Figure S1A, BRCA mutations were not associated with platinum sensitivity (P = 0.52). Furthermore, patients with BRCA mutations had almost overlapped PFS curve compared to patients with wild-type BRCA (Supplementary Figure S1B, P = 0.78). According to above results, we wonder if there is a comprehensive biomarker could utilize to predict platinum treatment sensitivity instead of just relying on solely single mutation within DDR genes.




Figure 1 | Mutational landscape of DNA damage repair related genes in epithelial ovarian cancer patients, showing with the number of somatic mutations in each patient (top), the mutation frequency of each gene (right), and platinum response status (bottom).





Mutational Signature SBS10a Was Significantly Associated With Better Platinum Response and Prolonged Progression-Free Survival

To assess global characteristics of tumor genome between platinum-sensitive and resistant patients, the mutational signatures of single base substitution, small insertion, and deletion, were compared in these two subsets. Then, the contributions of our cohort were aligned to COSMIC v.3.1 mutation profiles. As shown in Figures 2A, B, there was no indel signature with marked difference between two subsets by absolute contributions. Notably, for single base substitution, the absolute contribution of SBS10a was significantly higher (P = 0.031) in platinum-sensitive patients than platinum-resistant patients. SBS10a is predominantly characterized by C > A transversion and is proposed as polymerase epsilon exonuclease domain mutations. Obviously, SBS10a is strongly associated with DDR deficiency and hypermutations. To balance the distribution of patients in SBS10a positive and negative groups, we defined the absolute contribution above 0.5 was SBS10 positive. As a result, 31 patients were classified to SBS10 positive (51.67%) and 29 patients were SBS10 negative (48.33%). Combined with platinum sensitivity information, patients with positive SBS10a were significantly enriched in platinum responder cohort (Figure 2C, P = 0.019). Therefore, we wondered if patients with positive SBS10a would have prolonged PFS than SBS10a negative patients. The Kaplan-Meier analysis was utilized to delineate survival curves, as shown in Figure 2D; patients with positive SBS10a had significantly improved median PFS of 15.8 months compared with 10.1 months for those with negative SBS10a (95% CI = 0.9892 to 4.085, P = 0.0484, log-rank test). These results indicated that SBS10a positivity was a potential biomarker for stratification of ovarian cancer patients.




Figure 2 | Mutational signature SBS10a was significantly associated with better platinum response and prolonged progression-free survival. (A) Comparison of the absolute contribution of each single base substitution signature between platinum sensitive and resistant EOC patients. (B) Comparison of the absolute contribution of each indel signature between platinum sensitive and resistant EOC patients. (C) The distribution of SBS10a between platinum sensitive and resistant patients. (D) The survival curve with log-rank test for SBS10a signature in EOC patients. *P < 0.05.





Patients With Loss of Heterozygosity of FAM175A Have Potential Clinical Impact

The extensive copy number alterations were observed in this EOC cohort. We evaluated copy number variations on gene level across all 60 patients and compared the discrepancy between platinum-sensitive and resistant group. As shown in Figure 3A, significantly discrepant focal LOHs with fisher’s exact test were exhibited between two subsets, such as VEGFC, FGF2, IRF2, RAP1GDS1, CASP3, FAM175A, and others. Particularly, FAM175A encodes a protein that binds to the C-terminal repeats of BRCA1 and is required for efficient DNA repair of DNA double- strand breaks (13, 14). To evaluate the effect of FAM175A on platinum sensitivity and prognostic value, EOC patient enrichment and Kaplan-Meier analysis were performed between FAM175A LOH and wild-type group. It is showed in Figure 3B, patients with FAM175A LOH were significantly enriched in platinum responder cohort (P = 0.0073). Furthermore, patients with FAM175A LOH had prominently longer median PFS of 16.5 months than 9.8 months for those wild-type patients (Figure 3C, 95% CI = 1.031 to 4.231, P = 0.0382, log-rank test). These results suggested FAM175A LOH had potential clinical impact on platinum treated EOC patients. Notably, we also explored the relationship between FAM175A LOH and BRCA mutation. As a result, FAM175A LOH was not associated with BRCA mutation (Supplementary Figure S2A, P = 0.7721). Therefore, we then asked if FAM175A LOH could be a compensation for BRCA mutation as paralleled predictor for platinum efficacy. As shown in Supplementary Figure S2B–C, patients with any of FAM175A LOH or BRCA mutation were significantly enriched in platinum responder cohort (P = 0.0212), and a broadline significant trend of longer PFS than patients without these two variations (95% CI = 0.8303 to 3.949, P = 0.0902, log-rank test). These results suggested that FAM175 LOH together with BRCA mutation could be potential predictor for clinical outcome in EOC patients.




Figure 3 | Focal copy number variation analysis identifies FAM175A LOH has potential prognostic value. (A) Significantly discrepant focal LOHs with Fisher’s exact test were exhibited between platinum sensitive and resistant patients; left panel, gene symbol; right panel, frequency for each gene. (B) The distribution of FAM175A LOH between platinum sensitive and resistant patients. (C) The survival curve with log-rank test for FAM175A LOH in EOC patients. **P < 0.01.





Whole-Genome Duplication Was Associated With Platinum Resistant and Worse PFS

The whole-genome duplication was also extensively observed with frequency 43.1% in this cohort. As we known, WGD is a hallmark during tumor evolution, which could shape the clonal architecture and promote tumor progression. To assess what effect exerted by WGD in EOC patients, distribution analysis of WGD patients was performed between platinum-sensitive and resistant subsets. It is shown that patients with WGD were significantly enriched in platinum-resistant cohort (Figure 4A, P = 0.0197). Consistently, patients with WGD had significantly worse median PFS of 9.1 months than 16.8 months for those without WGD (Figure 4B, 95% CI = 1.003 to 4.498, P = 0.038, log-rank test). Moreover, we wondered that if there was association between WGD and BRCA mutation in this cohort. Distribution enrichment with fisher’s exact test indicated that WGD was not correlated with BRCA mutation (Supplementary Figure S3A, P = 0.5636). Likewise, to evaluate possibility of WGD and BRCA mutation as an integrated predictor for clinical outcome, the association of these two biomarkers with platinum response was analyzed. As shown in Supplementary Figure S3B, patients with any of negative WGD or BRCA mutation were predominantly enriched in platinum responder cohort (P = 0.0286). Survival analysis revealed that patients with any of these two biomarkers had a favorable trend of better PFS than those presented with positive WGD and wild-type BRCA (Supplementary Figure S3C, 95% CI = 0.8264–4.193, P = 0.084, log-rank test). These results suggested WGD plus BRCA mutation had potential to predict clinical outcomes in EOC patients.




Figure 4 | Whole-genome duplication (WGD) was associated with platinum resistant and worse PFS. (A) The distribution of WGD between platinum sensitive and resistant patients. (B) The survival curve with log-rank test for WGD in EOC patients. *P < 0.05.





Clonal Mutations or Co-Variations in DDR Pathways Have Potential Prognostic Value

To explore other possible biomarkers for clinical outcome of EOC patients with platinum treatment, the intra-tumor heterogeneity (ITH) and co-variations in DDR pathways were investigated. The somatic mutations in DDR pathways were classified into clonal and sub-clonal groups by considering tumor purity, absolute somatic copy number and cancer cell fraction. Unfortunately, clonal DDR mutations were not associated with platinum response (Supplementary Figure S4A, P = 0.4858). Nevertheless, survival analysis showed that patients with clonal DDR mutations had longer median PFS 29.7 months than 14.7 months for those only comprised by sub-clonal DDR mutations, with a certain trend toward significance (Supplementary Figure S4B, 95% CI = 0.9484–4.514, P = 0.091, log-rank test). Patients with co-variations in DDR pathways were confirmed when any of following situations emerged within 80 core DDR genes: 1), germline mutation plus somatic mutations; 2), somatic mutations plus somatic LOH; 3), two somatic mutations. As a result, co-variations in DDR pathways were not related with platinum response in this cohort (Supplementary Figure S4C, P = 0.5408). Notably, it is a clear tendency to significance that patients with co-variations in DDR pathways had better median PFS of 29 months than 13.2 months for those without co-variations (Supplementary Figure S4D, 95% CI = 0.9364 to 3.94, P = 0.085, log-rank test). To sum up, clonal mutations and co-variations in DDR pathways are potential prognostic biomarker for EOC patients with clear tendency, however, that warrants future prospective investigation.



Construction and Validation of Multi-Factor Model for Predicting Platinum Sensitivity in EOC Patients

Five genomic variation events with potential prognostic value were derived from platinum treated EOC patients. Through those candidate events, an integrated model which intended to distinguish platinum beneficial patients, was trained and validated with 60 EOC tumor samples by employing lasso regression. Interestingly, the weight coefficient of clonal mutations and co-variations was compressed to zero by LASSO innate penalty mechanism, due to their less contribution for platinum sensitivity. With SBS10a+, FAM175A LOH, and WGD-, 60 patients were divided in training set and testing set. After training, these parameters were fitting with the LASSO regression to generate ROC classification curve. A remarkable performance with the AUC value 0.864 was observed in ROC curve (Figure 5A). To validate the reliability of these biomarkers, TCGA dataset of ovarian cancer was downloaded. After training and testing, an AUC value 0.808 was obtained with TCGA dataset, suggesting potential predicting value of these variations in clinical setting (Figure 5B). Furthermore, with the purpose of identifying prognostic biomarker, a multivariate Cox regression analysis was performed with those five variations; result showed that wild-type of FAM175A was an independent predictor of poor prognosis in platinum treated EOC patients (Table 1, HR = 2.759, 95%CI = 1.232–6.175, P = 0.014).




Figure 5 | Construction of multi-factor model for predicting platinum sensitivity in EOC patients. (A) ROC curve was established with training and testing sets in this cohort. (B) ROC curve was established with training and testing sets in TCGA dataset. The X axis indicates specificity, and the Y axis indicates sensitivity.




Table 1 | Multivariate Cox-proportional hazard analyses of the association with PFS using five discrepant variables between platinum sensitive and resistant EOC patients. *P < 0.05.






Discussion

The overall survival for EOC has not been improved for decades worldwide (15, 16). Since the 1990s, platinum compounds have been the basis of standard of care for ovarian cancer treatment (17–19). Most patients are highly platinum-sensitive at initial treatment with only 20–30% resistant to platinum-based chemotherapy which is defined as PFS less than 6 months (20, 21). PFS is the conventional golden standard for distinguishing platinum-sensitive from platinum-resistant cases in clinic. Thanks to the development of genetic testing technology, we have gotten a better understanding of molecular landscape in ovarian cancer, so that tumor inherent characteristics like platinum sensitivity can be elucidated at initial treatment to assist planning the individualized treatment modality and evaluate the prognosis. Consequently, credible predictive methods to identify platinum sensitivity are warranted.

Ovarian cancer is highly heterogeneous and characterized by a high genomic instability with a high frequency of genomic structural variations such copy number variations (CNVs) and loss of heterozygosity (LOH). TP53 mutations are presented in most cases, while germline and somatic BRCA1 or BRCA2 mutations are presented in around 25% and 8% of cases respectively (22). The high genomic instability is attributable to the universal presence of TP53 mutations and the frequent alterations in the HR DNA repair pathway (23). The associations between intrinsic genomic features and platinum sensitivity were explored in-depth with NGS technology in several studies (24, 25). However, all those studies derived only single variation, which lacked comprehensiveness and extensiveness. To date, few predictive models encompassing multiple factors has been recognized in capable of identifying response to platinum-based agents. Fekete et al. has compiled an integrated database with 12 repositories from GEO and TCGA to uncover new biomarkers for chemotherapy response in serous ovarian cancer (26). The responder and non-responder cohorts were defined based on duration of relapse-free survival. The results showed that among the top 8 significant genes, NCOR2, TFE3, AKIP1, PDXK, MARVELD1, and AKIRIN2 were validated in an independent cohort to be considered as predictive biomarkers for platinum and taxane resistance. A study published in Nature illustrated the whole-genome characterization of chemo-resistant ovarian cancer (27). The results demonstrated that the inactivation of tumor suppressors RB1, NF1, RAD51B, and PTEN could contribute to acquired chemotherapy resistance, and CCNE1 amplification was common in primary resistant cases. In addition, multiple reversions of germline BRCA1 or BRCA2 mutations, loss of BRCA1 promoter methylation, an alteration in molecular subtype, and overexpression of MDR1 were additional reasons of drug resistance. It was reported that a scoring system for platinum response in high-grade serous ovarian carcinoma was established (28). Gene expression signatures from TCGA-dataset were collected to identify 11 significantly differentially expressed genes associated with platinum response. The results suggested that HSD11B1 was highly significantly associated with lower risk of recurrence in HGSOC, and response to platinum-based therapy was related to distinct gene-expression patterns of tumor immune-system. Although this scoring system achieved favorable AUC value in predicting platinum sensitivity, the accuracy of the evaluation process is debatable due to the vulnerability of RNA expression, thus DNA based genomic variations are preferable choice for biomarker development.

As discussed above, the development of predictive model for platinum sensitivity all relied on PFS as stratification criteria, so as in our study. We first demonstrated three novel indicators FAM175A, SBS10a and WGD using NGS test of tumor samples from 60 patients in predicting platinum sensitivity with favorable application value. Firstly, EOC was predominantly characterized by FAM175A LOH in platinum-sensitive patients. FAM175A is also known as ABRAXAS1, CCDC98, or ABRA1. Wang et al. concluded that the RAP80-FAM175A complex may help recruit BRCA1 to DNA damage sites in part through recognition of ubiquitinated proteins (14). In addition, the low expression of FAM175A was demonstrated to have significantly better response to chemotherapy and longer overall survival in non-small cell lung cancer (29). Solyom et al. further proved FAM175A c.1082G>A mutation connects to breast cancer predisposition which provided the identity of FAM175A as a new breast cancer susceptibility gene shared the mechanism with BRCA1 (30). The second hallmark of platinum-sensitive EOC patients was mutational signature of SBS10a. As proposed by COSMIC, this signature was probably associated with polymerase epsilon exonuclease domain mutations. Analogously, a recent study reported that tumor mutational signature 3 positivity was associates with PARP inhibitor response and prolonged progression-free survival (6). Both of signature 10a and signature 3 are closely related to homologous recombination deficiency, thus we believe SBS10a is a potential efficacy and prognostic indicator. Thirdly, WGD was proved to associate with platinum-resistant in EOC. WGD is a prevalent event during the evolution of cancer genome, involving a complete set of chromosomes doubling (31). Several studies reported that WGD was associated with increasing tumor cell diversity, accelerating of genome evolution and worse prognosis (32, 33). A recent report explored the mechanism of WGD in chemotherapy resistance in colorectal cancer. It was claimed the tumor cells with WGD were less prone to caspase3 activation after chemotherapy treatment (34). In consequence, WGD is a potential biomarker for efficacy evaluation as well.

It is well-known that almost half of high grade serous ovarian cancer is characterized by mutational and functional inactivation of homologous recombination repair, and they are mostly sensitive to PARP inhibitors and platinum. HRR mutations, including non-BRCA genes, significantly prolong PFS and OS in ovarian carcinoma (35). However, in our cohort, BRCA mutations were not associated with platinum sensitivity. So, to eliminate the limitations of a single variation, other HRR related molecular characteristics which could affect or predict platinum sensitivity, were extensively explored. As discussed above, FAM175A may help recruit BRCA1 to DNA damage site and share similar susceptibility with BRCA1 mutation, thus we assume FAM175A may compensate to BRCA1 in DDR pathways. Through in-depth analysis in our study, it was found that patients with any of FAM175A LOH or BRCA mutation were significantly enriched in platinum responder cohort, and a significant trend of longer PFS was exhibited than patients without these two variations. It might suggest that FAM175 LOH could compensate to BRCA mutation and could be potential platinum-sensitive predictors in EOC patients. Moreover, Luo et al. reported mutational clonality in DDR pathways may affected chemotherapy sensitivity (5) and Wang et al. revealed co-mutations in DDR pathways could serve as prognostic biomarker (36). Accordingly, these two biomarkers in our cohort were examined and indicated that the mutational clonality or multiple hits of genes involved in DDR pathways had tendency to play a pivotal role in platinum response. Unfortunately, the difference was not statistical significance in this study, but might be significant when expending sample size. Besides, we explored the variation beyond DDR pathway, especially in whole chromosome level. It was demonstrated that WGD was not correlated with BRCA mutation, survival analysis revealed that patients with any of non-WGD or BRCA mutation had potential to predict better clinical outcomes in EOC patients than those with WGD and wild-type BRCA.

Collectively, our data established a promising NGS-based predictive model which was developed by integrating the status of FAM175A, SBS10a, and WGD that has been successfully build up to differentiate platinum sensitivity. Besides, FAM175A LOH was proved as an independent favourable prognostic factor. To further evaluate clinical performance and promote translational guidance of this model, a prospective study with expanded sample size will be initiated.
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Supplementary Figure 1 | (A) The distribution of BRCA mutation (germline and somatic) between platinum sensitive and resistant patients; (B) The survival curve with log-rank test for BRCA mutation (germline and somatic) in EOC patients; * P < 0.05, **P < 0.01, ***P < 0.001.

Supplementary Figure 2 | (A) The association of BRCA mutation (germline and somatic) with FAM175A LOH; (B) The distribution of BRCA mutation (germline and somatic) or FAM175A LOH between platinum sensitive and resistant patients; (C) The survival curve with log-rank test for BRCA mutation (germline and somatic) or FAM175A LOH in EOC patients; * P < 0.05, **P < 0.01, ***P < 0.001.

Supplementary Figure 3 | (A) The association of BRCA mutation (germline and somatic) with WGD; (B) The distribution of BRCA mutation (germline and somatic) or WGD between platinum sensitive and resistant patients; (C) The survival curve with log-rank test for BRCA mutation (germline and somatic) or WGD in EOC patients; * P < 0.05, **P < 0.01, ***P < 0.001.

Supplementary Figure 4 | (A) The distribution of clonal mutation (DDR pathway) between platinum sensitive and resistant patients; (B) The survival curve with log-rank test for clonal mutation (DDR pathway) in EOC patients; (C) The distribution of co-variations (DDR pathway) between platinum sensitive and resistant patients; (D) The survival curve with log-rank test for co-variations (DDR pathway) in EOC patients; * P < 0.05, **P < 0.01, ***P < 0.001.
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Background

Implantation metastasis is the main means of dissemination in ovarian cancer. Our previous studies showed that SET and MYND domain-containing protein 3 (SMYD3) expression was higher in ovarian cancer spheroids than in monolayers. SMYD3 enhancement of spheroid invasion and adhesion is mediated by the downstream effectors ITGB6 and ITGAM. However, the potential mechanisms underlying the SMYD3/integrin-mediated invasion and adhesion of spheroids still need to be explored.



Methods

Western blotting was used to examine the expression of SMYD3, ITGB6 and downstream molecules under different treatments. Immunofluorescence was used to detect the expression of F-actin, E-cadherin and N-cadherin. Anti-ITGB6 antibody-based inhibition and dual-luciferase reporter assays were used to confirm the binding between ITGB6 and latent TGFβ1. Transwell invasion, adherence and 3D tumor spheroid invasion assays were employed to test the effects of TGFβ1 on the invasion and adhesion of ovarian cancer spheroids. ELISA was performed to assess the release of latent TGFβ1 from ovarian cancer spheroids.



Results

SMYD3 and ITGB6 activated the TGFβ1/Smad3 pathway and then induced the upregulation of Snail, Vimentin and N-cadherin and the downregulation of E-cadherin in 3D-cultured ovarian cancer spheroids. In this process, latent TGFβ1 could bind to ITGB6 and become activated to stimulate the Smad3 pathway. Moreover, SMYD3 and ITGB6 could facilitate the release of latent TGFβ1 from 3D-cultured ovarian cancer spheroids. Interestingly, TGFβ1 could promote the expression of SMYD3 and ITGB6 via feedback. This positive feedback loop could further amplify the biological effect and promote the invasion and adhesion of ovarian cancer spheroids.



Conclusion

Our results demonstrated that the SMYD3/ITGB6/TGFβ1-Smad3 positive feedback loop could promote the invasion and adhesion of ovarian cancer spheroids by upregulating the expression of N-cadherin, Snail, and Vimentin and downregulating the expression of E-cadherin. Thus, our study unmasked the mechanism of SMYD3- and ITGB6-induced ovarian cancer metastasis and provides new ideas for targeted ovarian cancer treatment.
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Introduction

Ovarian cancer is the most lethal gynecological malignancy worldwide, and the lifetime risks of developing and dying from ovarian cancer are 0.72% and 0.45%, respectively (1, 2). Characteristically, over 70% of epithelial ovarian cancer (EOC) patients have intra-abdominal dissemination involving local invasion of pelvic and abdominal organs but rarely have vascular metastasis at diagnosis (3). This is mainly because of the unique characteristics of implantation metastasis in EOC, including detachment from the original lesion, formation of spheroids in ascites, adherence to peritoneal mesothelial cells, and anchoring to the stroma. In addition, biological features such as the adhesion and invasion potential of spheroid cells also account for EOC recurrence (4). Therefore, more research has cast light on the mechanism of EOC implantation metastasis in recent years. The phenotype and gene expression profile of EOC cells constantly change during the processes of shedding, suspension, re-adhesion and proliferation to adapt to the microenvironment.

SET and MYND domain-containing protein 3 (SMYD3) is a histone methyltransferase that acts as a gene transcriptional regulator, participating in the methylation of various histone and nonhistone targets (5). Aberrant SMYD3 expression is found during carcinogenesis in multiple cancers, such as prostate cancer, breast cancer and colorectal cancer, suggesting its essential roles in tumor initiation and progression (6).

In our previous studies, we found that compared to ovarian cancer cells grown in monolayers, ovarian cancer spheroids exhibited increased SMYD3 expression associated with higher levels of H3K4me3 (5). The SMYD3-H3K4me3-integrin pathway plays an important role in the pathogenesis of implantation metastasis in ovarian cancer. SMYD3-induced enhancement of spheroid invasion and adhesion is mediated by the downstream effectors ITGB6 and ITGAM (7). However, the potential mechanisms underlying SMYD3/integrin-mediated invasion and adhesion still need to be explored.

It is widely accepted that TGFβ plays a critical role in tumor progression and can mediate tumor immune escape, promote epithelial-mesenchymal transition (EMT) and help cells differentiate into more aggressive phenotypes for metastasis (8, 9). TGFβ1 is upregulated in ovarian cancer tissues and is associated with tumor progression, chemotherapy resistance and a poor prognosis (10). Nevertheless, more studies on the role of TGFβ1 in ovarian cancer metastasis are required.

TGFβ1 is secreted by cancer cells or fibroblasts in an inactive form, which consists of the 12.5-kDa carboxy-terminal region of TGFβ1 and a 25-kDa amino-terminal latency-associated peptide (LAP) joined by noncovalent bonding. This configuration prevents TGFβ1 from binding to its receptor (11). An acidic pH, reactive oxygen species, various kinases, thrombospondin-1 (THBS-1) and shear stress can activate latent TGFβ1 (12, 13). In a study on pulmonary fibrosis, ITGB6 was found to be the key activator of TGFβ1 in lung epithelial cells (14). According to reports and our research base, we speculated that SMYD3/ITGB6 promotes the invasion and adhesion of ovarian cancer spheroids by changing the configuration of TGFβ1-LAP and then activating TGFβ1.

In this report, we found that SMYD3 and ITGB6 could promote the release and activation of latent TGFβ1 and increase the phosphorylation of Smad3 activated by TGFβ1 in ovarian cancer spheroids. As downstream targets of the TGFβ1/SMAD3 pathway and essential participants in EMT promotion, N-cadherin, Vimentin, E-cadherin and Snail were found to be regulated by SMYD3 and ITGB6 and could contribute to enhanced invasion and adhesion in ovarian cancer spheroids. In addition, TGFβ1 could also upregulate the expression of SMYD3 and ITGB6 in return to form a positive feedback loop with the SMYD3/ITGB6/TGFβ1 pathway to enhance the metastasis of ovarian cancer spheroids.



Materials and Methods


Cell Lines and Culture Conditions

The human EOC cell line HEY was a gift from Dr. Robert Bast’s laboratory at the University of Texas Anderson Cancer Center, Houston, TX. The human EOC cell line A2780 were obtained from the Shanghai Key Laboratory of Female Reproduction Endocrine Related Diseases, Obstetrics and Gynecology Hospital, Fudan University. HEY and A2780 cells were cultured in complete RPMI 1640 medium at 37°C in a 5% CO2 environment. All complete media were supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 µg/ml streptomycin.

For adherent culture (2D culture), cells were cultured in 10-cm common culture dishes (Corning, 430167) or common 6-well plates (Corning, 3516).

For suspended culture (3D culture), cells were cultured in 10-cm ultralow-attachment culture dishes (Corning, 3262) or ultralow-attachment 6-well plates (Corning, 3471) for 3 days.



siRNA-Mediated Gene Silencing

A SMYD3-specific siRNA duplex (si-SMYD3, sequence: 5’-CCACAAGCGGGAAUGCAAA-3’) was synthesized by Genomeditech (Shanghai, China). NC-SMYD3 (5’-UUCUCCGAACGUGUCACGUdTdT-3’) was used as a negative control. An ITGB6-specific siRNA duplex (si-ITGB6, targeting the sequence 5’-GUCAAAGGAUGUCAAUUAATT-3’) was synthesized by GenePharma (Shanghai, China). NC-ITGB6 (5’-UUCUCCGAACGUGUCACGUTT-3’) was the corresponding negative control. An ITGAV-specific siRNA duplex (si-ITGAV, sequence: 5’-GAAUAUCGGUUGGAUUAUA-3’) was synthesized by Genomeditech (Shanghai, China). NC-ITGAV (5’-UUCUCCGAACGUGUCACGUdTdT-3’) was used as a negative control. For siRNA transfection, 1.5*105 HEY cells/well or 3*105 A2780 cells/well were seeded in a 6-well plate. The next day, we used Lipofectamine 3000 reagent (Invitrogen) for transient transfection according to the manufacturer’s protocol. Six to twelve hours later, the cells were trypsinized, counted and seeded in 2D and 3D culture systems for further experiments.



Western Blotting

Antibodies against SMYD3 (Abcam, ab817149), ITGB6 (Abcam, ab187155), Smad3 (Abcam, ab40854), p-Smad3 (Abcam, ab52903), Snail (Cell Signaling Technology (CST), C15D3), N-cadherin (Abcam, ab76011), E-cadherin (CST, 3195), Vimentin (CST, 5741) and GAPDH (CST, 14C10) were used for western blotting. Cells were lysed in RIPA buffer containing 1:100 PMSF. A BCA protein assay kit (Solarbio, P0020) was used to measure the protein concentration. Equal amounts of protein were resolved by SDS-PAGE, transferred to PVDF membranes, and incubated with appropriate primary antibodies at the indicated concentration. Immune complexes were detected with HRP-conjugated secondary antibodies (Arigo Biolaboratories, ARG65351) and ECL chemiluminescence reagent (EpiZyme, SQ201). Each western blotting experiment was repeated at least two to three times. We quantified the western blot bands using ImageJ software.



Cell Treatments Using an Inhibitor of and an Antibody Against TGFβ1

Cells were seeded in ultralow-attachment 6-well plates. For active TGFβ1 and SB431542 inhibitor treatment, 10 ng/ml recombinant human TGFβ1 (rhTGFβ1) protein (Abcam, ab50036) was added to the culture medium for 72 h, and the medium was replaced at 48 h. Then, 10 μM SB431542 (MedChemExpress, HY-10341) was added to the medium and incubated for 6 h (equal doses of PBS and DMSO were used as the negative controls for rhTGFβ1 and SB431542, respectively). The cells were collected for further western blotting and cell function assays. For the anti-ITGB6 inhibition assay, 10 μg/ml anti-ITGB6 antibody (Millipore, MAB2076Z) was added to the culture medium as a pretreatment to block ITGB6 for 12 h. Then, 10 ng/ml latent TGFβ1 (CST, 5154) was added to the culture medium for 72 h (equal doses of normal mouse IgG1 (Santa Cruz Biotechnology, sc-3877) and PBS were used as the negative controls for the anti-ITGB6 antibody and latent TGFβ1 experiments, respectively). The cells were collected for further western blotting and cell function assays.



Transwell Invasion Assay

A Transwell system (24-well insert, pore size: 8 mm, Corning, 3422) was used to measure the invasive ability of 3D-cultured HEY cells. The inserts were coated with 50 μl of Matrigel (BD Bioscience Pharmingen, 356234) at a 1:8 dilution and incubated at 37°C overnight. The following day, cells were trypsinized, counted and resuspended in serum-free medium. A total of 1*104 cells/200 μl of serum-free medium were added to the upper well of the chamber. In addition, 600 μl of complete medium was added to the lower well. After incubation for 16 h, the upper surface of the membrane was wiped with cotton swabs to remove any remaining cells, and the cells on the lower surface of the membrane were fixed with 4% paraformaldehyde and stained with 2% crystal violet. Five representative fields of each insert were imaged and counted using an Olympus light microscope at 100× magnification.



Adhesion Assay

A 24-well plate was coated with 200 μl of Matrigel at a 1:50 dilution and air-dried in a biosafety cabinet for 6 h. Then, for blocking non-specific binding, 200 μl of serum-free medium containing 0.1% BSA (bovine serum albumin, Mpbio, 02FC007710) for 1 h. 3D-cultured cells were trypsinized, counted and resuspended in serum-free medium. A total of 3*104 cells/200 μl of serum-free medium were added to each Matrigel-coated well and incubated in the incubator for 1-2 h. Nonadherent cells were removed by washing with PBS. Adherent cells were fixed with 4% paraformaldehyde and stained with 2% crystal violet. Five representative fields of each insert were imaged and counted using an Olympus light microscope at 40× magnification.



3D Tumor Spheroid Invasion Assay

This assay was performed as previously described (15). HEY cells (2×104 cells/ml) were plated in ultralow-attachment 96-well round-bottomed plates in 200 μl of medium/well. rhTGFβ1 protein (10 ng/ml) was added to treat the cells in the TGFβ1+DMSO and TGFβ1+ SB431542 groups. The same volume of PBS was added to treat cells in the PBS+DMSO and PBS+SB431542 groups. After 3 days of incubation, 100 μl of culture medium was gently removed from each well, and 100 μl of Matrigel matrix was gently dispensed into each bottom well. The plate was transferred into a 37°C incubator, and the Matrigel matrix, which contained 20 ng/ml rhTGFβ1 or 20 μM SB431542 according to the experimental design, was allowed to solidify. One hour later, 100 μl of serum-free growth medium containing 10 ng/ml rhTGFβ1 or 10 μM SB431542 was gently added to each well. An image was recorded for each tumor spheroid at 0, 24, and 48 h to dynamically observe the 3D tumor spheroid invasion ability. Representative fields of spheroids were randomly counted using an Olympus light microscope at 100× magnification. The diameters of the spheroids were measured by ImageJ software.



Dual-Luciferase Reporter Assay

A fragment of the PAI-1 promoter (-799~71 bp) was amplified and cloned into the pGL3 vector, which contains firefly luciferase (pGL3-PAI-1). Luciferase activity was measured using a dual-luciferase reporter assay system at 24h posttransfection according to the manufacturer’s instructions (Promega, E1910). Normalized data were calculated as the ratio of firefly/renilla luciferase activities.



ELISA

The TGFβ1 concentration in the supernatant was measured with a Quantikine ELISA Human TGFβ1 kit (R&D Systems). A2780 cells were first subjected to siRNA-mediated gene silencing treatment for 48 h. A total of 6×105 cells were suspended in 1.5 ml of culture medium, added to a single well of a six‐well ultralow-attachment plate, and then cultured for 72 h. The culture medium was not changed during the culture period. Then, the culture medium was collected in a 1.5 ml conical tube and centrifuged at 3,000 rpm for 15 minutes. The concentration of TGFβ1 in the culture medium was determined using a human TGFβ1 Quantikine ELISA kit (R&D Systems). HCl and NaOH/HEPES were used to convert latent TGFβ1 into the activated form.



Immunofluorescence Assay

Hey and A2780 spheroids were embedded with Matrigel matrix in confocal dishes. The cells were fixed with 4% formaldehyde for 24 h, and blocked with 4% goat serum for 1 h at room temperature. The cells were then incubated with antibodies against E-cadherin (CST, 3195, 1:200), N-cadherin (CST, 13116, 1:200), at 4°C overnight. The dishes and slides were washed and incubated with Alexa Fluor 594 AffiniPure Donkey Anti- Rabbit IgG (H+L) (Yeasen, 34212ES60, 1:100) for 1 hr at room temperature. For F-actin, the cells were treated with 0.5% Triton (Absin, abs47048168) for 5 min and then, were incubated with Phalloidin (Yeasen, 40734ES75, 1:200) for 30 min at room temperature. Finally, the dishes were stained with DAPI (Beyotime, C1002, 1:1000) for 5 min. The fluorescently labeled cells (dishes and slides) were examined under a confocal laser scanning microscope (Zeiss LSM 880 Confocal Microscope, Germany) at room temperature.



Statistical Analysis

Statistical analysis and graphing were conducted using GraphPad Prism 8. ImageJ was used for protein quantification. Statistically significant differences were determined by Student`s t-test, and p values <0.05 were considered significant.




Results


Key EMT Factors Are Promoted Along With SMYD3 and ITGB6 Upregulation During Ovarian Cancer Cell Spheroid Formation

According to our previous study, SMYD3 is overexpressed in ovarian cancer ascites spheroids compared with primary ovarian cancer tissues. Using a 3D culture model to mimic the suspended growth conditions in ascites, we found that SMYD3 could enhance the adhesion and invasion of ovarian cancer spheroids and promote metastasis of ovarian cancer in vivo by upregulating the expression of ITGB6 and ITGAM (7). Compared with 2D-cultured HEY and A2780 cells, the corresponding 3D-cultured cells showed higher expression of SMYD3 and ITGB6, which indicated that the ovarian cancer spheroids had a more invasive phenotype. In addition, we found that the expression of N-cadherin, Snail, Vimentin and E-cadherin, which are essential molecules in the EMT process, was also increased in 3D-cultured HEY and A2780 cells (Figure 1A). Tumor cells can be more invasive during the EMT process. With this in mind, what is the mechanism of the upregulation of N-cadherin, Snail, and Vimentin and downregulation of E-cadherin during 2D-cultured ovarian cancer cell transformation into 3D spheroids? Do these EMT-related genes contribute to SMYD3/ITGB6-mediated spheroid metastasis? Both these questions need to be answered.




Figure 1 | EMT along with SMYD3 and ITGB6 upregulation is promoted during ovarian cancer cell spheroid formation. (A) The expression levels of SMYD3, ITGB6, N-cadherin, Snail, Vimentin and E-cadherin in 2D- and 3D-cultured HEY and A2780 cells were evaluated by western blot analysis. (B) The phosphorylation level of Smad3 in 2D- and 3D-cultured HEY and A2780 cells was evaluated by western blot analysis. In the histogram of the western blot quantification, “*” refers to p < 0.05 and “**” refers to p < 0.01.



Smad3, as a well-known downstream signal of TGFβ1, can be activated by phosphorylated ALK5 after binding of TGFβ1 to its receptor (16). Since the TGFβ1/Smad3 signal transduction pathway is involved in inducing EMT in ovarian cancer (17), we aimed to identify whether the TGFβ1/Smad3 pathway is more activated in 3D-cultured ovarian cancer spheroids than in 2D-cultured ovarian cancer cells. As shown in Figure 1B, higher phosphorylation levels of Smad3 were found in 3D-cultured HEY and A2780 cells than in 2D-cultured cells, which indicated that TGFβ1/Smad3 might play a role in promoting the EMT process in ovarian cancer spheroids.



Activation of the TGFβ1/Smad3 Pathway Is Conducive to the Regulation of EMT-Related Genes in 3D-Cultured Ovarian Cancer Spheroids

A review of the previous literature about the induction of EMT by TGFβ1 showed that the epithelial markers E-cadherin was repressed while the mesenchymal markers Vimentin and N-cadherin were induced during the induction of EMT by TGFβ1 (18). Since phosphorylated Smad3, N-cadherin, Snail and Vimentin were all increased in 3D-cultured ovarian cancer spheroids and E-cadherin was decreased in 3D-cultured ovarian cancer spheroids, we aimed to determine whether N-cadherin, Snail, Vimentin and E-cadherin are target molecules of the activated Smad3 pathway in 3D-cultured ovarian cancer spheroids. First, we used rhTGFβ1 to treat 3D-cultured HEY and A2780 cells for 24, 48 and 72 hours. Over time, the amount of phosphorylated Smad3 increased under the condition of constant expression of total Smad3, which demonstrated that TGFβ1 could stimulate the Smad3 pathway. In addition, the expression of N-cadherin, Snail and Vimentin was also increased and the expression of E-cadherin was decreased after treatment with rhTGFβ1 (Figure 2A). Subsequently, SB431542, an inhibitor of ALK5, was added to the supernatant of 3D-cultured HEY and A2780 cells and incubated for 6 hours. As the phosphorylation of Smad3 was inhibited by SB431542, the expression of N-cadherin, Snail and Vimentin also declined, and the expression of E-cadherin was enhanced (Figure 2B). Furthermore, we found that the regulation of EMT-related genes induced by rhTGFβ1 could be restrained by SB431542 (Figure 2C). These findings showed that TGFβ1 could stimulate the Smad3 pathway and contribute to the increases in the expression of Snail and N-cadherin. Finally, we used Transwell invasion, adherence and 3D tumor spheroid invasion assays to validate the functional effects of rhTGFβ1 and SB431542 on the EMT process. RhTGFβ1 enhanced the invasion and adhesion of 3D-cultured HEY cells, and these effects were inhibited when SB431542 was added simultaneously (Figures 2D, E).




Figure 2 | Activation of the TGFβ1/Smad3 pathway is conducive to the upregulation of EMT-related genes in 3D-cultured ovarian cancer spheroids. (A) Changes in the expression of N-cadherin, Snail, Vimentin and E-cadherin and the phosphorylation level of Smad3 in 3D-cultured HEY and A2780 cells after treatment with 10 ng/ml rhTGFβ1 protein for 24, 48 and 72 h (B) Changes in the expression of N-cadherin, Snail, Vimentin and E-cadherin and the phosphorylation level of Smad3 in 3D-cultured HEY and A2780 cells after treatment with 10 μM SB431542 for 6h. (C) Changes in the expression of N-cadherin, Snail, Vimentin and E-cadherin and the phosphorylation level of Smad3 in 3D-cultured HEY and A2780 cells after treatment with or without rhTGFβ1 and SB431542. RhTGFβ1 protein (10 ng/ml) was added to the culture medium for 72 h Then, 10 μM SB431542 was added to the medium and incubated for 6 h (equal doses of PBS and DMSO were used as the negative controls for rhTGFβ1 and SB431542, respectively). (D) Transwell invasion and adhesion assays revealed changes in the invasion and adhesion of 3D-cultured HEY cells after treatment with or without rhTGFβ1 and SB431542. (E) 3D tumor spheroid invasion assays revealed changes in the invasion and adhesion of 3D-cultured HEY cells after treatment with or without rhTGFβ1 and SB431542. RhTGFβ1 protein (10 ng/ml) was added to treat cells in the rhTGFβ1+DMSO and rhTGFβ1+ SB431542 groups. The same volume of PBS was added to treat cells in the PBS+DMSO and PBS+SB431542 groups. After 3 days of incubation, 100 μl of culture medium was gently removed from each well, and 100 μl of Matrigel matrix was gently dispensed into each bottom well. Matrigel matrix containing 20 ng/ml rhTGFβ1 was used in the rhTGFβ1+DMSO and rhTGFβ1+ SB431542 groups, and 20 μM SB431542 was used in the rhTGFβ1+ SB431542 and PBS+SB431542 groups. One hour later, 100 μl of serum-free growth medium containing 10 ng/ml rhTGFβ1 was gently added into each well of the rhTGFβ1+DMSO and rhTGFβ1+ SB431542 groups. SB431542 (10 μM) was gently added to the rhTGFβ1+SB431542 and PBS+SB431542 groups. “*” refers to p < 0.05, “**” refers to p < 0.01, “***” refers to p < 0.001, and “****” refers to p <0 .0001.





SMYD3 and ITGB6 Can Activate the TGFβ1/Smad3 Pathway and Regulate the Expression of EMT-Related Genes in 3D-Cultured Ovarian Cancer Spheroids

To determine why SMYD3 and ITGB6 could make ovarian cancer spheroids more invasive, we downregulated the expression of SMYD3 and ITGB6 in 3D-cultured HEY and A2780 cells. As shown in Figure 3A, after SMYD3 silencing, the expression of its target gene ITGB6 was also decreased. In addition, the phosphorylation levels of Smad3 were consequently reduced, along with decreased expression of N-cadherin, Snail, and Vimentin and increased expression of E-cadherin. After ITGB6 silencing, the expression changes in p-Smad3, N-cadherin, Snail, Vimentin, E-cadherin were consistent with those observed with SMYD3 silencing (Figure 3B). In addition, using immunofluorescence assay, we also demonstrated that when we inhibited the expression of SMYD3 and ITGB6, the expression of E-cadherin significantly increased. And as the 3D-cultured ovarian cells were treated with rhTGFβ1, it significantly decreased. The expression of N-cadherin showed opposite tendency to the one of E-cadherin (Figures 3C, D).




Figure 3 | SMYD3 and ITGB6 can activate the TGFβ1/Smad3 pathway and upregulate the expression of EMT-related genes in 3D-cultured ovarian cancer spheroids. (A) The changes in the phosphorylation level of Smad3 and the expression of SMYD3, ITGB6, N-cadherin, Snail, Vimentin and E-cadherin in 3D-cultured HEY and A2780 cells were evaluated by western blot analysis after SMYD3 silencing. (B) The changes in the phosphorylation level of Smad3 and the expression of ITGB6, N-cadherin, Snail, Vimentin and E-cadherin in 3D-cultured HEY and A2780 cells were evaluated by western blot analysis after ITGB6 silencing. (C) Immunofluorescence assay exhibited the expression changes of F-actin, E-cadherin and N-cadherin in both 3D-cultured HEY and A2780 cells after silencing SMYD3 and ITGB6, respectively. (D) Immunofluorescence assay exhibited the expression changes of F-actin, E-cadherin and N-cadherin in both 3D-cultured HEY and A2780 cells after rhTGFβ1 treatment. In the histogram of the western blot quantification, “*” refers to p < 0.05, “**” refers to p < 0.01, and “***” refers to p < 0.001.



Considering to the expression changes of EMT-related genes, we should also pay attention to the morphological changes of 3D-cultured ovarian cancer cells. The epithelial-like structure of 3D-cultured spheroid is more solid round. And the mesenchymal-like structure of 3D-cultured is grape-like or spindle like (19). The 3D-cultured HEY and A2780 spheroid with SMYD3 or ITGB6 silencing presented the robust cell-cell adherence and more solid structure compared with 3D-cultured HEY and A2780-NC spheroid (Figure 3C). The 3D-cultured HEY and A2780 spheroid presented the loose cell-cell adherence and spindle-like structure when it was exposed to rhTGFβ1 (Figure 3D). Therefore, SMYD3 and ITGB6 could stimulate the TGFβ1/Smad3 pathway and regulate the expression of N-cadherin, Snail, Vimentin, E-cadherin in ovarian cancer spheroids and promote the EMT process.



Latent TGFβ1 Can Bind to ITGB6 and Release Active TGFβ1 to Stimulate the Smad3 Pathway

How can SMYD3 and ITGB6 stimulate the TGFβ1/Smad3 pathway? TGFβ1 is produced as a latent precursor and functions in an active form. Therefore, the activation of latent TGFβ1 is a crucial regulatory event. ITGB6 was reported to be important in stringently localized activator of latent TGFβ1 at epithelial surfaces (20). Therefore, we performed a dual-luciferase reporter assay to identify whether ITGB6 plays a role in the activation of TGFβ1. Plasminogen activator inhibitor-1 (PAI-1) is a well-known target gene of TGFβ1 (21). When we downregulated the expression of ITGB6 in 3D-cultured HEY cells, the relative luciferase activity of PAI-1 was decreased accordingly (p<0.0001) (Figure 4A). These results suggested that ITGB6 could stimulate the TGFβ1 pathway. Then, we used latent TGFβ1 to treat 3D-cultured HEY and A2780 cells. As a result, the Smad3 pathway was activated. However, after adding a monoclonal antibody against ITGB6 to inhibit latent TGFβ1 binding to ITGB6, latent TGFβ1 failed to stimulate the Smad3 pathway (Figure 4B). Therefore, latent TGFβ1 could be transformed into the active form by binding to ITGB6 and then induce the activation of the Smad3 pathway.




Figure 4 | Latent TGFβ1 can bind to ITGB6 and release active TGFβ1 to stimulate the Smad3 pathway. (A) A dual-luciferase reporter assay showed changes in 3D-cultured HEY cells after ITGB6 silencing. (B) Changes in the phosphorylation level of Smad3 in 3D-cultured HEY and A2780 cells after treatment with or without latent TGFβ1 and anti-ITGB6 antibody. Anti-ITGB6 antibody (10 μg/ml) was added to the culture medium as a pretreatment to block ITGB6 for 12 h. Then, 10 ng/ml latent TGFβ1 was added to the culture medium for 72 h (equal doses of normal mouse IgG1 and PBS were used as the negative controls for the anti-ITGB6 antibody and latent TGFβ1, respectively). (C) Changes in the phosphorylation level of Smad3 in 3D-cultured HEY and A2780 cells after silencing of ITGAV. NC-ITGAV and si-ITGAV were transfected into HEY and A2780 cells. After 6 h, the cells were resuspended in ultralow-attachment plates for 3D culture. Then, 10 μg/ml anti-ITGB6 antibody was used to block ITGB6 for 12 h in 3D-cultured NC-ITGAV and si-ITGAV cells, and equal doses of normal mouse IgG1 were used as a negative control. Subsequently, 10 ng/ml latent TGFβ1 was added to the culture medium and incubated for 72 h in each group. In the histogram of the quantification, “*” refers to p < 0.05, “**” refers to p < 0.01, and “***” refers to p < 0.001.



As the binding partner of ITGB6, ITGAV has also been reported to be able to activate latent TGFβ1 in tumors (22, 23). It is necessary to investigate whether ITGAV could regulate the activation of latent TGFβ1 in 3D-cultured ovarian cancer spheroids and whether ITGAV is involved in the ITGB6-regulated activation of latent TGFβ1 in 3D-cultured ovarian cancer spheroids. First, we silenced the expression of ITGAV in 3D-cultured ovarian cancer spheroids using siRNA. After treatment with latent TGFβ1, the phosphorylation level of Smad3 did not decrease in ITGAV knockdown cells. Therefore, ITGAV might have no effect on the activation of latent TGFβ1 in 3D-cultured ovarian cancer spheroids. Then, we used 10 μg/ml anti-ITGB6 antibody to block ITGB6 for 12 h in 3D-cultured NC-ITGAV and si-ITGAV cells. After that, 10 ng/ml latent TGFβ1 was added to the culture medium for 72 h. We found that anti-ITGB6 antibody was more effective in inhibiting the phosphorylation level of Smad3 in 3D-cultured NC-ITGAV cells than in 3D-cultured si-ITGAV cells, implying that ITGAV might play a role in ITGB6-regulated activation of latent TGFβ1 in 3D-cultured ovarian cancer spheroids (Figure 4C).



SMYD3 and ITGB6 Can Facilitate the Release of Latent TGFβ1 From 3D-Cultured Ovarian Cancer Spheroids

Since we found that SMYD3 and ITGB6 could upregulate the expression of Snail and N-cadherin via the activation of the TGFβ1/Smad3 pathway, whether SMYD3 and ITGB6 can enhance the release of latent TGFβ1 needed to be explored. We used ELISA to quantify the amounts of active and total TGFβ1, and the difference was considered the amount of latent TGFβ1. We found that the latent TGFβ1 level was decreased after downregulating SMYD3 or ITGB6 (both p<0.0001) (Figures 5A, B). Hence, SMYD3 and ITGB6 could not only activate latent TGFβ1 but also increase the release of latent TGFβ1 from 3D-cultured ovarian cancer spheroids.




Figure 5 | SMYD3 and ITGB6 can facilitate the release of latent TGFβ1 from 3D-cultured ovarian cancer spheroids. (A, B) ELISA was used to measure the concentrations of active TGFβ1 and latent TGFβ1 released from 3D-cultured A2780 cells after SMYD3 (A) or ITGB6 (B) silencing. In the histogram of the ELISA quantification, “***” refers to p < 0.001.





TGFβ1 Can Promote the Expression of SMYD3 and ITGB6 via Feedback

We verified that ITGB6 could activate latent TGFβ1. Subsequently, we found that TGFβ1 could also promote the expression of SMYD3 and ITGB6 in 3D-cultured HEY and A2780 cells (Figure 6A). SB431542 reduced the expression of SMYD3 and ITGB6 (Figure 6B). The upregulation of SMYD3 and ITGB6 due to the activation of TGFβ1 could be inhibited by SB431542 (Figure 6C). These findings demonstrated that TGFβ1 promotes the expression of SMYD3 and ITGB6 via the Smad3 pathway. As shown in Figure 6D, latent TGFβ1 facilitated the expression of SMYD3 and ITGB6. After the binding of latent TGFβ1 to ITGB6 was blocked, the expression of SMYD3 and ITGB6 also declined. Thus, the SMYD3/ITGB6/TGFβ1 positive feedback loop drove the upregulation of Snail and N-cadherin, which promoted invasion, adhesion and EMT progression during ovarian cancer metastasis.




Figure 6 | TGFβ1 can promote the expression of SMYD3 and ITGB6 via feedback. (A) Changes in the expression of SMYD3 and ITGB6 in 3D-cultured HEY and A2780 cells after treatment with 10 ng/ml recombinant human TGFβ1 protein for 24, 48 and 72 h. (B) Changes in the expression of SMYD3 and ITGB6 in 3D-cultured HEY and A2780 cells after treatment with 10 μM SB431542 for 24, 48 and 72 h. (C) Changes in the expression of SMYD3 and ITGB6 in 3D-cultured HEY and A2780 cells after treatment with or without rhTGFβ1 and SB431542. RhTGFβ1 protein (10 ng/ml) was added to the culture medium and incubated for 72 h. Then, 10 μM/ml SB431542 was added to the medium and incubated for 6 h (equal doses of PBS and DMSO were used as the negative controls for rhTGFβ1 and SB431542, respectively). (D) Changes in the protein expression of SMYD3 and ITGB6 in 3D-cultured HEY and A2780 cells after treatment with or without latent TGFβ1 and anti-ITGB6. In the histogram of the western blot quantification, “*” refers to p < 0.05 and “**” refers to p < 0.01.






Discussion

Ovarian cancer is the leading cause of death among gynecological malignancies. Worldwide, the incidence rate of ovarian cancer is seventh among those of female malignant cancers, while the mortality rate is eighth, and the 5-year survival rate is below 45% (24). The main metastatic mode of ovarian cancer is the transcoelomic pathway. Briefly, cells disseminate from the primary epithelial ovarian tumor and float as spheroids in the ascites. Metastatic cells then attach to peritoneal organs and form macrometastatic colonies (25). Both genetic changes and epigenetic changes contribute to the initiation and transcoelomic process of ovarian cancer. This disease is characterized by “genomic chaos” caused by high chromosomal instability due to a massive number of copy number abnormalities and chromosomal alterations (26, 27). Therefore, epigenetic enzymes may play a great role in regulating the transcoelomic spread of ovarian cancer.

According to the previous work of our team, SMYD3, a histone methylation transferase, was found to be expressed at higher levels in ascites-derived spheroids than in primary ovarian tumor cells from EOC patients. In ovarian cancer spheroids, SMYD3 was found bind to H3K4me3 at the ITGB6 and ITGAM promoter regions to upregulate the expression of ITGB6 and ITGAM, which was verified to enhance the invasion and adhesion of ovarian cancer spheroids (7). ITGB6 is an essential member of the integrin family. The integrin family is documented to be involved in various cancer processes (such as tumor initiation, metastasis and drug resistance), and ITGB6 is also reported to be associated with the progression and metastasis of oral squamous cell carcinoma, bladder cancer and colorectal carcinoma (28–31). Previously, we found that ITGB6 could promote the invasion and adhesion of ovarian cancer spheroids. However, the underlying molecular mechanisms should be further explored.

EMT is one of the phenotypic plasticity processes relevant to metastasis. During EMT, epithelial cells lose polarity and develop a stromal phenotype, increasing invasiveness. Cells with features of EMT are able to migrate, invade and undergo metastatic dissemination. TGFβ is a common inducer of the EMT process (32). TGFβ signaling promotes EMT by inducing the expression of several pleiotropic transcription factors, also known as “master regulators” of EMT (such as Snail, N-cadherin, E-cadherin and Vimentin). Proteins of the Smad family are the major effectors that control the transduction of intracellular signaling initiated by the TGFβ superfamily of cytokines. SMAD-dependent signaling can be activated by an active TGFβ1 ligand initially binding to TGFβRII, followed by recruitment of ALK5 (TGFβRI) to the plasma membrane (33). Here, we observed that in ovarian cancer spheroids, the Smad3 pathway was activated by TGFβ1 and upregulated the expression of Snail and N-cadherin, which are crucial genes in the EMT process.

The three isoforms of TGFβ (TGFβ1, TGFβ-2 and TGFβ-3) are always produced as inactive cytokines that cannot bind to their receptor and are not functional unless they are activated. An integrin-mediated mechanism makes an essential contribution to TGFβ activation in vivo. TGFβ activation has been demonstrated to be caused by the RGD tripeptide motif in the LAP region of latent TGFβ binding to specific integrin receptors (20). Khalid Puthawala et al. reported that integrin alpha(v)beta6-mediated TGFβ activation is required for radiation-induced lung fibrosis (34). Laura L Koth et al. found that integrin alpha(v)beta6-mediated TGFβ activation regulates the homeostasis of phospholipids and collectins in the lungs (35). To date, few articles have stated the role of ITGB6-mediated TGFβ activation in tumor progression. In our study, we found that downregulated expression of ITGB6 could reduce the activation level of the Smad3 pathway when ovarian cancer spheroids were treated with rhTGFβ1. When ovarian cancer spheroids were treated with latent TGFβ1, the activation of the Smad3 pathway could also be inhibited if ITGB6 was blocked by a specific antibody. After the expression of SMYD3 or ITGB6 was altered, the expression of N-cadherin, Snail, Vimentin and E-cadherin and the morphological structure of the spheroids were consequently changed. Hence, we determined that ITGB6-mediated TGFβ activation is involved in regulating the expression of N-cadherin, Snail, Vimentin and E-cadherin and promoting EMT progression in ovarian cancer spheroids. In addition, as the binding partner of ITGB6, ITGAV, had no independent effect on activating latent TGFβ1 in 3D-cultured ovarian cancer spheroids. However, ITGAV might be play a role in the ITGB6-regulated activation of latent TGFβ1 in 3D-cultured ovarian cancer spheroids. Therefore, in future, more studies should be done to explore the role of ITGAV in TGFβ1/SMAD signaling activation. Interestingly, attenuating the expression of SMYD3 and ITGB6 also decreased the release of latent TGFβ1 from ovarian cancer spheroids, which further demonstrated the regulatory roles of SMYD3 and ITGB6 in TGFβ1 pathway activation.

Surprisingly, we also found that the expression of SMYD3 and ITGB6 could be upregulated after TGFβ1 treatment, which formed a positive feedback loop among SMYD3/ITGB6/TGFβ1 to enhance the invasion and adhesion of ovarian cancer spheroids by regulating the expression of E-cadherin, N-cadherin, Snail and Vimentin (Figure 7). Several previous studies also showed that TGFβ could induce the expression of SMYD3 and ITGB6. Denise et al. stated that SMYD3 was specifically regulated by TGFβ in iTreg cells (36). Mingyan Xu et al. reported that TGFβ1 could induce ITGB6 transcription via JunB- and CBP-mediated histone hyperacetylation in oral squamous cell carcinoma (37). Chao Jing et al. reported that miR-17/20a could reduce the expression of ITGB6 by attenuating the activation of TGFβ and phosphorylation of SMAD2/3 in esophageal squamous cell carcinoma (38).




Figure 7 | Schematic model of the role of the SMYD3/ITGB6/TGFβ1 positive feedback loop in promoting the invasion and adhesion of ovarian cancer spheroids. In ovarian cancer spheroids, SMYD3 can increase the expression of ITGB6. When latent TGFβ1 binds to ITGB6 on the cell surface, TGFβ1 is activated and upregulates the expression of N-cadherin, Snail, Vimentin as well as downregulates E-cadherin to enhance the invasion and adhesion of ovarian cancer spheroids by stimulating the Smad3 pathway. Ovarian cancer spheroids can release more latent TGFβ1 at the same time. In addition, TGFβ1 can also facilitate the expression of SMYD3 and ITGB6 in a feedback manner.



In conclusion, we detailed one essential pathway that contributed to the SMYD3- and ITGB6-mediated enhancement of invasion and adherence in ovarian cancer spheroids. Our study also emphasized the significance of choosing SMYD3 and ITGB6 as potential targets for the treatment of ovarian cancer transcoelomic metastasis.
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Background

Considerable evidence suggests that the heterogeneity of ovarian cancer (OC) is a major cause of treatment failure. Single-cell RNA sequencing (scRNA-seq) is a powerful tool to analyse the heterogeneity of the tumour at the single-cell level, leading to a better understanding of cell function at the genetic and cellular levels.



Methods

OC scRNA-seq data were extracted from the Gene Expression Omnibus (GEO) database and the FindCluster () package used for cell cluster analysis. The GSVA package was used for single-sample gene set enrichment analysis (ssGSEA) analysis to obtain a Hallmark gene set score and bulk RNA-seq data were used to analyse the key genes of OC-associated immune cell subsets. CIBERSORT was used to identify immune scores of cells and the “WGCNA” package for the weighted correlation network analysis (WGCNA). KEGG (Kyoto Encyclopedia of Genes and Genomes) and GO (Gene Ontology) analyses of subtype groups were performed by GSEA. Then, univariate Cox and lasso regression were performed to further establish a signature. Finally, qPCR and immunohistochemistry staining were used to evaluate the expression of signature genes in OC.



Results

Two scRNA-seq (GSE154600 and GES158937) datasets were integrated to obtain 20 cell clusters. T cells or NK cells (cluster 5, 6, 7, 11), B cells (cluster 16, 19, 20) and myeloid cells (cluster 4, 9, 10) were clustered according to immune cell markers. The ssGSEA revealed that M1- and M2-like myeloid cell-related genes were significantly upregulated in P3 and P4 patients in the GSE154600 data. Immune cell analysis in TCGA-OC showed that a high abundance of M1-like tumour-associated macrophages (TAMS) predicts better survival. WGCNA, univariate Cox and lasso Cox regression established a two-gene signature (RiskScore=-0.059*CXCL13-0.034*IL26). Next, the TCGA-test and TCGA-OC were used to test the risk prediction ability of the signature, showing a good effect in the datasets. Moreover, the qPCR and immunohistochemistry staining revealed that the expression of CXCL13 and IL26 was reduced in OC tissues.



Conclusion

A two-gene signature prognostic stratification system (CXCL13 and IL26) was developed based on the heterogeneity of OC immune cells to accurately evaluate the prognostic risk.





Keywords: ovarian cancer, scRNA-seq, myeloid cells, 2-gene signature, risk, prognosis



Introduction

Ovarian cancer (OC) is a common gynaecologic malignancy with high mortality. The mainstay of treatment for ovarian cancer is a combination of surgery and chemotherapy, however, the 5-year survival rate for OC is approximately 47%, primarily due to a high recurrence rate and drug resistance (1). With its unique mechanism of action and relatively safe profile, immunotherapy has recently emerged as a promising modality for numerous malignancies, including OC. However, clinical studies showed that the anti-programmed cell death ligand-1/programmed cell death-1 (PD-L1/PD-1) axis in OC indicates an objective response rate (ORR) of only 10-15%, even if the CPS (Cyber Physical Systems) score is above 10, the remission rate is only 17.1%. The advances have demonstrated that OC with sufficient heterogeneity contributes to treatment failure and a poor prognosis (2).

Single-cell RNA sequencing (scRNA-Seq) uses optimised next-generation sequencing technologies to define the global gene expression profiles of single cells, facilitating dissection of the previously hidden heterogeneity in cell populations (3). In previous studies, scRNA-seq was used to characterise OC heterogeneity to develop novel therapeutic approaches based on the JAK/STAT-pathway inhibitor (4). Hu et al. used scRNA-seq to identify six subtypes of fallopian tube epithelium (FTE) cells in normal human fallopian tube tissues revealing intra-tumoural heterogeneity in serous ovarian cancer (SOC) and defined SOC subtypes that correlated with patient prognosis (5). Recently, researchers demonstrated the broad utility of scRNA-seq for discovering immunotherapy emerging standard of care for several cancer types because it could help the immune system to fight cancer cells (6). For example, scRNA-seq analyses were performed on the immune tumour microenvironment in colorectal cancer patients, providing evidence of the importance of Bhlhe40+ Th1-like CD4+ T cells in anti-tumour immunity and immunotherapy (7). Peng Junya et al. employed scRNA-seq in pancreatic cancer, identifying a subset of ductal cells with unique proliferative features that were associated with an inactivation state in tumour-infiltrating T cells, providing novel markers for the prediction of the antitumor immune response (8). Therefore, analysis of key genes based on the immune heterogeneity could provide potential immunotherapy targets and meaningful risk prediction for OC.

In this study, a series of tissue-specific clusters were constructed to predict immune cell compositions from two OC scRNA-seq (GSE154600 and GES158937) datasets in the Gene Expression Omnibus (GEO) database. Normalisation and variance stabilisation of single-cell RNA-seq data using regularised negative binomial regression was performed using SCTransform () and the FindCluster () package was used for immune cell clusters analysis. Bulk RNA-seq from the TCGA (The Cancer Genome Atlas) expression profile data was used to analyse the key genes in the OC-associated immune cell subsets. Next, we performed univariate Cox, lasso Cox regression and stepwise regression to establish a signature, with qPCR and immunohistochemistry performed to evaluate the expression of signature genes in OC. Finally, a two-gene signature prognostic stratification system (CXCL13 and IL26) was developed based on the heterogeneity of OC immune cells to identify potential immunotherapy targets and accurately evaluate the prognostic risk.



Methods


Data Download

OC scRNA-seq data GSE154600 including 5 high-grade SOC patients, 33538 genes and 52121 cells as well as GES158937 including 3 high-grade SOC patients, 36601 genes and 15202 cells were download from GEO databases (Supplementary Table 1). TCGA-OC bulk RNA-seq data including 378 ovarian cancer patients and 32484 genes were download from TCGA databases (Supplementary Table 2).



scRNA-Seq Data Processing

The Seurat package SCTransform () function was used to pre-process and reduce the batch effect to integrate the two single-cell transcriptome datasets. The most changed 3000 genes were chosen by SelectIntegrationFeatures () (Supplementary Table 3) and the FindCluster () package used for immune cell cluster analysis with the resolution set to 0.15.



ssGSEA

Single-sample GSEA (ssGSEA) analysis was performed using the GSVA package to obtain a hallmark gene set score and the Hallmark gene set was obtained from MSigDB. Spearman’s coefficient was used to evaluate the correlation between EMT, carcinogenesis and the p53 pathway.



WGCNA

CIBERSORT was used to estimate the abundance of 22 immune cells in the TCGA-OC bulk RNA-seq data. The “WGCNA” package was used for the weighted correlation network analysis (WGCNA). β is the most important parameter in the analysis process, and β = 5 was used for subsequent analysis. For hub genes, the genes with module membership (MM) >0.5 and a Pearson correlation coefficient of 0.1 with overall survival (OS) were selected.



NMF Algorithm to Identify Molecular Subtypes

First, gene expression data were extracted from the TCGA-OC database and randomly divided into a training group and test group. Then, the training data of NMF was collected, with the NMF method selecting the standard “brunet” for 10 iterations. The cluster number K was set at 2 to 10, and the average contour width of the common member matrix was determined by the R package “NMF” and the training samples were divided into two categories.



Identification and Functional Analysis of Differentially Expressed Genes

The DEGs between group 1 and group 2 were calculated by the limma package, then screened with FDR <0.05 and |log2FC|> 2 to identify the differences. Furthermore, KEGG functional enrichment analysis was performed using the Clusterprofiler (V3.16.1) package.



Support Vector Machine

The imvigor 210 cohort includes information on the immune infiltration type of 348 patients. An SVM model was constructed with the “e1071” package to predict the type of immune infiltration.



Molecular Risk Model Construction

The coxph () function of the survival package was used to fit the Cox risk regression and a p-value<0.05 was considered as survival related. The least absolute shrinkage and selection operator (Lasso) method is a compression estimation that obtains a more refined model by constructing a penalty function, thereby compresses some coefficients and setting some coefficients to zero at the same time. Therefore, the advantage of subset shrinkage is retained. It is a biased estimation for processing data with multicollinearity that can realise the selection of variables while estimating parameters to better solve the problem of multicollinearity in regression analysis. We used the glmnet package to perform lasso Cox regression for analysis and 10-fold cross-validation for model construction.



Specimen Collection

Ovarian tumour and normal tissues derived from surgically resected specimens were snap-frozen in liquid nitrogen and stored at -80°C until RNA extraction. No patients received chemotherapy, radiation therapy or received treatment before surgery. All patients signed informed consent forms provided by the Cancer Hospital, CAMS & PUMC. This study was approved by the Ethics Committee of the Cancer Institute (Hospital), CAMS & PUMC (17-099/1355).



Total RNA Extraction and Quantitative Real-Time PCR

Total RNA extraction was performed using RNA-easy Isolation Reagent (No.RC112-01, Vazyme, China) from 10 ovarian tumour and 4 non-tumour tissues. Then, quantitative real-time PCR (qRT-PCR) was performed using the HiScript III 1st Strand cDNA Synthesis Kit (No.R312-01, Vazyme, China) and ChamQTM Universal SYBR® qPCR Master Mix (No.Q712-02, Vazyme, China) according to the manufacturer’s instructions. The primer sequences were as follows: CXCL13 Forward Sequence 5’-3’: TATCCCTAGACGCTTCATTGATCG and Reverse Sequence 5’-3’: CCATTCAGCTTGAGGGTCCACA; IL26 Forward Sequence 5’-3’: GGAAGACGTTTTTGGTCAACTGC and Reverse Sequence 5’-3’: CTCTCTAGCTGATGAAGCACAGG; GAPDH Forward Sequence 5’-3’: GTCTCCTCTGACTTCAACAGCG and Reverse Sequence 5’-3’: ACCACCCTGTTGCTGTAGCCA. GAPDH served as an internal control.



IHC Staining

An immunohistochemistry SP kit (No. SP-9000, ZSGB-BIO, China) was used for IHC, which was performed as previously described (9). Anti-CXCL13 (1:200) and anti-IL26 (1:200) were purchased from Abcam (ab272874 and ab254476). The magnification of the immunohistochemistry images was 20×.



Statistical Analysis

All statistical analyses were performed using R software 3.5.3 and GraphPad Prism v. 8.01 (GraphPad Software, La Jolla, CA, USA). The Student’s t-test was used to compare values between the test and control groups and P-values < 0.05 were considered significant.




Results


Integration and Clustering of scRNA-Seq Data

Two scRNA-seq datasets (GSE154600 and GES158937) (Table 1 and Figure 1) were used to characterise the OC heterogeneity in the GEO database. To integrate two single-cell transcriptome datasets, the Seurat package SCTransform () function was used to pre-process and reduce the batch effect. Uniform Manifold Approximation and Projection (UMAP) was used for non-linear dimension reduction (Figure 2A). The FindCluster () function was used to cluster cells, obtaining 20 clusters (Figure 2B).


Table 1 | OV patient information (single-cell RNA-seq).






Figure 1 | The technical road map.






Figure 2 | The dimension reduction of OC scRNA-seq. (A) Color depending on different patients. (B) Label colors according to separate clusters. (C) Expression of important marker genes.



T cells or NK cells (cluster 5, 6, 7, 11; markers: CD3D and CD3E), B cells (cluster 16, 19, 20; marker: CD79A) and myeloid cells (cluster 4, 9, 10; LYZ and CD14) were clustered according to immune cells markers (PTPRC is an immune cell marker; EPCAM is an epithelial cell marker; COL1A2 is a fibroblast marker; IL7R is the naive T cell marker; CD8A and NKG7 are CD8+ the T cell and NK cell markers) (Figure 2C).



Immune Cell Analysis

Cluster analysis of T cells or NK cells, B cells and myeloid cells was based on immune cell markers (Figure 3A). First, we classified and identified T cells, then cluster analysis was performed based on the GSVA enrichment score of each sample of cells. According to the T cell functional status, such as regulatory, costimulatory, initial, cytotoxic, and exhaustive, the gene expression characteristics of naive T cells, costimulatory T cells, regulatory T cells, and exhausted T cells were identified (Figure 3B).




Figure 3 | GSVA enrichment analysis of immune cells. (A) Heat map of significant marker gene expression in immune cells. (B) T cell characterization in OC. GSVA enrichment fractions of naive T cell, co-stimulatory T cells, Regulatory T cells, and exhausted T cells related gene sets. (C) B cell characterization in OC. GSVA enrichment fraction of naive B cells, proliferative, anti-apoptotic, pro-apoptotic, cytokine and germinal center related gene sets. (D) Characteristics of myeloid cells in OC. GSVA enrichment fraction of relating gene sets in M1 and M2-like myeloid cells.



Second, the functional status of B cells was analysed, such as anti-apoptosis, naive memory, cytokines, proliferation and germinal centre gene expression characteristics (Figure 3C). For tumour-infiltrated myeloid cells, the activity of M2 and M1-like myeloid cells was analysed, showing that M1 and M2-related genes were significantly upregulated in P3 and P4 patients with GSE154600 (Figure 3D).



CIBERSORT

Based on the results of single-cell sequencing data and immune cell types analysis, we used bulk data for clinical significance analysis and prognostic model construction. Since bulk RNA-seq data has the advantage of more samples and more clinical information, in order to further analyze the clinical significance of immune cells infiltrated by OC. CIBERSORT can predict the proportion of 22 immune cells based on RNA-seq count data and was used to calculate the abundance of M1-like TAMs (tumour-associated macrophages) in the bulk RNA-seq data of 378 TCGA-OC patients (Table 2) (Figure 4A). The results of survival analysis showed that the patients with a high abundance of M1-TAMS had better survival (Figures 4B, C). There was no significant survival difference among patients with proportions of M2-like TAMS (Supplementary Figure S1), therefore, we conducted an in-depth analysis of M1-like TAMs.


Table 2 | OV patient information (bulk RNA-seq).






Figure 4 | The proportion of immune cells. (A) The proportion of 22 immune cells built on RNA-seq count data. The Kaplan-Meier curves of patients with different proportions of M1-like myeloid cells:(B) are disease free interval (DFI) (C) overall survival (OS).





WGCNA Analysis and Immunotherapy Prediction

To further explore the potential role of M1-like TAMs in OC, we performed WGCNA analysis based on TCGA data (60,483 genes, 378 patients). The genes with median absolute deviation (MAD) ≤0.01 were filtered out leaving 35,165 genes. With a soft threshold =5 (Figures 5A, B), a scale-free co-expression network was constructed to identify gene features related to M1-like TAM. A total of 7 modules were generated (Figures 5C, D), of which the brown module (3213 genes) had the highest correlation with the M1-like TAM score (r=0.42, P=2e−17, Figure 5E). As shown in Figure 5F, genes are represented as points, the abscissa module membership represents the correlation between genes and module eigengene, and the ordinate represents the correlation between the gene expression and OS. The results show that the important elements of the brown module represent OS-related genes, finally obtaining 45 hub genes (MM>0.5 and GS>0.1) from the module (Supplementary Table 4).




Figure 5 | Hub genes screening and immunotherapy prediction. (A) The nature of the network topology constructed with unique Power values. (B) The relationship between Power values and average connectivity. (C) Genes are clustered into discrete modules. (D) Four hundred genes were randomly selected and clustered into distinct modules. (E) The correlation between different modules and the proportion of M1 and M2-like myeloid cells. (F) In the brown module, the correlation between genes and overall survival was reported as scatter plot, and the dark dots were hub nodes. (G) predicting AUC (Area Under Curve) of three phenotypes. (H) Different colors represented different types: Large dots represented support vector, red represented desert samples, blue represented excluded-samples, and green represented inflamed samples.



IMvigor210CoreBiologies package contains RNA-seq data of 348 PD-L1 immunotherapy tumour patients classified into three phenotypes, inflamed type, immune excluded type and immune desert type. We used the e1071 package to construct a support vector machine to predict the three phenotypes (Figure 5G), showing that the prediction effect was better when used to distinguish between the inflamed and immune desert types (Figure 5H). These results indicate that 45 M1-like myeloid cell-related genes are potential predictors of immune infiltration.



Molecular Typing Based on M1-Related Genes

First, the expression of 45 M1-related hub genes was extracted from the TCGA database and the NMF package was used to divide the TCGA samples into different subgroups based on non-negative matrix factorisation. The cluster = 2 as the optimal parameter (Figure 6A) and the training set was divided into two subgroups. Then, the consistency matrix was established (Figure 6B), the value of the consensus matrix is [0,1], equal to 1 means multiple clustering and two data points are all in the same class, and 0 represents that multiple clustering is not in the same class. The heat map showed the expression of 45 M1-related genes (Figure 6C) and the prognosis of cluster 2 is better than that of cluster 1 (Figure 6D). The Violin plot shows that the proportion of M1 in cluster 2 is higher than in cluster 1 (P=2.865e-07, Wilcox-test) (Figure 6E). In general, the prognosis of patients in cluster 1 is worse. The genes differentially expressed in cluster 2 and cluster 1 (|logFC|>2 and adj.P.val<0.05) were identified by the limma package, obtaining 658 DEGs, of which, 39 genes were downregulated (Supplementary Table 5) and 619 genes were upregulated in cluster 2 (Supplementary Table 6). The Clusterprofiler package was used to perform KEGG enrichment analysis in cluster 2 (Figures 6F, G).




Figure 6 | M1-related Molecular typing. (A) Consensus Map of NMF Clustering. (B) Sample cluster of TCGA-OC. (C) Expression of relating genes in M1 like myeloid cells. (D) Kaplan-Meier curves of two OC molecular subtypes. (D) Proportion of M1-like myeloid cells in two OC molecular subtypes. (E) KEGG functional enrichment analysis of differential genes in two OC molecular subtypes. (F, G) KEGG functional enrichment analysis of differential genes in two OC molecular subtypes.





Construct a Genetic Risk Model

To facilitate subsequent verification, 101 protein-coding genes were selected for subsequent analysis from the 658 DEGs (Supplementary Table 7). The TCGA was randomly divided into training and test sets according to a 1:1 ratio, with 189 samples in each dataset (Table 2). Cox (proportional hazards model) was used to identify four survival-related genes (CXCL13, PLA2G2D, IL26, CARD17) in the training set. Then, lasso regression was used to solve the multicollinearity problem during regression analysis and reduce the number of genes in the risk model. We used the glmnet package to perform lasso Cox regression analysis and the change trajectory of each independent variable is shown in the Figure. As the lambda gradually increases, the number of independent variable coefficients tends to 0 gradually increases (Figure 7A). Next, we used a 10-fold cross test to construct the model and confidence interval under each lambda, as shown in Figure 7B. The model is optimal when lambda = 0.52 and two genes (CXCL13, IL26) were chosen to construct a risk model and the prognostic KM curves of the two genes are shown in Supplementary Figure S2.




Figure 7 | Construct a genetic risk model: (A) The trajectory of each independent variable: the horizontal axis represents the log value of the independent variable lambda, and the vertical axis represents the coefficient of the independent variable. (B) The confidence interval under each lambda. (C) The horizontal axis is the patient’s risk score, ranked from lowest to highest, the vertical axis is survival, the green dots are dead, and the red dots are survival. (D)The abscissa shows the patient’s risk score from low to high, the ordinate is the standardized risk score, the red represents the high-risk group, and the green represents the low risk group. (E) 2 Expression of Gene Signature in all TCGA patients. The abscissa shows the order of patients’ risk score from low to high. (F) Survival curve of high and low risk group.



The final 2-gene signature is as follows: RiskScore=-0.059*CXCL13-0.034*IL26.

We calculated the risk score of the TCGA training set and determined the risk score distribution, showing that the higher the risk score and mortality rate of patients with the lower gene expression of CXCL13 and IL26 (Figures 7C–E). The median risk score was standardised as 0, and the samples were classified as high or low risk with median standardisation. The prognosis of the high-risk group was worse (Figure 7F).



Verification of the Prognostic Risk Model

To determine the robustness of the model, we used the TCGA test (Figures 8A–C) and all TCGA datasets (Figures 8E–G) to calculate the RiskScore and distribution, showing that samples with a high RiskScore were significantly smaller than those with a low RiskScore. Low expression of CXCL13 and IL26 was identified as a risk factor. Finally, the results of the KM curves shown in Figures 8D, H reveal significant differences between the low and high-risk group (p < 0.05).




Figure 8 | Verification of the prognostic risk model: (A–C) the TCGA test and (E–G) all TCGA datasets were used to calculate the RiskScore and distribution, showing that samples with a high RiskScore were significantly smaller than those with a low RiskScore. (D, H) The results of the KM curves shown in reveal significant differences between the low and high-risk group.





The Expression of Signature Genes in OC Tissues

Furthermore, to verify the accuracy of the two-gene signature, we examined the expression of the signature genes (CXCL13 and IL26) in clinical samples from OC patients by qPCR (Figures 9A, B) and IHC (Figures 9C, D) analysis, showing that the expression of CXCL13 and IL26 was low in OC tissues.




Figure 9 | The qPCR (A, B) and IHC (C, D) results showed that CXCL13 and IL26 expression were low in OC tissues, *p < 0.05.






Discussion

Although PD-L1/PD-1 as targets for immunotherapy have been identified and the prognosis of most immunotherapy cancer patients has been effectively improved, such as lung cancer (10), breast cancer (11) and haematological tumours (12), immunotherapy for OC is not very effective (13). There is mounting evidence to suggest that intratumoral heterogeneity exists in cells within OC, which makes it rather challenging to identify effective immunotherapeutic targets. The current research shows that single-cell genomics is a powerful tool to explore tumour heterogeneity and distinct subpopulations, which is important to identify potential therapeutic targets (14–17).

In this study, two scRNA-seq datasets (GSE154600 and GES158937) were used to characterise the OC heterogeneity. Normalisation and variance stabilisation of the two scRNA-seq datasets using regularised negative binomial regression by SCTransform () revealed 20 clusters. According to immune cell markers, T or NK cells (cluster 5, 6, 7, 11; markers: CD3D and CD3E), B cells (cluster 16, 19, 20; marker: CD79A) and myeloid cells (cluster 4, 9, 10; LYZ and CD14) were clustered. Then, we identified immune-related OC cells based on the GSVA enrichment score of each sample of cells, showing that tumour-infiltrated myeloid cells and the activity of M2 and M1-like myeloid cells were significantly upregulated in P3 and P4 patients with GSE154600 data. Here, we explored the intratumoral heterogeneity by analysis of the two OC scRNA-seq datasets and the differential interactions between tumour and myeloid cells based on immune cell subtype. Next, TCGA-OC bulk RNA-seq data (including 378 ovarian cancer patients and 58385) were used for predicting the proportion of 22 immune cells and calculating the abundance of M1-like TAMs. The survival analysis showed that the patients with a high abundance of M1-TAMS had better survival, in line with recent findings of the involvement of innate immunosuppression driven by myeloid-derived suppressor cells in the development of ovarian cancer (18–20). Furthermore, we first revealed that tumour-associated macrophages, such as M1-TAMS, are closely related to survival and there was no significant survival difference among patients with proportions of M2-like TAMS. We further explored the potential role of M1-like TAMs in OC and performed WGCNA analysis based on TCGA-OC data, showing that the important elements of the brown module represent OS-related genes. Finally, 45 hub genes were obtained from the module. Based on the M1-related genes, the TCGA-OC training set was divided into two different subgroups (cluster 1 and cluster 2), and Cox was used to identify four survival-related genes (CXCL13, PLA2G2D, IL26, CARD17). The two-gene signature was RiskScore=-0.059*CXCL13-0.034*IL26 based on lasso Cox regression analysis. To verify the prognostic risk model, we used the TCGA test and all TCGA datasets to calculate the RiskScore and distribution, showing that low expression of CXCL13 and IL26 was a risk factor. Furthermore, to verify the accuracy of the two-gene signature, qPCR and IHC analysis revealed that the expression of CXCL13 and IL26 was low in OC tissues, demonstrating that the two-gene signature provides valuable resources to accurately evaluate the prognostic risk.

Recently, there has been increasing evidence to suggest that CXCL13 and IL26 could be potential targets for OC. It has been suggested that the CXCL13 may play a crucial role in the development, metastasis and relapse of advanced colon cancer, and can be used as a prognostic marker for colon cancer (21). For clear cell renal cell carcinoma, gastric cancer, breast cancer and hepatocellular carcinoma (22–25), CXCL13 had good diagnostic and prognostic value, hence may become a candidate biomarker and therapeutic target. Many other investigators have demonstrated the promising role of IL26 with immunotherapy in treating cancers. For example, IL26 is a unique, clinically relevant, inflammatory amplifier that enhances TNBC (triple negative breast cancer) engraftment and dissemination in association with neutrophils, which has the potential as a therapeutic target (26). The serum IL-26 level is closely correlated with gastric cancer and has important value for the determination of disease occurrence and development (27). Yang Moran et al. revealed that CXCL13 can shape the antitumor microenvironment and support a clinical investigation for a combination of CXCL13 and PD-1 blockade therapy in HGSC (28). Winkler et al. attempted to introduce new therapies based on Th17 lymphocytes which produce IL-17A, IL-17F, IL-21, IL-22, IL-26, IL-6, TNF-α and suppress tumour progression through enhanced antitumor immunity in OC (29). For the first time, we proposed a two-gene signature (CXCL13 and IL26) based on the heterogeneity of OC, which may be applied for risk prediction and as potential immunotherapy targets. However, this study has some limitations, such as few samples for PCR and immunohistochemical verification and the mechanism of CXCL13 and IL26 has not been explored in OC. Future efforts should focus on using many samples to verify the accuracy of the model and explore the molecular mechanism of CXCL13 and IL26, providing experimental evidence for application to risk prediction and treatment in OC.

In conclusion, two scRNA-seq datasets (GSE154600 and GES158937) were integrated and used to characterise OC heterogeneity, with the M1 and M2-related genes significantly upregulated in P3 and P4 patients with GSE154600. Our work not only expands the understanding of tumour-infiltrated myeloid cells but also provides a two-gene signature based on M1-related genes in the TCGA-OC data. The combined analysis of single-cell data and TCGA-OC data identified the two-gene signature with important prognostic implications and immunotherapy in OC.
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The impact of Actin beta-like 2 (ACTBL2), a novel described actin isoform, on epithelial ovarian cancer (EOC) biology has not been investigated so far. In this study, we analyzed the prognostic and functional significance of ACTBL2 and its regulatory element Nuclear factor of activated T-cells 5 (NFAT5). The expression of ACTBL2 and NFAT5 was examined in tissue microarrays of 156 ovarian cancer patients by immunohistochemistry. Aiming to assess the molecular impact of ACTBL2 on cellular characteristics, functional assays were executed in vitro upon siRNA knockdown of ACTBL2 and NFAT5. ACTBL2 expression was identified as an independent negative prognostic factor for overall survival of EOC patients. EOC cell lines showed a significantly increased mRNA and protein level of ACTBL2 compared to the benign control. In vitro analyses upon siRNA knockdown of ACTBL2 displayed a significantly reduced cellular viability, proliferation and migration. siRNA knockdown of NFAT5 proved a significant molecular interplay by inducing a downregulation of ACTBL2 with a thus resulting concordant alteration in cellular functions, predominantly reflected in a decreased migratory potential of EOC cells. Our results provide significant evidence on the negative prognostic impact of ACTBL2 in EOC, suggesting its crucial importance in ovarian carcinogenesis by modulating cellular motility and proliferation.
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Introduction

Epithelial ovarian cancer (EOC) is the fifth leading lethal tumor entity in women and the most common cause of death among gynecological cancer patients (1). Due to comparably insufficient screening methods and minor clinical symptoms with a consecutively late diagnosis of advanced tumor stages, EOC is associated with a relatively low 5-year survival rate of less than 45% (2). Established and reliable prognostic factors for overall survival of EOC patients include the disease stage at diagnosis (FIGO), tumor grading, histological subtypes and patient’s age, with the volume of residual disease after primary surgery being the most significant one (3–6). First-line therapy consists of cytoreductive surgery and adjuvant platinum-based chemotherapy in the clinical course. This is followed by the use of bevacizumab or poly-ADP-ribose-polymerase inhibitors, as a recent promising therapeutic approach in the maintenance treatment of patients with at least partial response to chemotherapy (7, 8). While other gynecological tumor entities such as endometrial and cervical cancer are comparably prone to respond to immune therapy, no promising prognostic benefit in terms of ovarian cancer treatment has been shown yet (9–12). Despite new emerging therapeutic strategies in the past few years, widely accepted and reliable biomarkers for ovarian cancer are still rare due to lacking profound knowledge on molecular pathological mechanisms enhancing tumor development and progression.

Actin beta-like 2 (ACTBL2), a novel described actin isoform showing 92% structural similarity to ß-actin, was found to be a putative risk gene in ovarian cancer (13–15). Yet, the cellular function of ACTBL2 in EOC and its carcinogenetic impact on gynecological malignancies are thus far unknown. Despite the relatively high structural congruence to ß-actin, phylogenetic analyses revealed a genetic distance from other commonly known isoforms, with ACTBL2 being expressed in different cellular localizations and executing individual molecular functions (16, 17). A significant upregulation of ACTBL2 was yet detected in pancreatic ductal adenocarcinoma and colorectal cancer (18, 19). Moreover, a high abundance of ACTBL2 in hepatocellular carcinoma was associated with altered cellular growth properties and an impaired postoperative disease-free survival of affected patients (16). Mazur et al. identified ACTBL2 as a binding partner of gelsolin in melanoma cells, being part of cellular lamellipodia and thus hinting at its intracellular function and putatively promigratory effect (20). Additionally, functional assays revealed an impaired migration of vascular smooth muscle cells (VSMCs) after gene silencing of ACTBL2 (21). In silico analyses focusing on the promotor sequence of ACTBL2 displayed several putative binding sites for Nuclear factor of activated T-cells 5 (NFAT5) (21). Executing its manifold functions as a transcription factor, NFAT5 is required in regulating the expression of genes involved in controlling cellular osmotic stress and in orchestrating cellular migration and proliferation (22–25). Gene knockdown of NFAT5 in vascular smooth muscle cells resulted in a significantly diminished ACTBL2 expression, proving their direct interaction (21). Apart from studies focusing on promigratory effects in biomechanically activated VSMCs, the regulatory impact of NFAT5 on ACTBL2 in tumor cells and the extent of the consequently provided alterations of cellular functions remain still unknown.

The present study aimed at elucidating the functional role of ACTBL2 and NFAT5 in epithelial ovarian cancer, intentionally assisting to obtain new findings on its etiology with regard to carcinogenetic and disease-promoting mechanisms.



Material and Methods


Ethical Approval

This study was approved by the Ethics Committee of the Ludwig-Maximilians-University (LMU), Munich, Germany (approval number 227-09, 18-392 and 19-972). All tissue samples used were obtained from material initially utilized for pathological diagnostics from the archives of the LMU, Munich, Germany. The diagnostic procedures were completed before the present study was performed, with the observers being fully blinded to the patients’ data during all experimental and statistical analyses. All experiments described were performed respecting the standards of the Declaration of Helsinki (1975).



Patients and Specimens

Tissue microarrays of 156 EOC patients who underwent cytoreductive surgery between 1990 and 2002 at the Department of Obstetrics and Gynecology, Ludwig-Maximilians-University in Munich, Germany, were analyzed in the given study (Table 1). In previously performed studies regarding the present cohort, various other pathological parameters were investigated, thus enabling the execution of correlation analyses. The clinical data was obtained from the patients’ charts with the according follow-up data being received from the Munich Cancer Registry (MCR). Only patients with pathologically validated epithelial ovarian cancer were included, whereas benign as well as borderline tumors were accordingly excluded from the collective. Moreover, none of the considered patients had neoadjuvant chemotherapy in the clinical course. All samples used were formalin-fixed and paraffin-embedded (FFPE) before being examined by gynecological pathologists at the Department of Pathology, LMU, regarding clinical and pathological criteria. The samples were classified into histological subtypes [serous (n=110), clear cell (n=12), endometrioid (n=21), mucinous (n=13)] as well as rated by tumor grading, respecting the currently valid WHO classifications. Serous ovarian cancer was divided into low and high grading, while tissue samples of endometrioid histology were graded according to G1 to G3. For mucinous ovarian carcinoma, there is no explicit WHO classification; however, this subtype is often classified into G1 to G3 analogous to endometrioid subtype. Clear cell ovarian cancer was always categorized as G3. Further, staging was performed using the FIGO classification [I (n=35), II (n=10), III (n=103), IV (n=3)], while data on primary tumor extension according to the TNM classification was available in 155 cases showing the following distribution: T1 (n=40), T2 (n=18) and T3 (n=97). Concerning lymph node involvement, data was obtainable in 95 cases [N0 (n=43), N1 (n=52)], whereas data on distant metastasis was only accessible in 9 cases [M0 (n=3), M1 (n=6)]. Information on grading and FIGO stage is missing in 12 respectively 5 cases.


Table 1 | Clinicopathological characteristics of ovarian cancer patients considered in this study.





Immunohistochemistry

After dewaxing the formalin-fixed and paraffin-embedded ovarian cancer tissue microarrays in xylol for 20 minutes, the slides were shortly washed in 100% ethanol. Intending to avoid unspecific staining, the endogenous peroxidase was blocked by using 3% H2O2 in methanol for 20 minutes, before rehydrating the samples in descending concentrations of ethanol (100%, 70% and 50%) and shortly resting them in distilled water. Next, the slides were put in a pressure cooker filled with boiling sodium citrate buffer (pH=6) consisting of 0.1 M citric acid and 0.1 M sodium citrate and were consecutively heated for 5 minutes. Cooled down, the tissue samples were shortly washed in distilled water and then in phosphate-buffered saline (PBS) twice for 2 minutes each. To prevent an unspecific staining reaction during the course, the slides were incubated with a blocking solution [Reagent 1; ZytoChem Plus HRP Polymer System (mouse/rabbit), Zytomed, Berlin, Germany] for 5 minutes at room temperature (RT) followed by an overnight incubation of 16 hours at 4°C with the following primary antibodies: anti-ACTBL2, 1:800 dilution in PBS (rabbit IgG, polyclonal, abcam, ab100869), anti-NFAT5, 1:200 dilution in PBS (rabbit IgG, polyclonal, Sigma, HPA069711-100UL). Afterwards, the samples were again washed twice in PBS and subsequently treated with a post block reagent (Reagent 2; ZytoChem Plus HRP Polymer System (mouse/rabbit), Zytomed, Berlin, Germany) for 20 minutes at RT. After repeating the previously described washing step with PBS, the slides were incubated with an HRP-polymer containing bound anti-mouse as well as anti-rabbit antibodies (Reagent 3; ZytoChem Plus HRP Polymer System (mouse/rabbit), Zytomed, Berlin, Germany) for 30 minutes. For visualization, 3,3’diaminobenzidine (DAB) and the according substrate buffer (Liquid DAB and Substrate Chromogen System, DAKO, Munich, Germany) were applied on the tissue for 30 seconds (ACTBL2) and 1,5 minutes (NFAT5), respectively. The reaction was stopped by washing the slides in distilled water, followed by a counterstaining with Mayer’s acidic hemalum (Waldeck, Münster, Germany). After dehydrating the ovarian cancer tissue in a series of ethanol with ascending concentrations (70%, 96% and 100%), the slides were placed in xylol and finally covered. Kidney and vulva tissue served as negative and positive controls to examine the specificity of the immunoreaction as well as to assess the most suitable dilution of the used primary antibodies (Figure S1). Concerning the negative controls, the primary antibodies were each replaced by a specific isotype control antibody (BioGenex, Fremont, CA, USA).



Immunocytochemistry

For immunocytochemistry (ICC) of ACTBL2 and NFAT5, assessing the basal protein expression in ovarian cancer cells, 1×106 UWB1.289 cells were seeded on sterile microscope slides and maintained in culture as described below for 24 hours. After washing with PBS twice for 5 minutes each, the slides were fixed by being placed in 100% ethanol and methanol (1:1) at room temperature (RT) for 15 minutes and were subsequently air dried. Intending to avoid unspecific background staining, the slides were treated with a goat-derived serum (Vectastain Elite rabbit-IgG-kit, Vector Laboratories, Burlingame, CA, USA) for 20 minutes at RT after being rehydrated in PBS for 5 minutes. Next, the slides were incubated overnight for 16 hours at 4°C with the primary antibodies mentioned above in a 1:400 (ACTBL2) respectively 1:50 (NFAT5) dilution. Afterwards, the slides were washed in PBS for 5 minutes followed by a 30 minute incubation with a biotinylated secondary anti-rabbit antibody (Vectastain Elite rabbit-IgG-kit, Vector Laboratories, Burlingame, CA, USA) at RT. Again, the slides were washed in PBS and subsequently treated with an avidin-biotin-peroxidase complex (Vectastain Elite rabbit-IgG-kit, Vector Laboratories, Burlingame, CA, USA) for 30 minutes at RT. To finally visualize the staining, chromogen 3-amino-9-ethylcarbazole (AEC+, DAKO, Hamburg, Germany) was applied for 10 minutes at RT. In order to stop the reaction, the slides were placed in distilled water before being counterstained with Mayer’s acidic hemalum (Waldeck, Münster, Germany). After being washed in distilled water, the slides were covered using an aqueous mounting medium (Aquatex, Merck, Darmstadt, Germany).

For ICC of ACTBL2 and NFAT5 after gene silencing, 5×104 UWB1.289 cells were seeded in each well of sterile 4-well chamber slides (Lab-Tek II Chamber Slides, Thermo Fisher Scientific, Denmark) and maintained in culture overnight. siRNA knockdown of ACTBL2 respectively NFAT5 was performed for 48 hours as explained below, before executing the immunocytochemical staining as previously described.



Staining Evaluation and Statistical Analysis

The examination of all EOC specimens was performed using a Leitz photomicroscope (Wetzlar, Germany) with the immunohistochemical (IHC) staining being analyzed by applying the semi-quantitative immunoreactive score (IRS) (26). The score is calculated by multiplying the percentage of positively stained cells (0=no staining, 1 ≤ 10%, 2 = 11-50%, 3 = 51-80% and 4≥81%) by the predominating optical staining intensity (0=no, 1=weak, 2=moderate, 4=strong). For each staining performed, the immunoreactive score was obtained considering the distinct distribution pattern of the analyzed proteins. As separate scores were calculated for each cellular compartment, NFAT5 staining was assessed in the cytoplasm and the nucleus, whereas ACTBL2 expression was evaluated in the cytoplasm and the cell membrane.

For statistical analyses of all data obtained, IBM SPSS Statistics 26.0 (IBM Corporation, Armonk, NY, USA) was used. Spearman’s analysis (27) was performed to calculate bivariate correlations between the examined proteins and clinicopathological data. Further, Kruskal-Wallis-H test (28) was used to assess and compare the distribution of more than two independent samples in the analyzed collective. Overall survival of EOC patients was compared by executing log-rank testing with Kaplan-Meier curves being used for visualization (29). For identification of appropriate cut-off values in survival analyses, a ROC curve analysis was performed, being a reliable and widely accepted method for cut-off point selection (30). The Youden index, being defined as the maximum (sensitivity+specificity-1), was used to ensure the optimal cut-off, maximizing the sum of sensitivity and specificity (31, 32). For multivariate analyses, a Cox regression model of the investigated parameters was established (33). qPCR results were analyzed for statistical significance by using the obtained Ct values and calculating the relative expression by applying the 2-ΔΔCt formula (34). Further in vitro experiments were statistically analyzed by performing Wilcoxon test with all in vitro analyses being visualized using GraphPad Prism 7.00 (San Diego, CA, USA). For all analyses, p-values ≤0.05 were considered to be statistically significant.



Cell Lines

The human ovarian cancer cell lines ES-2 (clear cell), OVCAR3 (serous), TOV112D (endometrioid) and UWB1.289 (serous, BRCA1 negative) were obtained from ATCC (Rockville, MD, USA) and were maintained in culture using RPMI 1640 GlutaMAX Medium (Gibco, Paisley, UK) supplemented with 10% fetal bovine serum (FBS; Gibco, Paisley, UK) in a humified incubator at 37°C and 5% CO2. For reference, the benign human cell line HOSEpiC (ATCC, Rockville, MD, USA) was cultured in Ovarian Epithelial Cell Medium (OEpiCM; ScienCell, Carlsbad, CA, USA) according to the instructions of the company in a humified incubator at 37°C and 5% CO2. All cell lines used in this study were tested negative for mycoplasma in advance.



qPCR

mRNA isolation was executed using the RNeasy Mini Kit (Qiagen, Venlo, Netherlands) according to the manufacturer’s protocol. Next, 1µg RNA was converted into cDNA using the MMLV Reverse Transcriptase 1st-strand cDNA Synthesis Kit (Epicentre, Madison, WI, USA). The mRNA expression of both ACTBL2 and NFAT5 was quantified by qPCR applying FastStart Essential DNA Probes Master and gene-specific primers (Roche, Basel, Switzerland, Table S1), with their relative expression being subsequently calculated by the 2-ΔΔCt formula using GAPDH as a housekeeping gene.



siRNA Knockdown

UWB1.289 cells were transfected with small interfering RNA (siRNA) for ACTBL2 and NFAT5, respectively (GeneSolution siRNA, Qiagen Sciences, MD, USA; for detailed information on the according sequences, see Tables S2A, B), by using Lipofectamine RNAiMAX reagent (Invitrogen, Carlsbad, CA, USA). For reference, a scrambled negative control siRNA (AllStars Negative Control siRNA, Qiagen, Hilden, Germany) was utilized. At first, 2,5×105 UWB1.289 cells/well were seeded on sterile 6-well plates and maintained in culture as described above. After reaching a cell density of 60-70%, the transfection was performed by treating the cells with OptiMEM Reduced Serum Medium (Thermo Fisher Scientific, Waltham, MA, USA) containing the siRNA-Lipofectamine complex. After 48 hours of incubation at 37°C and 5% CO2, the cells were harvested and used for further experiments. To prove the successful gene silencing, mRNA isolation and qPCR were subsequently executed as outlined above. Immunocytochemistry was applied as previously described to confirm the knockdown of ACTBL2 respectively NFAT5 on a protein level. Each siRNA knockdown was repeated and thus validated three times.



Western Blot

For basal expression analysis of ACTBL2, untreated adherent UWB1.289 cells were lysed for 15 minutes at 4°C using 300µl RIPA buffer (Sigma Aldrich Co., St. Louis, MO, USA) containing a previously 1:100 diluted protease inhibitor (Sigma Aldrich Co., St. Louis, MO, USA). After adding 100µl of 4x Laemmli sample buffer, the protein samples were loaded and separated according to their molecular weight using a 10% sodium dodecyl sulphate-polyacrylamide gel (Mini-PROTEAN TGX Precast Gels, Bio-Rad Laboratories Inc., Hercules, CA, USA) at a voltage of 70 V for 2 hours. After transferring the proteins onto a polyvinylidene fluoride membrane (Sequi-Blot PVDF Membrane, Bio-Rad Laboratories Inc., Hercules, CA, USA) for 65 minutes at 145mV and 4°C, the membrane was blocked for 1 hour at RT in 5% milk powder solution to prevent an unspecific antibody reaction. Subsequently, the membrane was incubated gently shaking overnight at RT with the following diluted primary antibodies: anti-ACTBL2 (1:500 dilution; rabbit IgG, polyclonal, abcam, ab100869) and ß-actin (1:1000 dilution; mouse IgG, monoclonal, Sigma, St. Louis, USA) with ß-actin serving as a control. Afterwards, the membranes were washed three times with TBS/Tween and subjected to the corresponding species-specific secondary antibodies (goat-anti-rabbit/mouse, 1:1000 dilution, Jackson Immuno Research, UK) for 1 hour at RT. After repeating the previously described washing steps, the antibody complexes were visualized using 5-bromo-4-chloro-3-indolylephosphate/nitro-blue-tetrazolium chloride (BCIP/NBT, Promega) in 0.1M Tris-HCl and 0.15M NaCl for 5-10 minutes. Western blotting analysis was performed using the Bio-Rad Universal Hood II and the corresponding software (Quantity One; Bio-Rad Laboratories Inc., Hercules, CA, USA). Each Western blot was repeated three times.



Cell Viability Assay and Proliferation Assay

For cell viability measurements a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma, M-5655, 500 mg) colorimetric assay was conducted, while changes in cell proliferation were detected by performing a 5-bromo-2-deoxyuridine (BrdU) assay (Roche Cell Proliferation Elisa, BRDU (Colorimetric), Roche, Basel, Switzerland). In each assay executed, 5×103 UWB1.289 cells/100µl were seeded on sterile 96-well plates and maintained in culture overnight using RPMI 1640 GlutaMAX medium with 10% FBS. Subsequently, gene silencing of ACTBL2 respectively NFAT5 was performed as previously described. After 72h, both MTT and BrdU assay were conducted according to the manufacturer’s protocol. An Elx800 universal Microplate Reader (BioTek, Winooski, VT, USA) was used to measure the optical density (OD) in each well at 595nm (MTT) and 450nm (BrdU). Each experiment was repeated and thus validated three times.



Wound Healing Assay

To analyze the cellular migration after gene silencing, 8×105 UWB1.289 cells/well were seeded on sterile 6-well plates and maintained in culture as previously outlined. After 24h, a sterile 200µl pipet tip was used to scratch a vertical line centrally into the monolayer, aiming to create an artificial wound. After gently washing the cells with PBS to remove excess cells, siRNA knockdown of each ACTBL2 and NFAT5 was performed as described above. To consequently monitor the cellular migration, digital images of each scratch were taken exactly 0h, 24h and 48h after the transfection by using an inverse phase-contrast microscope (Leica Dmi1, Leica, Wetzlar, Germany) and the according camera (Leica MC120 HD, Leica, Wetzlar, Germany). The images were subsequently analyzed by measuring the wounded areas at each time using ImageJ (https://imagej.nih.gov/ij/). The relative cell migration was outlined by calculating the difference of the covered area at 24h and 0h as well as 48h and 0h, and comparing the results to the untreated control.




Results


ACTBL2 Expression in Epithelial Ovarian Cancer Correlates With Clinical and Pathological Characteristics

To examine the role of ACTBL2 in epithelial ovarian cancer, ACTBL2 expression was investigated in 156 specimens. Immunohistochemical staining of ACTBL2 was assessed in 134 cases (86%) in the cytoplasm and the cell membrane with a median (range) IRS of 4 (0,12) and 2 (0,8), respectively (Tables S3A, B). Positive ACTBL2 expression was defined and further investigated as combined cytoplasmic (IRS>2; n=117) and membranous (IRS>0; n=110) expression in the present cohort via ROC-curve analyses.

Consecutively performed correlation analyses of combined ACTBL2 expression and clinicopathological data revealed a significant positive correlation between high ACTBL2 expression and serous histology (Table 2; p=0.013, Cc=0.213). Moreover, high levels of ACTBL2 correlated significantly with high grading of serous carcinoma (Table 2; p=0.003, Cc=0.253).


Table 2 | Correlation analysis of ACTBL2 expression and clinicopathological data.





Positive ACTBL2 Expression Is Associated With Impaired Overall Survival of EOC Patients

Intending to further investigate the prognostic significance of ACTBL2 expression in ovarian cancer, a univariate analysis of overall survival (OS) was performed.

In the present cohort, the patients’ median age was 58.7 (± 31.4) years with a range of 31-88 years, while their median OS was 34.4 (± 57.8) months.

Combined cytoplasmic and membranous, thus positive ACTBL2 expression in EOC patients (n=101) was associated with a significantly shorter overall survival compared to patients with negative ACTBL2 expression (n=32; median OS 35.2 vs. 83.4 months; p=0.035) (Figures 1A–F).




Figure 1 | Kaplan-Meier estimate of combined ACTBL2 expression in EOC patients as detected by immunohistochemistry. (A) Kaplan-Meier estimate (log-rank testing) concerning combined cytoplasmic (IRS>2) and membranous (IRS>0) ACTBL2 expression in epithelial ovarian cancer, being associated with impaired overall survival (median OS 35.2 vs. 83.4 months; p=0.035). Censoring events were marked in the graphs (+). (B–F) Detection of ACTBL2 by immunohistochemistry. Exemplary photographs (25x magnification; scale bar=100µm), showing the differences between ACTBL2-negative (B) and ACTBL2-positive tissue of all histological subtypes of EOC (C–F), thus visually supporting the survival analysis displayed above: (B) serous carcinoma, cytoplasmic IRS=0, membranous IRS=0; (C) serous carcinoma, cytoplasmic IRS=4, membranous IRS=4; (D) clear cell carcinoma, cytoplasmic IRS=4, membranous IRS=1; (E) mucinous carcinoma, cytoplasmic IRS=8, membranous IRS=8; (F) endometrioid carcinoma, cytoplasmic IRS=8, membranous IRS=4.





Positive ACTBL2 Expression and Clinicopathological Parameters Are Independent Prognostic Factors for Overall Survival

Aiming to detect which parameters are independent factors for overall survival in the present cohort, a multivariate Cox regression analysis was performed (Table 3). Patients’ age (≤60 vs. >60 years; p=0.011) as well as FIGO stage (FIGO I, II vs. III, IV; p<0.001) were confirmed as independent prognostic factors. Additionally, positive ACTBL2 expression (p=0.013), as previously defined, was found to be a novel and statistically independent prognostic factor for impaired overall survival of ovarian cancer patients. In contrast, tumor histology and nodal status were not independent in the established model.


Table 3 | Multivariate analysis.





ACTBL2 Expression Is Significantly Elevated in Ovarian Cancer Cell Lines, Showing Highest Level in Serous UWB1.289 Cells

The basal mRNA expression of ACTBL2 was analyzed by qPCR in four EOC cell lines as well as in the benign cell line HOSEpiC (Figure 2A). All malignant cell lines displayed a significantly elevated ACTBL2 expression compared to the benign control (p=0.028). Supporting our aforementioned results in immunohistochemistry, both serous cell lines OVCAR3 and UWB1.289 showed higher levels of ACTBL2 than tested tumor cells of other histological subtypes. The BRCA1 mutant cell line UWB1.289 showed the comparatively highest ACTBL2 expression on mRNA as well as on protein level, whereas OVCAR3 cells showed a protein expression of ACTBL2 comparable to the non-serous cell lines used in this study (Figure 2B). Additionally executed immunocytochemical staining of UWB1.289 cells confirmed the cytoplasm and the cell membrane as locations of ACTBL2 expression, corroborating our findings from previous immunohistochemical analyses (Figure 2C).




Figure 2 | Basal expression of ACTBL2 in ovarian cancer cell lines. (A) qPCR results showing ACTBL2 expression in four EOC cell lines (ES-2, OVCAR3, TOV112D, UWB1.289) compared to the benign control cell line (HOSEpiC; n=6; *p=0.028). (B) Exemplary Western blot analysis of ACTBL2 expression (42 kD) in four EOC cell lines (ES-2, OVCAR3, TOV112D, UWB1.289) compared to the benign control cell line (HOSEpiC). (C) Detection of ACTBL2 in UWB1.289 cells by immunocytochemistry. Exemplary photographs (25x magnification; scale bar=100µm) showing protein expression in both cytoplasm and cell membrane.





Downregulation of ACTBL2 In Vitro Decreases Viability, Proliferation and Migration of UWB1.289 Cells, Indicating Its Functional Role in Serous Ovarian Cancer

Intending to elucidate the cellular function of ACTBL2 in terms of ovarian cancer etiology and progression, further in vitro experiments were performed. Since UWB1.289 cells showed the highest level of ACTBL2, this cell line was selected for additional investigations upon targeted gene silencing.

After proving the successful downregulation of ACTBL2 by both qPCR and immunocytochemistry (Figure S2), functional assays were executed to assess its impact on tumor cell biology. Given our previously described findings, we hypothesized that ACTBL2 might enhance cellular viability, proliferation and migration in ovarian cancer, thus serving as a potential explanation for the poor prognosis associated with positive ACTBL2 expression in EOC patients.

In each assay performed, the results obtained in UWB1.289 cells after siRNA knockdown of ACTBL2 were compared to the results of an untreated control. As shown in Figure 3, successful downregulation of ACTBL2 led to a significant decrease in cellular viability (Figure 3A; p=0.008). Moreover, ACTBL2 silencing significantly inhibited the proliferation of ovarian cancer cells (Figure 3B; p=0.012). In addition, siRNA transfected cells displayed a significantly reduced migration as compared to the untreated group (Figures 3C–I; p=0.012).




Figure 3 | Functional assays after ACTBL2 silencing in UWB1.289 cells. (A) MTT assay results after siRNA (sequence 3) knockdown of ACTBL2, showing a significantly reduced cell viability (n=9, p=0.008). (B) BrdU assay results, displaying a significantly decreased cell proliferation after silencing of ACTBL2 (n=8, p=0.012) (C–I) Wound healing assay results (C) after siRNA knockdown of ACTBL2, showing a significantly reduced migration of UWB1.289 cells after 48h (G–I) compared to the untreated control (D–F; n=8, p=0.012) (10x magnification; scale bar=200µm).



Summarizing, our findings suggest that the downregulation of ACTBL2 results in a significant decrease in viability, proliferation and migration of ovarian cancer cells, inversely supporting our hypothesis regarding the cellular function of ACTBL2.



Downregulation of NFAT5 In Vitro Regulates ACTBL2 Expression and Consecutively Reduces Viability, Proliferation and Migration of UWB1.289 Cells

Aiming to assess molecular biological mechanisms regulating the function of ACTBL2, the impact of NFAT5 on ovarian cancer cells was further investigated.

Firstly, the basal mRNA expression of NFAT5 was analyzed by qPCR accordingly to our aforementioned experiment regarding the basal expression of ACTBL2 (Figure 4A). Again, all malignant cell lines used in our study showed a significantly elevated NFAT5 expression compared to the benign control cell line HOSEpiC (*p=0.028, #p=0.027). Reflecting our previously revealed results concerning the mRNA expression of ACTBL2, UWB1.289 cells showed the highest level of NFAT5. Supporting the assumption of NFAT5 functioning as a transcription factor, immunocytochemical staining of UWB1.289 cells confirmed both cytoplasm and nucleus as locations of NFAT5 expression (Figures 4B, C).




Figure 4 | Basal expression of NFAT5 in ovarian cancer cell lines. (A) qPCR results showing NFAT5 expression in four EOC cell lines (ES-2, OVCAR3, TOV112D, UWB1.289) compared to the benign control cell line (HOSEpiC; n=6; *p=0.028; #p=0.027). (B, C) Detection of NFAT5 in UWB1.289 cells by immunocytochemistry. Exemplary photographs (25x magnification; scale bar=100µm) showing protein expression in both nucleus (B) and cytoplasm (C).



In addition, in vitro experiments in UWB1.289 cells were performed to characterize the functional connection between ACTBL2 and its putative regulatory element NFAT5.

In a first step, NFAT5 silencing was induced in the selected cell line by siRNA transfection. The successful downregulation of NFAT5 on mRNA and protein level was proved by qPCR and immunocytochemistry, respectively (Figure S3). Moreover, the expression of ACTBL2 after effectively performed NFAT5 silencing was investigated by qPCR, showing a significant decrease of 46% after 48 hours (Figure 5A; p=0.008). Thus, we presumed that the downregulation of ACTBL2 caused by NFAT5 silencing would further lead to a decrease in cellular viability, proliferation and migration, reflecting our previously outlined results after ACTBL2 knockdown. Consequently, we again performed the functional assays mentioned above, comparing the results obtained after siRNA knockdown of NFAT5 to an untreated control. As shown in Figure 5, successful NFAT5 silencing caused a significant decrease in cellular viability (Figure 5B; p=0.012) as well as significantly reduced cell proliferation rates (Figure 5C; p=0.001). Further, the downregulation of NFAT5, and consecutively ACTBL2, significantly inhibited the migration of UWB1.289 cells compared to the untreated control (Figures 5D–J; p=0.012).




Figure 5 | Functional assays after NFAT5 silencing in UWB1.289 cells. (A) ACTBL2 expression in UWB1.290 cells after 48h siRNA (sequence 7) knockdown of NFAT5, proving its successful downregulation on mRNA level compared to the untreated control (p=0.008). (B) MTT assay results after siRNA knockdown of NFAT5, showing a significantly reduced cell viability (n=8, p=0.012). (C) BrdU assay results, displaying a significantly decreased cell proliferation after silencing of NFAT5 (n=15, p=0.001) (D–J) Wound healing assay results (D) after siRNA knockdown of NFAT5, showing a significantly reduced migration of UWB1.289 cells after 48h (H–J) compared to the untreated control (E–G; n=8, p=0.012) (10x magnification; scale bar=200µm).



In sum, our results show for the first time a functional relation between NFAT5 and ACTBL2 in ovarian cancer, with NFAT5 silencing regulating the effect of ACTBL2 on cellular functions, predominantly resulting in a decreased migratory potential of UWB1.289 cells.



Cytoplasmic NFAT5 Expression in Epithelial Ovarian Cancer Correlates With Prognostically Favorable Clinical and Pathological Characteristics

In order to evaluate its impact in a clinical relation, NFAT5 expression was investigated in the previously described patient cohort (n=156, Table 1). NFAT5 staining was assessed in 127 cases (81%) in the cytoplasm (Figure S4) with a median (range) IRS of 0 (0,8) (Table S3C), while nuclear expression was only detected in 2 cases. Hence, considering its function as a transcription factor, NFAT5 was mainly present in its inactive form in the analyzed collective.

Additionally performed correlation analyses revealed significant correlations between cytoplasmic NFAT5 expression and clinicopathological characteristics (Table S4). Based on the thus detected results, Kruskal-Wallis-H tests were executed to further elucidate potential differences within FIGO stages and grading of serous carcinoma (Figure 6). Accordingly, low FIGO stages displayed a significantly higher cytoplasmic NFAT5 expression than advanced FIGO stages (Figure 6A; p=0.022). In addition, elevated cytoplasmic NFAT5 expression was significantly associated with low grading of serous carcinoma (Figures 6B–D; p<0.001).




Figure 6 | Boxplot analysis of cytoplasmic NFAT5 expression (Kruskal-Wallis-H test). (A) Boxplot analysis of cytoplasmic NFAT5 expression comparing FIGO I,II (n=37, median IRS=1) to FIGO III,IV (n=89, median IRS=0; p=0.022). (B) Boxplot analysis of cytoplasmic NFAT5 expression in serous carcinoma (n=89) comparing low grading (n=26, median IRS=1) to high grading (n=63, median IRS=0; p<0.001). (C, D) Exemplary photographs (25x magnification; scale bar=100µm) of cytoplasmic NFAT5 expression in serous histological subtype, comparing positive expression in low grade (C, IRS=4) to negative expression in high grade (D, IRS=0) carcinoma.



Concluding, the presence of NFAT5 in the cytoplasm as an inactive transcription factor was linked to prognostically favorable clinical and pathological characteristics of epithelial ovarian cancer.



High Gene Expression of ACTBL2 and NFAT5 in Large Independent EOC Cohorts Is Significantly Associated With Impaired Overall Survival

Aiming to validate the prognostic impact of ACTBL2 and NFAT5 on overall survival respecting a larger collective of EOC patients, the Kaplan-Meier Plotter database was used (35). For both genes respectively, patients were divided into high- and low-expression groups based on gene-specific cut-off values, before accordingly executing analyses concerning overall survival. The survival time of patients with high ACTBL2 gene expression (nhigh=272) was shown to be significantly shorter compared to patients of the low-expression group (nlow=101, p=0.036; Figure S5A), supporting our previously outlined results from immunohistochemical analyses regarding the prognostic relevance of cytoplasmic and membranous ACTBL2 expression in EOC patients.

Regarding NFAT5 gene expression, comparable results were achieved by showing that high NFAT5 gene expression (nhigh=152) is significantly correlated with an impaired prognosis of ovarian cancer patients (nlow= 221; p=0.027; Figure S5B). Since the protein expression of NFAT5 was mainly detected in the cytoplasm of patients in our collective, being linked to prognostically favorable clinicopathological characteristics, a negative prognostic impact of nuclear NFAT5 expression can be assumed. Concordantly, although detected in very few cases in our cohort, nuclear protein expression of NFAT5 as a transcription factor of ACTBL2 was associated with a significantly shorter overall survival of EOC patients (p=0.036; Figure S5C). However, as the survival analysis shown in Figure S5B is solely considering the gene expression of NFAT5, a more comprehensive analysis on the according protein distribution in each cellular compartment is required, to precisely allow a statement on its definite prognostic impact. An additionally performed correlation analysis of ACTBL2 and NFAT5 expression using the TIMER database (36) revealed a positive correlation trend between both genes (Cc=0.103, p=0.073; Figure S5D), hinting at their previously outlined functional relation in epithelial ovarian cancer.




Discussion

In recent years, only very few studies have focused on Actin beta-like 2 and its molecular function. Whereas studies revealed an upregulation of ACTBL2 in pancreatic, colorectal and hepatocellular carcinoma, investigations focusing on its carcinogenetic impact in gynecological malignancies are still missing (16, 18, 19). Altered growth properties of hepatocellular carcinoma cells and a consecutively impaired disease-free survival of affected patients suggest a prognostic impact upon high intracellular protein abundance (16). By analyzing the expression pattern of Actin beta-like 2 in 156 EOC patients, we could show that ovarian cancer of high-grade serous histology displayed a significantly higher combined cytoplasmic and membranous ACTBL2 expression than specimens of other histological subtypes. Consistently, the combined and thus positive ACTBL2 expression was associated with an impaired overall survival of affected patients and additionally being confirmed as a novel independent prognostic factor. In summary, our study provides for the first time significant evidence on the prognostic relevance of ACTBL2 expression in epithelial ovarian cancer.

Aiming at further elucidating the molecular function of Actin beta-like 2 regarding disease-promoting hence survival-limiting mechanisms, we focused on comprehensive in vitro analyses. Experiments assessing the basal expression of ACTBL2 revealed significantly elevated ACTBL2 levels in all tested ovarian cancer cell lines compared to the benign control. Consistent with our shown results regarding the expression in EOC patients, serous UWB1.289 cells showed the comparably highest ACTBL2 abundance on mRNA and protein level each. Providing knowledge on its molecular function, targeted gene silencing of ACTBL2 in the selected cell line resulted in a reduced protein expression and a consecutively decreased cellular viability and migration.

Mazur et al. identified Actin beta-like 2 as a binding partner of gelsolin in human melanoma cells (20). Gelsolin, a multifunctional actin-binding protein, was shown to be present in the edge of lamellipodia and thus structures enriched in filamentous actin and involved in cellular migration (20, 37). A high expression of gelsolin in colorectal carcinoma was shown to increase the cellular migratory potential (38). As the proximity between gelsolin and polymerization competent ACTBL2 in lamellipodia was shown to be close enough for direct interaction, a congruent promigratory effect of Actin beta-like 2 was hypothesized (20, 21). As previously outlined, ACTBL2 expression was detected in the membrane of EOC cells by IHC as well as immunocytochemically in vitro in UWB1.289 cells. Since only combined cytoplasmic and membranous expression had a significant impact on patients’ overall survival, the impaired prognosis might be based on the promigratory effect of Actin beta-like 2 provided by lamellipodia, being in line with pre-existing studies and supporting our results upon gene silencing of ACTBL2. Emphasizing the impaired OS of EOC patients upon positive ACTBL2 expression, a crucial favorable effect on metastatic processes can be assumed. Nonetheless, as the analyzed cohort contained very few cases of distant metastasis, more patients’ data is yet to be collected to further assess the contribution of ACTBL2 to enhanced cellular motility in the course of ovarian cancer development with special regard to metastatic mechanisms.

Further, we observed a decline of 46% in cellular proliferation upon ACTBL2 gene knockdown. While recent studies have only focused on ACTBL2 in a promigratory context (16, 21), our findings suggest an additional enhanced proliferative effect of Actin beta-like 2 in ovarian cancer cells, simultaneously underlining the observed correlation between high ACTBL2 expression in EOC patients and comparably fast proliferating serous carcinoma of high-grade histology. Intending to reveal putatively counteracting mechanisms on the function of ACTBL2, we assessed the regulatory impact of NFAT5 based on studies executed in vascular smooth muscle cells (21). Hödebeck et al. showed that an siRNA induced gene knockdown of NFAT5 resulted in a reduced cytoplasmic ACTBL2 expression of stretch stimulated VSMCs (21). NFAT5 itself is commonly known to be involved in enhancing cell migration and proliferation as well as to react to conditions of severe cellular osmotic stress (22–25). Nonetheless, the present study focused primarily on effects provided by NFAT5 upon ACTBL2 regulation. In vitro analyses of NFAT5 in ovarian cancer revealed a significantly elevated mRNA expression in UWB1.289 cells, again being highest compared to other tested malignant cell lines. Protein expression of NFAT5 was detected in both nucleus and cytoplasm, reflecting its previously described function as a transcription factor of ACTBL2 (21). Accordingly, downregulation of ACTBL2 on mRNA level was successfully achieved by gene silencing of NFAT5. As viability and proliferation of UWB1,289 cells were consecutively diminished, a functional relation between NFAT5 and ACTBL2 in ovarian cancer was revealed for the first time. Moreover, a crucial role of ACTBL2 in cellular motility was again confirmed, reflected by a significantly declined cellular migration of 24% upon targeted NFAT5 silencing. Taking clinical aspects into account, the presence of NFAT5 as an inactive transcription factor in EOC patients was linked to prognostically favorable characteristics, as a high cytoplasmic protein abundance correlated significantly with low FIGO stages and low grading of serous carcinoma.

Several studies provided evidence that nuclear translocation and activity of NFAT5 depend on posttranslational palmitoylation processes and are thus linked to cellular fatty acid oxidation (FAO) (39, 40). Targeted and irreversible inhibition of mitochondrial carnitine palmitoyltransferase 1 (CPT1) by Etomoxir resulted in a consecutively reduced cytoplasmic ACTBL2 abundance (21), since palmitoylation of NFAT5 was required to assure a nuclear entry within stretch-stimulated vascular smooth muscle cells (40). Apart from studies focusing on VSMCs, there is yet no evidence on the regulatory impact of Etomoxir on NFAT5 and ACTBL2 in cancer cells. The influence of FAO on carcinogenetic processes and consequently altered cellular functions upon irreversible CPT1 inhibition has been recently investigated in several tumor entities, demonstrating that Etomoxir might display a highly interesting and considerable therapeutic concept due to its antiproliferative effect (41–44). Nonetheless, Etomoxir was shown to simultaneously induce severe cellular oxidative stress in vitro (45) and in vivo, since a double-blind randomized phase II clinical trial on its therapeutic effect on congestive heart failure was prematurely stopped due to newly occurred hepatotoxicity (46). As our results confirmed a significant decrease in proliferation and migration of ovarian cancer cells upon specific downregulation of NFAT5 and ACTBL2, the irreversible blockade of CPT1 provided by Etomoxir might display a new and more precise antiproliferative approach in oncology, assumptively diminishing the therapy-limiting cytotoxicity upon systemic treatment. Since ACTBL2 expression was shown to be associated with an impaired prognosis of ovarian cancer patients, putatively enhanced by its promigratory characteristics, a reduction of intracellular levels of ACTBL2 might result in prognostically favorable alterations in tumor biology. However, further experiments are required to assess the potential of Etomoxir of being a new putative mechanism to directly counteract the effects of increased ACTBL2 expression in ovarian cancer cells.

Concluding, the present study investigated the carcinogenetic and prognostic impact of ACTBL2 and NFAT5 in epithelial ovarian cancer by elucidating their expression pattern in EOC patients and their functional molecular interplay in vitro. Our results suggest ACTBL2 and its regulatory element NFAT5 to be of significant functional and prognostic importance in ovarian carcinogenesis by modulating cellular proliferation and motility. Further studies evaluating the targeted antiproliferative use of Etomoxir are necessary to precisely analyze its impact on NFAT5 and ACTBL2 expression in vitro and in vivo with special regard to consecutively altered cellular functions in epithelial ovarian cancer.
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Ovarian cancer ranks as the fifth most common cause of cancer-related death in females. The molecular mechanisms of ovarian carcinogenesis need to be explored in order to identify effective clinical therapies for ovarian cancer. Recently, multi-omics approaches have been applied to determine the mechanisms of ovarian oncogenesis at genomics (DNA), transcriptomics (RNA), proteomics (proteins), and metabolomics (metabolites) levels. Multi-omics approaches can identify some diagnostic and prognostic biomarkers and therapeutic targets for ovarian cancer, and these molecular signatures are beneficial for clarifying the development and progression of ovarian cancer. Moreover, the discovery of molecular signatures and targeted therapy strategies could noticeably improve the prognosis of ovarian cancer patients.
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Introduction

Ovarian cancer (OC) ranks as the fifth most common cause of cancer-related death in females, and the American Cancer Society predicts that approximately 21,410 new women will be diagnosed with OC, and that 13,770 women will die from OC in the United States in 2021 (1). OC is generally divided into three major pathological subtypes: epithelial-stromal, germ cell, and sex cord-stromal ovarian cancers; epithelial ovarian cancer (EOC) accounts for 90% of OC cases (2). Unfortunately, OC is generally considered a “silent killer” because of the lack of specific symptoms of OC in patients at the early stage and the lack of effective screening strategies. Therefore, more than 60% of OC patients are diagnosed at an advanced stage with extensive invasion and metastasis (3). The standard clinical treatment of EOC comprises of cytoreductive surgery (whenever possible) followed by chemotherapy (4). Currently, platinum-based chemotherapy followed by surgery is a common treatment strategy for OC patients who are not eligible for surgery at presentation (4, 5). While the initial response rate of patients presenting with OC is 60–80%, 70% of advanced-stage OC patients will relapse within 5 years, and many of them acquire drug-resistance (6, 7). At present, serum cancer antigen 125 (CA125) and human epididymis protein 4 (HE4) are extensively used as circulating biomarkers in OC diagnosis and relapse identification (8). However, the sensitivity and specificity of OC diagnosis should be improved, particularly for early-stage OC patients. The failure of early-stage diagnosis and the development of chemoresistance contribute to the high mortality rates of OC patients. Thus, it is necessary to further elucidate the molecular mechanisms of ovarian carcinogenesis and chemoresistance in OC, and to identify effective molecular targets for early-stage diagnosis and clinical treatment. Recently, multi-omics approaches have been applied to explore the mechanisms of OC development, and our article aims to review advancements in OC research from genomic (DNA), transcriptomic (RNA), proteomic (protein), and metabolomic (metabolite) perspectives.



Multi-Omics Approaches in Ovarian Cancer

Systems biology has been conducted to gain deeper insight into the mechanisms of the physiology and pathophysiology of human health and disease (9), which span multiple areas involving biological sciences, mathematics, engineering, physics, and computer science (10). Systems biology belongs to an interdisciplinary research field, which integrates experimental and computational approaches to investigate the complex biological systems (11). Systems biology is mainly benefited from the functional analysis of large-scale/high-throughput data (12). Many strategies have been implemented to exploit the diverse parameters underlying these large-scale/high-throughput data, such as the inference of gene regulatory networks (GRNs) (13), or machine learning algorithms and Random Forest (RF) algorithm (14), or Gaussian process regression (GPR) (15), or Pathway Inspector (PI) (16), or using mass spectrometry platforms (17). Furthermore, systems biology approaches have brought unprecedented abilities to screen many potential factors (e.g. DNA, RNA, protein, metabolite) and their interaction networks (18).

Systems biology must adopt the data from multi-omics approaches to fully understand the biology of development and progression of diseases via using computational and bioinformatics methods and tools. Multi-omics technologies obtain huge datasets that must be analyzed by biological scientists to generate the required information regarding biological systems, which are integral part of systems biology. In the last two decades, researchers have applied various multi-omics approaches to search for novel biomarkers for diagnosis and treatment via genomics (19), transcriptomics (20), proteomics (21), and metabolomics (22) studies in diverse human cancers. DNA microarrays are extensively applied for genomics analysis, which are comprised of microscopic spots of DNA oligonucleotides, each with a specific DNA sequence (known as probes), are a multiplex technology and can explore the transcriptional and genomic profiles for thousands of genes (23). Transcriptomics are conducted to figure out the variation of ribonucleic acid (RNA) level in a cell, thus providing detailed and useful information at the transcriptional aspects, including messenger RNAs (mRNAs) microarrays and noncoding RNAs (ncRNAs) microarray, such as microRNAs (miRNA) arrays, long noncoding RNAs (lncRNAs) arrays, circular RNAs (circRNAs) arrays (24). Transcriptomics could be captured and analyzed by RNA microarrays and RNA sequencing (25).

The emergence of proteomics techniques has enabled the large-scale analysis of the full protein components of complex organelles, a single cell, a specific tissue, or biological fluids (26, 27). Proteomics systematic study the structure, function, and interaction of proteins, which is crucial in understanding the molecular mechanisms of diseases comprehensively and aiding at the prevention, diagnosis, and treatment of diseases (28). Researchers have performed Reverse Phase Protein Microarrays (29), Multiplexed Antibody-Based Protein Arrays (30), Proteome Chips (31), Mass Spectrometry (MS) (32), and other techniques in proteomic analysis.

Metabolomics is considered a high-throughput technology to complement the genotype-phenotype landscape, and can be applied to explore hundreds to thousands of metabolites in biofluids, cells, and tissues (33). Metabolomics is a promising tool for cancer research, and mass spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy are commonly used techniques (34). Moreover, multi-omics approaches have been applied in OC and are helpful for improving the diagnosis and prognosis evaluation of OC (Figure 1).




Figure 1 | Systems biology approaches are applied for personalized medicine of ovarian cancer.




Genomics

Genomics is a technique giving us the ability to investigate the genome-wide structure, function and regulation (35). The application of genomics in OC generally illustrates the regulation of oncogene and antioncogene profiles at the DNA level (Table 1). DNA microarrays are used for exploring the genomic profiles via a collection of microscopic spots with thousands of probes attached to a solid surface (23). The probes of DNA microarrays are either complementary DNA (cDNA) or shorter oligodeoxynucleotide sequences (74). Moreover, DNA methylation microarrays are employed to assess the epigenetic modifications, which could regulate gene expression with no changes in the nucleotide sequence (75).


Table 1 | The application of genomics for exploring the candidate biomarkers for ovarian cancer.




DNA Microarrays

Gene microarray analysis showed that higher expression of karyopherin 2 (KPNA2) was detected in EOC tissues than in human ovarian surface epithelial tissues (36). Moreover, the overexpression of KPNA2 was correlated with an advanced stage, a high histologic grade, and tumor recurrence and predicted a poor prognosis in EOC patients (36). Another study established oligonucleotide microarray analysis in different histological OCs, and showed that galectin 4 (LGALS4) was highly and specifically expressed in mucinous EOC but exhibited lower expression in benign mucinous cysts and borderline (atypical proliferative) tumor (37). One study performed gene expression profiling to point out that mammaglobin b (SCGB2A1) was the most prominent differentially expressed gene in OC of all major histological types (38). Upregulation of 468 genes and downregulation of 994 genes were detected in EOC tissues versus normal endometrial (NE) tissues, while 596 upregulated genes and 883 downregulated genes were identified in clear-cell EOC tissues versus NE tissues by oligonucleotide microarray analysis (39). Notably, forkhead box M1 (FOXM1) was overexpressed in both epithelial and clear-cell EOC tissues, potentially serving as a negative indicator of non-serous EOC patient outcomes, and promoted cancer progression in all platinum-resistant EOC patients (39). Based on microarray analysis, 10 genes, including integrin beta 1 binding protein 3 (ITGB1BP3), collagen type III alpha 1 (COL3A1), collagen type V alpha 2 (COL5A2), collagen type XV alpha 1 (COL15A1), transforming growth factor beta induced (TGFBI), decorin (DCN), lumican (LUM), matrilin 2 (MATN2), periostin (POSTN) and EGF-like domain multiple 6 (EGFL6), were upregulated, and 7 genes such as intergin subunit alpha 1 (ITGA1), collagen type 1 alpha 2 (COL1A2), laminin subunit alpha 1 (LAMA2), glypican 3 (GPC3), keratin 23 (KRT23), vitrin (VIT) and hemicentin 1 (HMCN1) were downregulated in chemo-resistant sublines compared to chemosensitive OC cells (40). The expression of insulin-like growth factor 1 receptor (IGF-1R) and Erb-B2 receptor tyrosine kinase 3 (ERBB3, also known as HER3) genes was increased in the trastuzumab-resistant OC cell line (SKOV3/T) compared to the parent SKOV3 OC cell lines by microarray analysis (41). In addition, 204 genes were identified as differentially expressed between platinum-resistant and platinum-sensitive OC by microarray analysis; IGF1 was mostly upregulated in platinum-resistant OC (42). Notably, the IGF1, phosphatidylinositol 3-kinase (PI3K), nuclear factor kappa B (NFκB), extracellular signal-regulated kinase (ERK) signalling pathways were associated with chemoresistance in high-grade serous ovarian cancer (HGSOC) (42).

The expression of catechol-O-methyltransferase (COMT), neuroleukin (NLK), high mobility group I proteins (HMGI), ERBB3, S100-α protein and acyl-CoA-binding protein (ACBP) was upregulated, and the expression of chicken ovalbumin upstream promoter transcription factor II (COUP-TFII) was downregulated in OC tissues versus normal tissues, as indicated by DNA microarray analysis (43). This study showed that most dysregulated genes in OC were involved in the process of glucose/insulin metabolism (43). Comparative genomic hybridization (CGH) analysis identified 6 genes situated at 2q36.1-37.3 that were downregulated in an OC cell line with high metastatic potential (HO-8910PM), and the downregulation of ADP-ribosylation factor-like 4C (ARL4C) facilitated the migration but had no effect on the proliferation of HO-8910PM cells (44). The whole human genome microarray indicated that mutant p53 positively regulated the integrin β4 and Akt signalling pathways, which facilitated the adhesion of OC cells to mesothelial cells (45). Collagen type XI alpha 1 (COL11A1) was identified as a disease progression-related gene by DNA microarray, and COL11A1 facilitated the progression of OC and indicated a poor prognosis in OC patients (46). CLIP-CHIP microarray analysis revealed that 7 genes, including transmembrance serine protease 4 (TMPRSS4), mannan-binding lectin-associated serine protease 1/3 (MASP1/3), signal peptidase complex 18 (SPC18), proteasome 20S subunit beta 1 (PSMB1), IGF binding protein 2 (IGFBP2), CFI-encoding complement factor I, and matrix metallopeptidase 9 (MMP9), were upregulated, while one gene (ADAM-10) was downregulated in patients with early OC recurrence versus those with late or no OC recurrence (47). Moreover, higher expression of ADAM-10 was related to a lower risk of progression, while higher expression of CFI was associated with a higher risk of progression of OC (47). Genome-wide copy number analysis identified a recurrent amplification domain on mouse chromosome 2qB, and the LIM homeobox transcription factor 1 beta (LMX1B) gene was located at this site (48). Notably, LMX1B facilitated the migration of human OC cells and enhanced xenograft growth in nude mice (48). Moreover, global gene expression analysis identified that the NFκB pathway may serve as a mediator of LMX1B-overexpressing OC progression (48). Microcell-mediated chromosome transfer and expression microarray analysis demonstrated that nine genes, including apoptosis inducing factor mitochondria associated 2 (AIFM2), Akt interacting protein (AKTIP), Axin 2 (AXIN2), caspase 5 (CASP5), filamin A interacting protein 1 like (FILIP1L), RB binding protein 8 (RBBP8), response gene to complement 32 (RGC32), RuvB like AAA ATPase 1 (RUVBL1), and stromal antigen 3 (STAG3), were correlated with functional inhibition of OC cell oncogenicity (49). Notably, this study confirmed that a common allele of STAG3 was involved in the development of EOC (49). Genome-wide analyses showed that the amplification or upregulation of additional sex combs like 1 (ASXL1) and hisotone 3 family 3B (H3F3B), deletion or downregulation of CDC73 and transforming growth factor beta (TGF-β) receptor pathway members, and rearrangements of Yes 1 associated transcriptional regulator (YAP1)/mastermind like transcriptional coactivator 2 (MAML2) and IKAROS family zinc finger 2 (IKZF2)/ERBB4 may play a role in the development of ovarian cancer (50). Based on high resolution array comparative genomic hybridization and microarray retrieval approaches, this study indicated that PI3K regulatory subunit 3 (PIK3R3), a member of the PI3K family, had significant DNA copy number gains and that the expression of PIK3R3 mRNA was upregulated in OC compared with normal ovaries (51). Furthermore, the siRNA-induced knockdown of PIK3R3 promoted the apoptosis of OC cells (51). Another study indicated that protein kinase C (PKC) family members (PKCι, PKCβ1, PKCγ, PKCξ, PKCθ) showed significant DNA copy number gains in OC tissues and indicated that the expression of PKCι may play an oncogenic role in human OC (52).

Based on genome-wide transcriptome analysis, in the comparison of primary OC and the peritoneal tumoral implant, the RNU6-135P (RNA, U6 small nuclear 135, pseudogene), RNU61262P, and VTRNA1-1 (Vault RNA) genes were overexpressed in primary OC, while melanoma cell adhesion molecule (MCAM) and genes belonging to the small NF90-associated RNAs (SNAR) gene family were overexpressed in peritoneal tumoral implants (53). When compared primary OC with malignant cells in the ascites, 762 genes were overexpressed in primary OC and 216 genes were overexpressed in malignant cells in ascites (53). Between malignant cells in the ascites and the peritoneal tumoral implant, 515 genes were overexpressed in the peritoneal tumoral implant, and 133 genes were overexpressed in the malignant cells in ascites (53). Notably, this study demonstrated that the ubiquitin-specific protease-17 (USP17) gene family was potentially a target for epithelial-mesenchymal transition (EMT) in HGSOC (53). DNA microarray analyses revealed that 266 human transcripts were aberrantly expressed in OC versus normal tissues from patients with elevated biobehavioral risk factors (high depressive symptoms and low social support) with respect to grade- and stage-matched OC from low-risk patients (54). Notably, β-adrenergically-linked transcription control pathways, including cyclic AMP response element binding protein (CREB)/activating transcription factor (ATF), NF-jB/Rel, signal transducer and activator of transcription (STAT), and Ets family transcription factors, were activated in high biobehavioral risk patients (54). Oligonucleotide microarray analysis revealed that 52 candidate genes in the stroma were related to the progression-free survival (PFS) of EOC patients (55). Moreover, the overexpression of the early growth response 1 (EGR1) and FBJ murine osteosarcoma viral oncogene homologue B (FOSB) genes in stromal cells indicated a poor prognosis in EOC patients (55). One study performed whole-genome analysis and found that loss of heterozygosity (LOH) of the 13q domain potentially predicted prolonged PFS in OC patients (76).

The complementary DNA (cDNA) microarray showed that 1596 genes were differentially expressed between OC subclones with low invasive potential and those with high invasive potential (56). Moreover, epidermal growth factor–containing fibulin-like extracellular matrix protein 1, fibulin-3 (EFEMP1) was significantly upregulated in a highly invasive subclone and promoted the invasion and metastasis of OC cells by activating the PI3K/AKT pathway (56). Another study revealed that the expression level of secreted protein acidic and rich in cysteine (SPARC) was higher in highly invasive subclone than in less invasive subclone of OC cells by cDNA microarray analysis; high SPARC expression was correlated with lymph node metastasis, low differentiation, high stage and a poor outcome in OC patients (57). Furthermore, silencing SPARC attenuated the proliferation, invasion and metastasis and promoted the apoptosis of OC cells (57). In addition, overexpression of CD9 was found in borderline and serous-type OC by cDNA microarray profile, and the increased expression of CD9 promoted cell growth by activating the NF-κB pathway (58). A cDNA microarray was performed to display that the expression of glucose transporter-1 (GLUT-1) was elevated in EOC cells compared to normal ovarian cells, and the overexpression of GLUT-1 was associated with a poor outcome in EOC patients (59). Moreover, cDNA microarray analysis indicated that the expression of human anterior gradient 2 (AGR2) was upregulated in OC tissues compared to paired normal ovarian tissues (60). Further study demonstrated that AGR2 potentially served as a biomarker for diagnosing mucinous OC and facilitated the proliferative and migratory ability of OC cells (60). One study demonstrated that creatine kinase B (CKB) was upregulated in OC cells compared with normal ovary surface epithelial cells by cDNA microarray analysis (61). Moreover, 24957 genes were dysregulated between OC cells and normal ovarian cells by cDNA microarray analysis (62). Fifteen ALDH (aldehyde dehydrogenase) isoforms exhibited differential expression patterns; for example, the downregulation of ALDH1A2 (aldehyde dehydrogenase 1 family member A2), ALDH1B1 and ALDH9A1 and the upregulation of ALDH3A1 were observed in OC cells (62). ALDH1A2 was the most significantly downregulated gene, and lower expression of ALDH1A2 was associated with a worse prognosis of OC patients (62). Another study performed oligonucleotide microarray analysis to illustrate that ALDH1A1 was significantly upregulated in paclitaxel- and topotecan-resistant OC cells and potentially contributed to the development of drug resistance in OC (63). cDNA microarray analysis showed that cyclin A1 (CCNA1) was the most highly overexpressed gene in OC cells versus normal cells, and was prominently correlated with the paclitaxel-, doxorubicin and 5-fluorouracil -resistance of OC cells (64). Moreover, cyclin-dependent kinase 1 (CDK1) was upregulated in paclitaxel-resistant EOC cells compared to normal EOC cells according to cDNA microarray analysis, and CDK1 served as a target of paclitaxel resistance-related transcription factors (65). Furthermore, elevated expression of glycogen synthase kinase-3α (GSK-3α) was found in paclitaxel-resistant OC cells by cDNA microarray analysis (66). One study conducted cDNA microarray analysis to reveal that the expression of STAT1 was correlated with decreased sensitivity to cisplatin and cis-diamminedichloro (2-methylpyridine) platinum (II) (AMD473) in OC cells (67). Similarly, one group applied a NanoString nCounter platform with a panel of 184 human inflammation genes in 15 chemoresistant and 19 chemosensitive HGSOC (68). This study illustrated that 11 genes, including STAT1, C-X-C motif chemokine ligand 1 (CXCL10), CAMP responsive element binding protein 1 (CREB1), MAPK interacting serine/threonine kinase 1 (MKNK1), mitogen-activated protein kinase kinase kinase 7 (MAP3K7), cofilin 1 (CFL1), protein tyrosine kinase 2 (PTK2), receptor interacting serine/threonine kinase 1 (RIPK1), myeloid differentiation primary response 88 (MYD88), C-C motif chemokine ligand 8 (CCL8) and CCL7, were upregulated in chemosensitive HGSOC versus chemoresistant HGSOC, and STAT1 was the most significantly upregulated gene (68). Taken together, DNA microarray technology provides the chance to obtain a genome-wide scale for rapid analysis of mechanism involved in OC initiation and progression.



DNA Methylation Microarrays

DNA methylation microarrays can obtain the methylation profile of DNA promoter regions and CpG islands using affinity-based isolation methods, such as methylated DNA immunoprecipitation (MDIP) assay, which will help us understand the molecular mechanism of epigenetic events. One study carried out MDIP-chip analysis in various OC cell lines and clarified that aryl hydrocarbon receptor nuclear translocator-like (ARNTL), which is an HLH-containing transcription factor, was methylated in a subset of OC cell lines (69). The upregulation of ARNTL attenuated the growth and improved the cisplatin-sensitivity of OC cells; however, ARNTL was epigenetically silenced in OC cells (69). One group conducted a DNA methylation microarray in normal ovarian tissues and EOC tissues (70). This report indicated that cancer testis antigen 45 (CT45) was downregulated and hypermethylated in normal ovarian tissues, and was upregulated in EOC tissues concomitant with DNA promoter hypomethylation (70). Another study detected that epidermal growth factor-like 7 (EGFL7) and ras association domain-containing protein 1 (RASSF1) exhibited prominently higher promoter methylation in EOC tissues than in benign ovarian tissues according to DNA methylation array (71). Genome-wide methylation analysis revealed 106 hypo- and 114 hypermethylated regions in ovarian cancer tissues from patients with a poor prognosis compared to those from patients with a good prognosis (72). Notably, the hypermethylation of RUNX family transcription factor 3 (RUNX3) and calcium/calmodulin-dependent protein kinase II inhibitor 1 (CAMK2N1) was correlated with a detrimental prognosis in EOC patients (72). Moreover, genome-wide DNA methylation analysis showed that 9 genes, including Rho GDP dissociation inhibitor beta (ARHGDIB), armadillo repeat containing X-linked 2 (ARMCX2), COL1A, filamin A (FLNA), filamin C (FLNC), mesoderm specific transcript (MEST), mutL homolog 1 (MLH1), neurotensin (NTS) and proteasome 20S subunit beta 9 (PSMB9), were hypermethylated in OC at relapse following chemotherapy or in chemo-resistant cell lines obtained at the time of patient relapse (73). In addition, 5 genes such as ARMCX2, COL1A1, midkine (MDK), MEST and MLH1) were methylated in drug-resistant ovarian cancer cells (73). In summary, DNA methylation microarrays provide the global alterations of DNA methylation in ovarian oncogenesis and progression, which could help us understand the epigenetic regulation of genes in ovarian tumorigenesis.




Transcriptomics

Transcriptomics is often used to obtain profiles of the RNA transcripts (transcriptomes) in a specific cell or organism with a specific condition or a specific time, which provides a connection between the genome and proteome. The transcriptome comprises coding mRNAs and ncRNAs, including microRNAs (miRNAs), long noncoding RNAs (lncRNAs), circular RNAs (circRNAs), ribosomal RNAs (rRNAs), and transfer RNAs (tRNAs) (77). Specifically, mRNA arrays, miRNA arrays, lncRNA arrays, and circRNA arrays have been performed to explore the molecular mechanisms of OC (Table 2).


Table 2 | The application of transcriptomics for exploring the candidate biomarkers for ovarian cancer .





mRNA Microarrays

It is known that mRNA microarrays are used to obtain a comprehensive view of changes in mRNA expression patterns via a molecular hybridization between oligonucleotide probes and fragments of complimentary mRNA from the interested samples. Analysis of one mRNA microarray indicated that 444 genes were upregulated and 529 genes were downregulated; the expression of mucin 13 (MUC13) mRNA was significantly elevated in metastatic implants from ovarian cancer xenografts versus ovarian cancer cells (78). Moreover, MUC13 promoter regions were hypomethylated in OC xenografts, and the overexpression of MUC13 enhanced the migratory and invasive abilities of OC cells (78). One study conducted salivary mRNA microarray analysis of samples from OC patients and healthy controls, and the expression of the 1-acylglycerol-3-phosphate O-acyltransferase 1 (AGPAT1), beta-2-microglobulin (B2M), brain acid soluble protein 2 (BASP2), immediate early response 3 (IER3), and interleukin 1 beta (IL1B) mRNA biomarkers was downregulated in the saliva of OC patients (79). Moreover, the combination of these five mRNA biomarkers in saliva could be used to distinguish OC patients from healthy controls (79). When the lncRNA antisense noncoding RNA in the INK4 locus (ANRIL) was silenced by siRNA in a highly metastatic SOC cell line (SK-OV-3.ip1), four downregulated genes (MMP3, metastasis associated 1 (MTA1), fibronectin 1 (FN1) and MET) and two upregulated genes, including CDH1 and TIMP metallopeptidase inhibitor 2 (TIMP2) genes were detected through tumor metastasis-related mRNA microarray analysis (80). Moreover, the mRNA expression levels of CAMK IIδ (CAMK2D) and SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A member 2 (SMARCA2) were elevated in cisplatin-resistant OC cells, as detected by next-generation sequencing, and this change was confirmed to enhance the cisplatin resistance of OC cells (81). Clearly, mRNA expression patterns from mRNA microarray in ovarian tumor tissues are pivotal in exploring the underlying mechanisms of ovarian oncogenesis. However, the alteration of mRNAs need to be validated by other methods, such as RT-PCR.



MiRNA Microarrays

MiRNAs are a type of small, single-stranded noncoding RNAs and miRNA microarrays are utilized to obtain the changes in the miRNA expression profile on a global scale, which can analyze the differential miRNA expression between tumors and normal tissues. The aberrant expression of distinct miRNAs is associated with several malignancies, including OC (131). Based on the profiling of circulating miRNA/small nuclear RNA (snRNA), higher expression of 6 miRNAs and U2-1 snRNA fragment (RNU2-1f), and lower expression of 16 miRNAs were found in the serum of OC patients than in the serum of healthy controls (132). Moreover, snRNA RNU2-1f abundance dynamics were beneficial for predicting the high risk of recurrence and a detrimental outcome in OC patients following adjuvant chemotherapy (132). In addition, 31 miRNAs were differentially expressed between the serum of EOC patients and that of healthy patients, which was confirmed by miRNA microarray analysis (82). Moreover, the miRNA hsa-let-7d-3p was downregulated in EOC patients, and ROC curve analysis suggested that hsa-let-7d-3p could discriminate EOC patients from healthy patients (82). The combination of miRNA microarray with real-time PCR revealed that miRNA-21, 92, 93, 126 and 29a were significantly upregulated and that miRNA-155, 127 and 99b were downregulated in the serum from OC patients versus that of healthy controls (83). MiRNA microarray analysis was performed to assess the serum of patients with ovarian endometrioma and endometriosis-associated OC, and showed that 51 miRNAs were dysregulated (84). MiR-486-5p was upregulated and promoted the proliferation and migration of endometriosis-associated OC cells (84). Moreover, miRNA microarray analysis indicated that hsa-miR-1273g-3p was downregulated in recurrent EOC serum samples versus healthy control serum samples (85). The circulating hsa-miR-1273g-3p level could potentially distinguish recurrent EOC patients from healthy controls (85). Another study demonstrated that higher expression of 33 miRNAs and lower expression of 18 miRNAs were found in recurrent EOC than in primary EOC by miRNA microarray (86). Furthermore, the upregulation of miR-196b facilitated the invasion of recurrent EOC by targeting homeobox A9 (HOXA9) (86). The miRNA microarray analysis showed that miR-551b, miR-19b, miR-196b and miR-3198 were significantly upregulated and that miR-8084, miR-3201, miR-3613 and miR-7515 were significantly downregulated in recurrent EOC tissues versus primary EOC tissues (87). One study showed that 369 miRNAs were dysregulated between matched OC tissues obtained at an initial laparoscopic evaluation and interval-debulking surgery (IDS) after four cycles of platinum-based chemotherapy by miRNA microarray, which can be classified into five families: miR-199, let-7, miR-30, miR-181 and miR-29 (88). Moreover, the expression levels of miR-199a-3p, miR-199a-5p, miR-181a-5p and let-7g-5p were related to overall survival (OS) and PFS, while those of miR-199a-3p, miR-199a-5p and miR-181a-5p were correlated with residual tumor volume and platinum-free interval of OC patients (88). Moreover, 164 miRNAs were upregulated and 194 miRNAs were downregulated in EOC tissues compared with normal ovarian tissues by miRNA microarray (89). This report also indicated that higher expression of miR-182 was associated with a shorter OS of EOC patients (89). Frequent copy number gains in the sequences mapping for miR-182 within 7q32.2 were related to the overexpression of miR-182 in EOC tissues, which was demonstrated by array-based comparative genomic hybridization (aCGH) analysis (89). Microarray methylation analysis showed that methylation of the miR-182 promoter was correlated with the downregulation of miR-182 in EOC tissues (89).

Lower expression of 95 miRNAs and higher expression of 88 miRNAs were detected in the serum, tissue, and ascites of OC patients than in those of healthy patients by miRNA microarray analysis (90). Moreover, the downregulation of serum miR-132, miR-26a, let-7b and miR-145 could act as biomarkers for SOC (90). Downregulation of 63 miRNAs and upregulation of 43 miRNAs were detected in SOC tissues versus normal oviduct tissues by miRNA microarray (91). Among these dysregulated miRNAs, miR-129-1-3p, miR-542-5p, miR-450a-5p, miR-129-2-3p and miR-424-5p were significantly downregulated in SOC tissues (91). The miRNA microarray profile illustrated that lower expression of miR-22 was found in highly metastatic human SOC SKOV-3ip cells than in less metastatic human SOC SKOV-3 cells and demonstrated that miR-22 suppressed the migratory and invasive abilities of OC cells (92). Based on a miRNA microarray, the expression of miR-21, miR-125a, miR-125b, miR-100, miR-145, miR-16, and miR-99a was aberrantly expressed in SOC compared to normal ovarian tissues (93). Moreover, the upregulation of miR-200, miR-141, miR-18a, miR-93, and miR-429 and the downregulation of let-7b and miR-199a were associated with a poor clinical outcome of SOC patients (93). In addition, microRNA microarray hybridization indicated that the miRNA survival signature (MiSS) comprising miR-410 and miR-645 predicted poor OS in advanced SOC patients (94). Eight miRNAs situated on the chromosome 14 miRNA cluster (Dlk1-Gtl2 region) could act as tumor suppressor genes in EOC, which was confirmed by miRNA microarray, aCGH, cDNA microarray and tissue array analyses (95).

By applying miRNA microarray and multivariate analysis approaches, Ahmad et al. found that miR-1183 and miR-126-3p were correlated with OS; miR-139-3p and miR-802 were associated with the time to progression; and miR-23a-5p, miR-23a-3p and miR-802 were related to the PFS; and miR-1234 was associated with the chemotherapy resistance of EOC (96). Four miRNAs were downregulated and 13 miRNAs were upregulated in COC1/DDP (platinum-resistant) OC cells versus COC1 (platinum-sensitive) cells; miR-141-3p was the most upregulated miRNA (97). In addition, miRNA microarray analysis was performed to explore the miRNA expression changes in cisplatin (CIS)-, topotecan (TOP)-, doxorubicin (DOX)- and paclitaxel (PAC)-resistant OC cell lines and demonstrated that 21 miRNAs were upregulated and 19 miRNAs were downregulated in at least one drug-resistant cell line (98). Moreover, this study suggested that these miRNAs targeted key drug resistance genes to exert drug resistance properties in OC (98). For PAC-resistant cell lines, miR-363 inversely regulated the expression of ATP binding cassette subfamily B member 1 (ABCB1) (98). In TOP-resistant cell lines, the downregulation of miR-29a upregulated the expression of collagen type III alpha 1 chain gene (COL3A1) (98). Additionally, 9 aberrantly expressed miRNAs were found between cisplatin-resistant (A2780/DDP) and cisplatin-sensitive (A2780) OC cells by miRNA microarray analysis (99). MiR-335-5p was downregulated in A2780/DDP cells compared with A2780 cells, and the overexpression of miR-335-5p sensitized OC cells to cisplatin by inhibiting the expression of BCL2 like 2 (BCL2L2) (99). Another study reported that higher expression of 24 miRNAs and lower expression of 8 miRNAs were found in A2780/DDP cells than in A2780 cells by miRNA microarray; miR-130a was upregulated in A2780/DDP cells (100). Moreover, miR-130a attenuated the cisplatin sensitivity of A2780 cells by upregulating the expression of MDR1 and phosphatase and tensin homologue located on chromosome 10 (PTEN) (100). Furthermore, the downregulation of miR-30c, miR-130a and miR-335 was found in PAC- and cisplatin-resistant OC cells based on a miRNA microarray, and the activation of the M-CSF gene may contribute to the decrease in miR-130a (101). Increased expression of 16 miRNAs and decreased expression of 23 miRNAs were found in PAC-resistant ST30 OC cells by miRNA microarray (102). Overexpression of miR-9 and miR-640 predicted a favorable prognosis for OC patients, and the mRNA RAB34 was a target of miR-9 (102). Another study indicated that 69 miRNAs were overexpressed and 102 miRNAs were downregulated in PAC-resistant SKOV3-TR30 OC cells by miRNA microarray analysis; the expression of miR-17~92 was upregulated in SKOV3-TR30 cells (103). Moreover, downregulated expression of miR-17~92 contributed to cell cycle arrest in the G2/M phase, suppressed cell growth, and improved the response to PAC by upregulating BCL1-like 11 (BCL2L11, BIM) in ovarian cancer cells (103). Notably, miR-106a was upregulated and miR-591 was downregulated in PAC-resistant SKpac OC cells compared to PAC-sensitive SKOV3 OC cells based on a miRNA microarray (104). Furthermore, the regulation of miR-106a and miR-591 could re-sensitize PAC-resistant cancer cells by promoting apoptosis and suppressing cell migration and proliferation by targeting BCL10, caspase-7, and zinc finger E-box binding homeobox 1 (ZEB1) (104). Using miRNA microarray and gene ontology analysis approaches, this study showed that miRNA-1307 was overexpressed in chemoresistant EOC tissues versus chemosensitive counterparts, and the candidate target genes of miR-1307 were involved in nucleotide synthesis and metabolism, cell proliferation and differentiation, and lymphocyte activation (105). The miRNA microarray showed that the expression of miRNA let-7i was downregulated in chemoresistant patients and potentially acted as an indicator of poor PFS in late-stage OC patients (106). Additionally, the expression of miR-21 was elevated in chemoresistant OC cells based on a miRNA microarray, and suppression of miR-21 facilitated apoptosis and ameliorated the chemosensitivity of OC cells (107).

The miRNA microarray analysis exhibited that the 4 miRNAs (miR-129b-1-3p, miR-139-5p, miR-1290, and miR-3131) were more highly expressed in exosomes originating from HGSOC cells (HeyA8 and TYK-nu cell lines) than exosomes originating from normal ovarian epithelial cells (the IOSE cell line) (108). Among these four miRNAs, miR-1290 was the most upregulated and acted as a potential biomarker to discriminate HGSOC patients from OC patients with other histological types (108). Another study reported higher expression of 9 miRNAs (miR-99a-5p, miR-100-5p, miR-125b-1-3p, miR-139-5p, miR-451a, miR-500a-3p, miR-1290, miR-3131, miR-3153) in exosomes derived from HeyA8 and TYK-nu cells than those derived from IOSE cells by exosomal miRNA microarray analysis (109). Moreover, exosomal miR-99a-5p increased the invasive capacity of HGSOC cells by upregulating the expression of fibronectin and vitronectin in neighboring human peritoneal mesothelial cells (109). It is necessary to note that miRNA expression profile on a global scale from the miRNA microarray needs to be further validated due to that it is unclear how each miRNA exerts its function in ovarian cancer development and progression.



LncRNA Microarray

Long noncoding RNAs (lncRNAs) are a class of noncoding, endogenous, single-stranded RNAs with a length of more than 22 nucleotides (133). Moreover, lncRNAs can regulate gene expression at different levels via mechanisms, including chromatin modification, transcription and post-transcriptional processing and can take part in the modulation of the biological behavior of human cancers (134). LncRNA microarrays are utilized to efficiently screen differential lncRNAs in cancers, which can provide theoretical basis for exploring the molecular mechanisms of tumorigenesis. One group used a lncRNA microarray approach and showed the downregulation of 699 lncRNAs and upregulation of 110 lncRNAs in OC cells compared with ovarian epithelial cells (110). LncRNA neuropeptides B and W receptor 1-2 (NPBWR1-2) was downregulated more than two-fold in OC cells, and vector-mediated NPBWR1-2 overexpression decreased cell viability, inhibited the proliferative, migratory and invasive ability, and facilitated the apoptosis of OC cells by targeting multiple miRNAs (110). Furthermore, overexpression of lncRNA HCP5 was detected in OC by lncRNA microarray (111). Downregulation of lncRNA HCP5 attenuated the proliferative, invasive, migratory abilities of OC and inhibited the EMT process, which might occur through miR-525-5p/PRC1 (polycomb repressive complex 1) crosstalk and the Wnt/β-catenin signalling pathway (111). Additionally, higher expression levels of 9 lncRNAs and lower expression levels of 5 lncRNAs were found in OC tissues than in their normal counterparts, which was confirmed by lncRNA microarray analysis (112). Among these dysregulated lncRNAs, Linc00152 was upregulated in OC and silencing Linc00152 attenuated OC cell proliferation and promoted cell cycle arrest (112). Another study demonstrated that 795 lncRNAs were upregulated and 2075 lncRNAs were downregulated in OC tissues compared with normal ovarian tissues (113). The top 10 most overexpressed lncRNAs in OC were BC041954, ENST00000423200, uc.428+, BC028018, ENST00000433201, ENST00000458624, ENST00000453838, CR601061, ENST00000505048 and ENST00000502715, while the top 10 most decreased lncRNAs in OC were AK123324, AF087976, NR_001284, ENST00000474313, AL832916, AF086261, BC070168, uc001zfv.1, NR_023313 and uc002btm.2 (113). These dysregulated lncRNAs can be categorized into four types: Rinn lincRNAs, HOX clusters, long-intergenic non-coding RNAs (lincRNAs) near coding genes and enhancer lncRNAs near coding genes (113). A total of 326 dysregulated lncRNAs were detected in EOC versus para-cancerous control tissues by lncRNA microarray analysis (114). Among these lncRNAs, the lncRNA RHPN1-AS1 was overexpressed and facilitated the carcinogenesis and metastasis of EOC by serving as a ceRNA to sponge miR-596 and activating leucine zipper/EF hand-containing transmembrane-1 (LETM1) expression and the FAK/PI3K/Akt pathway (114). One report demonstrated that 577 pseudogenes were dysregulated in HGSOC versus normal fallopian tubes by lncRNA microarray analysis, among which 538 pseudogenes were upregulated (115). High mobility group AT-hook 1 pseudogene 6 (HMGA1P6) was one of the upregulated pseudogenes and exerted an oncogenic role in OC by serving as a competitive endogenous RNA, contributing to a shorter overall survival in OC patients (115).

A lncRNA microarray was applied and illustrated that 37 lncRNAs were upregulated and 22 lncRNAs were downregulated in omental metastasis tissues (OMTs) versus paired primary OC tissues (POCTs) (116). This study also indicated that the upregulation of SOCAR, which is a novel OC metastasis-related lncRNA that facilitates the proliferative, migratory and invasive abilities of OC cells by elevating the expression of matrix metallopeptidase 9 (MMP9) through activation of the Wnt/β-catenin signalling pathway (116). Moreover, the expression of myocardial infarction-associated transcript (MIAT) was increased, and the expression of small nucleolar RNA, C/D Box 114 cluster (SNORD114) family members SNORD114-10, SNORD114-2 and SNORD114-11 was decreased in OMTs compared to matched POCTs by lncRNA microarray analysis (117). The lncRNA microarray showed that higher expression of 37 lncRNAs and lower expression of 22 lncRNAs were found in OMTs than in paired POCTs (118). Among these aberrantly expressed lncRNAs, the lncRNA CTD-2020K17.1 was overexpressed in OMTs and facilitated the migratory, invasive, and proliferative abilities of serous OC cells (118). The lncRNA microarray demonstrated that 583 lncRNAs were upregulated and 578 lncRNAs were downregulated in SKOV-3ip cells compared toparental SKOV3 cells; lncRNAs metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), H19, urothelial cancer associated 1 (UCA1), colon cancer-associated transcript 1 (CCAT1), LOC645249, LOC100128881, and LOC100292680 were downregulated in SKOV-3ip cells (119). Estrogen (E2) aberrantly regulated the expression of 115 lncRNAs in E2 receptor (ER) alpha (ERα)-positive EOC cells compared to E2-untreated controls according to lncRNA microarray analysis (120). Furthermore, E2-mediated upregulation of lncRNA TC0101441 promoted the migration and invasion of ERα-positive EOC cells by regulating the expression of MMP2 and MMP3 (120).

Similarly, 40830 dysregulated lncRNAs were found between PAC-resistant OC cells and PAC-sensitive OC cells by lncRNA microarray analysis (121). Furthermore, LINC01118 was upregulated in PAC-resistant OC cells, and promoted PAC resistance, invasion and migration while attenuating apoptosis in EOC cells through modulating the miR-134/ATP binding cassette C1 (ABCC1) axis (121). Based on lncRNA microarray analysis, one study revealed that lncRNA UCA1 was upregulated in PAC-resistant OC cells versus PAC-sensitive OC cells and enhanced the resistance of OC to PAC (122). In addition, upregulation of lncRNA UCA1 was observed in cisplatin-resistant OC samples compared to cisplatin-sensitive OC samples by lncRNA microarray analysis (123). Moreover, the lncRNA UCA1 negatively regulated miR-143 and subsequently modulated the expression of FOSL2, which enhanced the cisplatin resistance of OC (123). Another group indicated that lncRNA linc00161 exhibited higher expression in cisplatin-resistant OC than in cisplatin-sensitive OC by lncRNA microarray analysis (124). Notably, linc00161 downregulated the expression of microRNA-128 and subsequently upregulated the expression of mitogen-activated protein kinase 1 (MAPK1), which promoted cisplatin resistance in OC cells (124). One lncRNA microarray demonstrated that 1033 lncRNAs were upregulated and 869 lncRNAs, including lncRNA ENST00000457645, were downregulated in A2780 cells versus cisplatin-resistant CP70 OC cells (125). This study also indicated that lncRNA ENST00000457645 decreased the viability and migratory ability of cisplatin-resistant OC cells, suggesting that lncRNA ENST00000457645 could reserve cisplatin resistance in CP70 cells (125). In addition, lower expression of lncRNA growth arrest-specific transcript 5 (GAS5) was found in EOC tissues than in normal ovarian tissues by lncRNA microarray analysis (126). Moreover, upregulated expression of lncRNA GAS5 could improve the sensitivity of OC to cisplatin by reducing the expression of poly (ADP-ribose) polymerase1 (PARP1) by recruiting transcription factor E2F4 to its promoter and subsequently modulating the MAPK signalling pathway (126). It is required to further investigate which lncRNAs obtained from lncRNA microarray analysis are more important in ovarian tumorigenesis.



CircRNA Microarrays

Circular RNAs (circRNAs) are a new subtype of regulatory noncoding RNA (ncRNA) molecules that are characterized by covalently closed-loop structures without 5’ caps or 3’ polyadenylated tails (135). Moreover, the stable structure, tissue- and/or development-specific expression patterns, and good conservation are the major properties of circRNAs (136). CircRNA microarrays can provide genome-wide circRNA expression profiles between tumor specimens and normal tissues. High-throughput sequencing of circRNAs indicated increased expression of 354 circRNAs and decreased expression of 356 circRNAs in HGSOC tissues compared to normal ovarian tissues (127). Among these dysregulated circRNAs, circRNA1656 was downregulated and the expression of circRNA1656 was associated with the FIGO stages of OC patients (127). In addition, circRNA sequencing-based circRNA expression profiles showed that 2556 circRNAs were upregulated and 1832 circRNAs were downregulated in EOC tissues compared with normal ovarian tissues (128). Higher expression of circEXOC6B and circ-N4BP2L2 indicated a better prognosis in EOC patients (128). CircRNA microarray analysis was also performed in PAC-sensitive and PAC-resistant OC tissues (129). This study showed that 341 circRNAs were upregulated and 492 circRNAs were downregulated with fold change ≥ 2.0, and the length of most circRNAs was less than 1500 bp (129). Among these dysregulated circRNAs, hsa_circ_0063809, hsa_circ_0001946, hsa_circ_0026134, hsa_circ_0025033, and hsa_circ_0014130 were the five most upregulated circRNAs (129). In particular, the suppression of hsa_circ_0063809 can reverse PAC resistance in OC cells (129). Upregulation of 148 circRNAs and downregulation of 191 circRNAs between cisplatin-sensitive and cisplatin-resistant OC tissues were observed by circRNA microarray analysis (130). Among these circRNAs, Cdr1as was downregulated in cisplatin-resistant OC, and Cdr1as sensitized OC to cisplatin by suppressing miR-1270 expression and subsequently upregulating suppressor of cancer cell invasion (SCAI) expression (130). In conclusion, a genome-wide circRNA expression profile is via lncRNA microarray could facilitate the understanding of ovarian oncogenesis and drug resistance.




Proteomics

Proteomics techniques can provide the whole proteome or all proteins from a particular cell, tissue, biofluid or organism. Protein expression profiling by proteomics facilitates the identification of potential biomarkers for disease diagnosis and prognosis prediction. Moreover, proteomics techniques are widely applied to assess OC carcinogenesis, and a panel of proteins that are considered helpful biomarkers for OC patients has been identified (Table 3).


Table 3 | The application of proteomics for exploring the candidate biomarkers for ovarian cancer.



By employing peptide ligand library beads (PLLB) and 1D gel liquid chromatography tandem mass spectrometry (LC-MS/MS) approaches, one report found that retinol binding protein 4 (RBP4) was highly expressed in the serum of OC patients (137). Lectin-directed tandem labelling (LTL) and isobaric tags for relative and absolute quantitation (iTRAQ) proteomics approaches identified 45 N-linked sialylated glycopeptides comprising 46 glycosylation sites, among which 10 sialylated glycopeptides were overexpressed in the serum of OC patients (138). Moreover, glycoproteomic analysis was performed in endometrioid OC tissues and normal ovarian tissues, and periostin and thrombospondin were confirmed as candidate biomarkers with tumor-specific glycosylation in endometrioid OC patients (139). In addition, iTRAQ-tagging and mass spectrometry analysis showed that the serum proteins serotransferrin, slbumin, hemopexin, C-reactive protein and amyloid A1 were dysregulated in OC samples compared with benign ovarian tumor samples and healthy control samples (140). Notably, the combination of serum amyloid A1, albumin, serotransferrin, human epididymis protein 4 (HE4) and CA125 elevated the diagnostic capacity for differentiating benign and malignant OC (140). Increased expression of 52 peptides and decreased expression of 52 peptides were detected in the ascites fluid of OC patients compared to that of those with benign gynecological conditions (150). Label-free liquid chromatography-mass spectrometry was performed between favorable prognosis and poor prognosis primary HGSOC specimen and revealed that higher expression of 288 proteins was found in the favorable prognosis cluster, while higher expression of 370 proteins was found in the poor prognosis cluster (141). Additionally, the overexpression of α1-antitrypsin (AAT), NFκB, and phosphomevalonate kinase (PMVK) predicted a favorable PFS, and the overexpression of vascular adhesion protein 1 (VAP1), fatty acid-binding protein 4 (FABP4), and platelet factor 4 (PF4) indicated a poor PFS of HGSOC patients (141). Upregulation of 8 proteins, including actin beta (ACTB), T-cell immunoglobulin mucin (TIM), protein disulfide isomerase A3 (PDIA3), PDIA1, dynactin subunit 2 (DCTN2), KIC17, SIAS, and KIC10) and downregulation of 9 proteins, such as KIC18, G protein-coupled receptor 78 (GRP78), capping actin protein, gelsolin like (CAPG), peptidylprolyl isomerase A (PPIA), replication origin activator 2 (ROA2), lamin A/C (LMNA), EZRI, ADRM1, and ENOA) were detected in vascular endothelial growth factor (VEGF)-treated OC cells compared with normal OC cells through proteomic analysis by two-dimensional electrophoresis (2-DE) (142). These 17 proteins are frequently involved in cell growth and metabolism processes (142).

DIGE quantitative proteomics analysis revealed the downregulation of UBC13 (UBE2N, ubiquitin conjugating enzyme E2 N) in PAC-resistant OC cells, and UBC13 modulated PAC sensitivity through the DNA methyltransferase 1 (DNMT1) checkpoint with forkhead and ring finger domain (CHFR)-aurora kinase A (Aurora A) signalling pathway in OC cells (143). iTRAQ-based proteomic analysis in combination with LC-MS/MS revealed that the expression of plexin domain containing 2 (Plxdc2) and cytokeratin 7 (CK7) proteins was elevated in PAC-resistant OC tissues (144). One study indicated that 47 proteins were upregulated and 309 proteins were downregulated both at more than 1.5-fold quantitative alterations in PAC-resistant OC cells versus PAC-sensitive OC cells, through LC-MS/MS label-free quantitative proteomics (151). Most of the 356 identified differential proteins were related to pyruvate metabolism, metabolic pathways, glycolysis/gluconeogenesis, protein processing in the endoplasmic reticulum, regulation of actin cytoskeleton, systemic lupus erythematosus, tight junctions and ribosomes (151). Multiplexed proteomics (MP) technology and multilectin affinity chromatography (MAC) indicated that four glycoproteins (palmitoyl protein thioesterase 1 precursor, triose phosphate isomerase, ER-associated DNAJ and tumor rejection antigen (gp96) 1) were upregulated in PAC-resistant A2780TC1 OC cells compared with A2780 OC cells (145). A kinase (PRKA) anchor protein 12 (AKAP12) was overexpressed in the PAC-resistant HGSOC cell secretome according to proteomic analysis, and the upregulation of AKAP12 indicated a poor prognosis in HGSOC patients (146). Strikingly, 11 signalling pathway proteins were upregulated in platinum-resistant OC compared with platinum-sensitive OC according to reversed-phase protein array (RPPA) analysis; the platelet-derived growth factor receptor beta (PDGFRβ) and VEGF receptor 2 (VEGFR2) proteins were most prominently overexpressed (147). Moreover, higher expression of PDGFRβ was associated with worse progression-free and overall survival, while VEGFR2 expression had no considerable relationship with the OS of OC patients (147). Matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF-MS) indicated that serum haptoglobin proteins, transthyretin and apolipoprotein E were upregulated, while serum alpha-1-antitrypsin, clusterin, and carbonic anhydrase 1 were downregulated in chemo-sensitive EOC patients compared with chemo-resistant EOC patients (148). Proteomics analysis of OC tissues illustrated that stress-70 protein, elongation factor Tu, peroxiredoxin (PRDX2), glyceraldehyde 3-phosphate dehydrogenase (G3P), mitochondrial GRP75, α-enolase (ENOA), apolipoprotein A-1 (APOA1), mitochondrial EFTU and annexin A (ANXA) were considered predictive indicators of drug-resistant OC (149). Taken together, whole proteome profiles in ovarian cancer give us a chance to determine the mechanism of ovarian tumorigenesis. However, the changes of all proteins in ovarian cancer should be validated by other approaches such as western blotting analysis.



Metabolomics

Metabolomics are utilized to obtain metabolites expression profiles in a specific cell, tissue or biofluid via a high-throughput technology, which can help us understand the cellular metabolism. Metabolomics function in identifying and quantifying the alteration of diverse metabolite levels of samples in response to disease status, dietary patterns and pharmaceutical interventions (152). Metabolomics is a promising tool for cancer research, and mass spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy are commonly used techniques (34). Metabolite profiling by metabolomics helps researchers to gain deeper insight into the changes and interactions of metabolites related to ovarian cancer biology and could improve the personalized clinical treatment of ovarian cancer patients (Table 4).


Table 4 | The application of metabolomics for exploring the candidate biomarkers for ovarian cancer.



According to ultra-performance liquid chromatography and quadrupole time-of-flight mass spectrometry (UPLC/Q-TOF MS), metabolites, including 2-piperidinone and 1-heptadecanoylglycerophosphoethanolamine, in the serum were closely associated with OC and could potentially serve as biomarkers of OC (153). Wide spectrum targeted metabolomics showed that lipid compounds (lysoPC a C16:1, PC aa C32:2, PC aa C34:4 and PC aa C 36:6) in serum were correlated with OC metabolism and potentially related to the growth and progression of OC (154). Moreover, increased expression of saturated fatty acids and decreased expression of unsaturated fatty acids were detected in the serum of EOC patients compared to that of healthy controls, which was confirmed by the gas chromatography-mass spectrometry (GC-MS) metabolomics approach (155). Moreover, serum esterified fatty acids (EFAs) (C16:0), EFAs (C18:0) and free fatty acids (FFAs) (C16:0) were considered biomarkers for discriminating EOC patients from healthy controls (155). Using hydrophilic interaction liquid chromatography(HILIC) and tandem mass spectrometry, this report integrated serum maltose, maltotriose, raffinose, and mannitol into the panel for differentiating OC patients from benign ovarian tumor patients and healthy patients (156). Ultra performance liquid chromatographic-mass spectrometry (UPLC-MS) showed that the upregulation of serum 27-nor-5β-cholestane-3,7,12,24,25 pentol glucuronide (CPG) could be a predictive indicator for EOC in the early stage (157). Metabolic profiling based on UPLC-MS revealed that plasma piperine, 3-indolepropionic acid, 5-hydroxyindoleacetaldehyde and hydroxyphenyllactate could be used for differentiating EOCs from benign ovarian tumors (BOTs)/uterine fibroids (UFs), and for differentiating early-stage EOCs from late-stage EOCs (158). Additionally, one study explored the metabolomics profiles of plasma samples from early-stage EOC patients and healthy controls by UPLC/Q-TOF MS, and 18 metabolites were dysregulated in early stage EOC (159). Among these metabolites, adrenoyl ethanolamide, lysophospholipids (LysoPCs), LysoPE and one unknown compound were identified as potentially useful for discriminating early-stage EOC patients from healthy controls (159). Global metabolomic profiles in the pre- and post-operative plasma of EOC patients were assessed, and the results identified hydroxyphenyllactic acid, coproporphyrinogen, uric acid, lysine, 3-(3,5-diiodo-4-hydroxyphenyl) lactate, 24,25-hydroxyvitamin D3, carnitine, creatinine, l-beta-aspartyl-l-glutamic acid and phosphohydroxypyruvic acid as predictive biomarkers for the recurrence of EOC, and indicated that the combination of pre- and post-operative serum biomarkers showed the best predictive capacity for the recurrence of EOC (160).

The concentrations of four dysregulated urinary metabolomics markers, including N4-acetylcytidine, succinic acid, urate-3-ribonucleoside, and pseudouridine, showed a trend towards the normal level in the post-operative condition compared with the preoperative condition of EOC patients according to UPLC/Q-TOF MS (161). Based on HILIC and reversed-phase liquid chromatography (RPLC) coupled to mass spectrometry, this study identified five urinary metabolites specific to OC, including homovanillic acid sulfate, phytosphingosine, hippuric acid and pseudouridine, and one unknown component (162). Gas chromatography/time of flight mass spectrometry (GC/TOF-MS)-based metabolomics analysis revealed that a higher concentration of glucose and other metabolites from carbohydrate metabolism were found in AMP-activated protein kinase (AMPK)-negative OC than those in the AMPK-positive OC (163). Based on a genome-scale metabolic model and microarray data, one study demonstrated that cisplatin could not kill resistant OC cells, but it could confer a more vulnerable metabolic condition in the cancer cells (164). Metabolites expression profiles in ovarian cancer could enhance the understanding of cellular metabolism, leading to contribution to combating ovarian cancer via targeting tumor cell metabolism.




Conclusion and Perspective

Multi-omics has been used to discover the biomarkers for ovarian cancer prognosis and therapeutic efficacy. However, several disadvantages of multi-omics must be discussed. For example, several factors of technical, instrumental and computational nature will affect the precision of microarray data. The poor storage of clinical sample in hospitals causes the poor quality of RNA samples, leading to inaccurate data by transcriptomics. Moreover, no standard methodology is available for microarrays so far. It is also difficult to develop standard methods to integrate data obtained from various types of microarrays. Appropriate statistical analyses are necessary to analyze multi-omics approaches.

Through different microarrays, thousands of genes and proteins are changed in ovarian carcinogenesis and promotion. How can we judge which genes and proteins are key drivers to induce ovarian tumorigenesis? Different microarray approaches often obtain inconsistent results, which could be due to biological heterogeneity, different statistical and computational analyses, and target selection criterion, indicating that identified genes and proteins by each microarray method should be validated by other several approaches. Transcriptome profiles need to be validated by other methods, such as RT-PCR assay.

In summary, multi-omics approaches are applied to study the molecular mechanism of the development and progression of OC (Figure 1). The combination of genomics, transcriptomics, proteomics and metabolomics is helpful for exploring diagnostic and prognostic biomarkers of OC and for gaining deeper insight into the mechanism of OC chemoresistance. Without a doubt, there is a long way to use multi-omics approaches for personalized therapy in ovarian cancer patients.
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Genetic testing to detect somatic alterations is usually performed on formalin-fixed paraffin-embedded tumor samples. However, tumor molecular profiling through ctDNA analysis may be particularly interesting with the emergence of targeted therapies for ovarian cancer (OC), mainly when tumor is not available and biopsy is not viable, also allowing representation of multiple neoplastic subclones. Using a custom panel of 27 genes, next-generation sequencing (NGS) was performed on tumor and matched plasma samples from 96 OC patients, which were combined in two groups (treatment naive and post-treatment). Overall, at least one somatic variant present in the tumor sample was also detected in the matched plasma sample in 35.6% of the patients, a percentage that increased to 69.6% of the treatment naive patients and 83.3% of those with stage IV disease, showing the potential of ctDNA analysis as an alternative to identify somatic variants in these patients, namely those that have predictive value for targeted therapy. In fact, of the two treatment-naive patients with somatic BRCA1 variants identified in tumor samples, in one of them we detected in ctDNA a BRCA1 somatic variant that was present in the tumor with a VAF of 53%, but not in the one that had a VAF of 5.4%. We also showed that ctDNA analysis has a complementary role to molecular unraveling of inter- and intra-tumor heterogeneity, as exemplified by one patient diagnosed with bilateral OC in which different somatic variants from both tumors were detected in ctDNA. Interestingly, as these bilateral tumors shared a rare combination of two of the three variants identified in ctDNA, we could conclude that these morphologically different tumors were clonally related and not synchronous independent neoplasias. Moreover, in the post-treatment group of patients with plasma samples collected after surgery, those with detectable somatic variants had poor prognosis when compared with patients with no detectable somatic variants, highlighting the potential of ctDNA analysis to identify patients at higher risk of recurrence. Concluding, this study demonstrated that somatic variants can be detected in plasma samples of a significant proportion of OC patients, supporting the use of NGS-based ctDNA testing for noninvasive tumor molecular profiling and to stratify patients according to prognosis.




Keywords: ovarian cancer, liquid biopsy, ctDNA = circulating tumor DNA, NGS - next generation sequencing, tumor hetereogeneity



Introduction

Ovarian cancer (OC) is the third most common malignant disease among patients with gynecological neoplasia, being the eighth most common cancer and the eighth most common cause of cancer-related death in women (1). OC is characterized by few and unspecific symptoms, late diagnosis, and poor survival. During the last decades, several efforts have been done to improve the outcomes for OC patients, through the development of new therapies. Since 2014, the treatment of OC has been improved with the emergence of the poly ADP-ribose polymerase inhibitors (PARPi) (2–5). With the PARPi approval, BRCA status became an important predictor of response and susceptibility to this class of drugs in addition to family risk assessment. Therefore, tumor genetic testing in OC patients can provide predictive information to guide treatment with PARPi. Consequently, genetic testing (somatic and germline) for all women diagnosed with OC is recommended (6). Comprehensive genetic testing is usually performed in formalin fixed paraffin embedded (FFPE) tumor samples and blood samples are used to verify whether the variants found in tumor are germline or somatic and to look for germline exon rearrangements (7). FFPE tumor samples are often used for molecular profiling, as it is widely available and easy to use and to store. Furthermore, using these samples it is possible to define areas enriched for neoplastic cells and select these for sequencing and consequently avoiding contamination with normal tissue, which improves the sensitivity to detect somatic variants. However, the DNA extracted from FFPE samples is sometimes of poor quality and not suitable for molecular analysis (8), and may not constitute an ideal source for an accurate genetic characterization when inter- and intra-tumoral heterogeneity is present (9). Furthermore, due to its invasive nature and associated risks, it is difficult to obtain additional tumor biopsies over the course of the disease. In the context of OC, there are other challenges, such as the difficulty of performing tumor biopsy due to anatomical limitations or risk of spillage (10), so the majority of tumor samples from OC patients are obtained at the time of the surgery. However, these samples may not be the most suitable for tumor molecular profiling, as several OC patients are treated with chemotherapy before debulking surgery, which can modify the tumor genetic profile as the result of mutational shifts induced by chemotherapy (7, 11).

Circulating-cell free DNA (cfDNA) consists of small fragments of DNA that are believed to be released by the cells through apoptotic and necrotic processes (12). In cancer patients, a fraction of cfDNA is derived from tumor cells, therefore containing the associated genetic alterations, being named circulating cell-free tumor DNA (ctDNA) (13). In the last decades, several studies showed that ctDNA has a great potential as a biomarker in several types of cancer (14). The use of ctDNA, called liquid biopsy, in the management of cancer patients has several advantages as an alternative for tissue biopsies. First, liquid biopsy provides a better representation of the overall tumor genome since it comprises DNA released by tumor cells from both primary tumor and metastases, minimizing the problem of inter- and intratumor heterogeneity (15). Second, it is possible to quantify cfDNA and its concentration seems to reflect the tumor burden, making cfDNA measurements potentially useful to monitor tumor dynamics (16). Third, blood samples are minimally invasive, allowing repeated sampling and “real-time” monitoring during the entire course of the disease. On the other hand, ctDNA is highly fragmented and its fraction in circulation can be as low as 0.01%, making its detection difficult, particularly in early-stage tumors (17). Therefore, ctDNA detection requires high-sensitive approaches.

The potential of liquid biopsy in OC management has gained increasing attention and has several possible applications, including diagnosis, prognosis, evaluation of therapy response, monitoring the emergence of resistance during the course of treatment and disease relapse prediction. The vast majority of published studies in OC focused on the quantification of total levels of cfDNA in plasma or serum of OC patients (18). However, the detection of mutations in ctDNA is expected to be more specific for those applications. Here, we aimed to evaluate the sensitivity of detection of tumor somatic variants in plasma samples from OC patients by comparing next generation sequencing (NGS) of FFPE tumor samples and paired cfDNA from 96 OC patients.



Material and Methods


Patients and Samples

This study included 96 tumor samples and 96 matched plasma samples from 96 women diagnosed with OC, collected between 2016 and 2019 at the Portuguese Oncology Institute of Porto (IPO-Porto). The study was approved by the institutional review board (CI-IPOP-35-2016) and written informed consent was obtained from all patients. FFPE tumor samples were obtained from all patients, after evaluation by a pathologist, who delimited areas with >50% cancer cells. From each patient, peripheral blood samples were obtained for plasma collection. Twenty-three plasma samples were collected from newly diagnosed patients, before any treatment. Seven samples were collected after surgery and before treatment with chemotherapy. Twelve samples were collected at recurrence. The remaining 53 plasma samples were collected when patients had already received at least one cycle of chemotherapy, and 6 of these were collected at progression during treatment. For subsequent analysis, the samples were combined in two groups: treatment naive group and post-treatment group. The first includes patients from whom tumor and plasma samples were collected at diagnosis, before any treatment (n=23). In the second group includes those patients from whom plasma samples were obtained after treatment (n=73). All patients included in this study were previously tested for germline variants in 10 genes in a study from our group that aimed to test the yield of germline variants using FFPE samples for NGS (19). The clinicopathological features of OC patients included in the study are presented in Table 1.


Table 1 | Clinical features of the 96 patients included in the study.





DNA Extraction

DNA extraction from FFPE samples was performed using the Cobas® DNA Sample Preparation Kit (Roche Diagnostics, Basel, Switzerland) according to the manufacturer’s protocol. Quality of DNA samples was measured using the Qubit® Fluorometer with the Qubit dsDNA HS assay kit (Thermo Fisher Scientific, Waltham, MA, USA). Peripheral blood samples collected in BD Vacutainer K2EDTA (Becton Dickenson, Franklin Lakes, NJ, USA) tubes and plasma samples were obtained by centrifugation within 2 hours of the blood collection. We performed a two-step centrifugation, the first one 10 minutes at 1600g at room temperature. After centrifugation, the supernatant was collected and centrifuged 10 minutes at 6000g at room temperature, to remove remaining cells. Plasma supernatant was transferred to 1.5mL tubes and stored at -80°C until use. DNA was extracted from 3mL of plasma samples using the QIAamp circulating nucleic acid kit following the manufacturer’s protocol (QIAGEN, Antwerp, Belgium).



Next Generation Sequencing and Bioinformatic Analysis

Next-generation sequencing (NGS) was performed in 96 tumor samples and matched plasma samples using a customized QIASeq Targeted DNA Panel containing 27 genes (QIAGEN, Antwerp, Belgium) previously described as frequently mutated in OC in the literature and COSMIC database (Table S1– Supplementary Data) (20–23). Library preparation was performed according to the manufacturer’s instructions and final libraries were quantified on a 4200 TapeStation System (Agilent Technologies Inc, Santa Clara, CA). Sequencing was carried out using a high-output kit in the NextSeq 550 System (Illumina, Inc., San Diego, CA, USA) in a 2x151 bp paired-end run. Sequencing alignment and variant calling were performed using Qiagen GeneGlobe Data Analysis Center (QIAGEN, Antwerp, Belgium). For plasma samples, sequencing alignment and variant calling was also performed using CLC Genomics Workbench 21 (CLC Bio, version 21.0.3). The resulting .vcf files were imported to GeneticistAssistant™ software (SoftGenetics, LLC, State College, PA, USA) for variant annotation. All variants with a minor allele frequency (MAF) greater than 1% and synonymous variants were excluded. For MAF filtering, data were obtained from the 1000 Genomes Project (1000G), Genome Aggregation Database (gnomAD) and Exome Aggregation Consortium (ExAC) databases. Additionally, in the analysis of tumor samples we excluded variants present in the tumor with an allele frequency (VAF) lower than 5%.



Variant Analysis

After variant filtering, all the variants that had been described as pathogenic/likely pathogenic in ClinVar or having literature evidence supporting their pathogenicity were retained as deleterious. Nonsense, frameshift, as well as canonical splice site variants, were also retained since they are considered to have very strong evidence of pathogenicity (24). Given that the aim of this study is the analysis of detection of somatic variants in ctDNA, inframe deletion and/or insertion variants not classified were also retained. The potential pathogenicity of missense VUS was evaluated using MetaLR and MetaSVM, which combine 10 in silico prediction tools (SIFT, PolyPhen-2 HDIV, PolyPhen-2 HVAR, GERP++, MutationTaster, Mutation Assessor, FATHMM, LRT, SiPhy, and PhyloP) and the maximum minor allele frequency (MMAF) from the 1000G project (25). We also used Combined Annotation-Dependent Depletion (CADD), which is an integrative annotation built from more than 60 genomic features for scoring the deleteriousness of single nucleotide variants (SNVs) and insertion/deletion variants (26). Missense VUS were retained only if they were predicted to be damaging by MetaLR, MetaSVM, and CADD. Variants described in ClinVar as benign/likely benign were classified as benign and discarded.



Validation of Germline and Somatic Variants

Variants present with a VAF at nearly 50% in plasma samples, suspected to be germline, were confirmed by Sanger sequencing in peripheral blood samples. Somatic variants were confirmed by Sanger sequencing in DNA extracted from FFPE samples. Sanger sequencing was performed in a 3500 Genetic Analyzer (Applied Biosystems Foster City, CA, USA), using the BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems), following the manufacturer’s instructions.




Results


Identification of Somatic Variants in Tumor Samples

Ninety-six FFPE samples were analyzed by NGS (mean UMI depth =1276). A total of 7255 variants were annotated and classified among all the samples with exception of cases OC65 and OC85 that did not pass the quality filters. After variant filtering, 335 variants remained, of which 99 were classified as pathogenic/likely pathogenic in ClinVar. Among variants not classified in ClinVar, 41 variants were nonsense, frameshift and variants located at canonical ± 1 or 2 splice sites and were therefore considered pathogenic (24). Eight variants were inframe deletions and/or insertions that were also retained. The remaining 187 variants were missense alterations whose potential pathogenicity was evaluated through in silico prediction tools and 61 variants predicted to have deleterious impact on the protein were retained. After variant analysis, 209 variants were retained. At least one variant per tumor sample was identified, except in four cases (OC13, OC29, OC48 and OC63), in which no variants were identified. In addition to the 26 variants identified as germline in our previous study (19), 11 variants with a VAF at nearly 50% in plasma samples were tested in peripheral blood samples and were confirmed to be germline. Excluding the 37 germline variants, we retained 172 somatic variants, among 90 patients and across 23 of the 27 genes included in the panel (Figure 1). TP53 variants were identified in 72 (78.0%) of the 94 samples, being the most prevalent mutated gene, followed by BRCA1, ARID1A, and KRAS in which variants were found in 9 (9.6%) samples each. Variants in PIK3CA were detected in eight (8.5%) samples, followed by PTEN and RB1 that were found mutated in six (6.4%) samples each. Variants in BRCA2, ATM, ATR and MSH6 were identified in five (5.3%) samples each. For the remaining genes, a frequency of mutations equal or less than two percent was observed (Figure 2).




Figure 1 | Identification of somatic variants in tumor samples.






Figure 2 | Spectrum of somatic variants identified in ovarian tumor samples.





Mutational Concordance of Tumor and Plasma Samples

We next analyzed 96 plasma samples by NGS (mean UMI depth = 513). Using Qiagen GeneGlobe Data Analysis Center, a total of 3414 variants were annotated and classified among the 96 plasma samples. After variant filtering, 239 variants remained, of which 43 were classified as pathogenic/likely pathogenic in ClinVar. Among variants not classified in ClinVar, 39 were nonsense, frameshift and variants located at canonical ± 1 or 2 splice sites, and were therefore considered pathogenic (24). Five variants were inframe deletions and/or insertions that were also retained. The remaining 150 variants were missense alterations, of which 43 were retained because they were predicted to have deleterious impact on the protein by in silico tools. After variant analysis, we retained 130 variants, of which 37 were germline variants previously identified, which were excluded. Thus, 93 somatic variants were identified in plasma samples among 51 patients, with an average of two variants in each plasma sample. The overall mutational concordance between tumor and matched plasma samples was 26.7%. Considering only the group of untreated patients, at least one somatic variant was detected in matched plasma sample in 13 patients (56.5%). The detection rate of somatic variants in plasma samples was higher in patients with stage IV disease (83.3%). In patients diagnosed with stage III and stage I disease, somatic variants were detected in plasma samples in 46.2% and 50% of the cases, respectively. Comparing with tumor testing of the post-treatment patient group, at least one somatic variant was detected in matched plasma sample in 17.9% of them. In seven patients with plasma samples collected after surgery and before treatment with chemotherapy, none of the variants identified in tumor samples were detected in the matched plasma samples. In a subgroup of 12 patients from whom plasma samples were collected during follow-up at the time of disease recurrence, somatic variants were detected in 25% of the cases.

In an attempt to improve the sensitivity to detect somatic variants in plasma, we performed the bioinformatic analysis using the CLC Genomic Workbench, setting 0.2% as the minimum VAF. A total of 21232 variants were annotated and classified among the 96 plasma samples. After variant filtering 14280 variants remained, of which 1328 were classified as pathogenic/likely pathogenic in ClinVar. Among the 12952 variants not classified, 2794 were nonsense, frameshift and variants located at canonical ± 1 or 2 splice sites which were considered pathogenic variants (24). We also retained 1544 inframe deletion and/or insertion variants. The remaining 8614 were missense alterations, of which 2104 were retained as they were predicted to be deleterious by in silico tools. After variant analysis, 7770 variants were identified, of which 37 germline variants were excluded. Thus, 7733 somatic variants were identified among 96 plasma samples. On average, 80 variants were identified in each plasma sample. The overall mutational concordance between variants detected in tumor and matched plasma samples increased to 35.6%. Considering the group of untreated patients, the concordance between tumor and plasma samples for at least one somatic variant was 69.6%. Regarding patients diagnosed with advanced stage disease, at least one somatic variant initially identified in the tumor testing was detected in plasma samples of 83.3% and 61.5% of stage IV and stage III patients, respectively. Among four patients with early-stage disease (stage I), detectable tumor somatic variants were found in plasma samples in three of them (75%). In some patients with more than one shared variant between tumor and plasma sample, the hierarchy of VAF was concordant (OC05, OC28 and OC89) (Figure 3). Of the 14 patients with BRCA1/BRCA2 somatic variants identified in tumor samples, two were from the naive treatment group (OC04 and OC28). These patients had a BRCA1 frameshift somatic variant detected in tumor samples with a VAF of 5.4% and 53%, respectively. In patient OC28 the BRCA1 somatic variant was also identified in the matched plasma sample at a VAF of 0.7%. Regarding the 67 patients of the post-treatment group, at least one somatic variant present in the tumor was detected in the plasma samples in 22.4% of the patients. In seven of these patients, in whom plasma samples were collected after surgery and before treatment with chemotherapy, somatic variants were detected in 42.9% of plasma samples which belong to three patients who experienced disease relapse and already died. In 12 patients in whom plasma samples were collected at the time of disease recurrence, somatic variants were detected in 33.3% of the plasma samples.




Figure 3 | Concordance of variants calls between tumor and plasma samples from the patient treatment naïve group. In patients with more than one somatic variant identified, the VAF for variants shared between matched tumor and plasma samples shows a concordance in hierarchy of VAF in three samples (OC05, OC28 and OC89).





Accessing Inter- and Intra-Tumor Heterogeneity in cfDNA

Performing the reverse analysis, in five patients belonging to the treatment naive group we detected pathogenic variants in cfDNA that were not previously identified in the tumor sample. For these patients, FFPE samples from metastasis and/or tumor from a different anatomic location were obtained. In patient OC05, a CTNNB1 pathogenic variant (c.110C>G) was identified in the plasma sample with a VAF of 0.8%, which was not detected previously in the tumor sample (right ovary; sequence coverage at the variant position: 4762 reads). This variant was further detected in the tumor sample from a different anatomic site (left ovary) in addition to PIK3CA and ARID1A variants previously identified in the tumor from the right ovary (Figure 4). Regarding the other four patients, the variants detected only in the plasma samples were not detected in the analyzed tumor samples from other anatomic sites.




Figure 4 | Inter-tumor heterogeneity detected by ctDNA analysis in a patient diagnosed with synchronous tumors on both ovaries. In a tumor sample from the right ovary, a PIK3CA and an ARID1A pathogenic variants were identified. This tumor consisted of a clear cell carcinoma with a papillary growth pattern. In the matched plasma sample, in addition to these two variants, a CTNNB1 pathogenic variant was detected. We tested a tumor sample from the left ovary by Sanger sequencing, in which the three variants were identified. The left ovarian tumor consisted of a squamous cell carcinoma with abundant keratinization.






Discussion

The analysis of ctDNA for tumor molecular profiling represents a potential and attractive alternative to that of FFPE tumor samples for the detection of actionable variants. However, the fraction of ctDNA can be extremely low in a high background of normal cfDNA, so that somatic variants may be present at very low VAF that require extremely sensitive techniques for their detection. Although PCR based methods, such as droplet digital PCR (ddPCR), are very sensitive, they have a low throughput on variant analysis and can only be used to screen for known variants. On the other hand, broader approaches, such as NGS, allow a more complete tumor molecular profiling, enable assessment of inter-tumor and intra-tumor heterogeneity and clonal evolution of the tumor, as well as identification of resistance mechanism to targeted therapy (9, 27–29). Furthermore, recent advances, such as the introduction of unique molecular identifiers (UMIs) and adequate bioinformatic tools, can also help to increase the sensitivity and specificity (30).

The aim of this study was to evaluate the potential of cfDNA to allow detection of somatic tumor driver variants in OC patients, using a NGS approach with a custom gene panel to analyze 96 tumors and matched plasma samples from 96 patients. Initially, the bioinformatic analysis of tumor and plasma samples was performed using GeneGlobe, a web resource for the analysis of Qiagen’s target enrichment panels. However, this is a closed platform that does not allow to define the settings for sequencing alignment and variant calling, including the minimum VAF, which is set at 0.5%. This is suitable for the analysis of FFPE tumor samples as we are looking for variants with a VAF above 5%. However, as somatic variants in ctDNA are present at allele frequencies below the cut-off defined in GeneGlobe, we tested a software that allows to adapt the settings for variant calling in ctDNA analysis. Thus, we reanalyzed plasma samples using CLC Genomics Workbench, which allowed us to lower the minimum VAF to 0.2%, and as expected the overall detection rate of somatic variants in ctDNA improved from 26.7% to 35.6%. Using the most suitable software for ctDNA analysis, at least one somatic variant was detected in ctDNA from 69.6% of the patients from the naive treatment group and in 83.3%, 61.5% and 75% of patients diagnosed with stage IV, stage III and stage I disease, respectively. Furthermore, of the two treatment-naïve patients with somatic BRCA1 variants identified in FFPE tumor samples, we could detect in ctDNA a BRCA1 frameshift somatic variant that was present in the tumor sample with a VAF of 53%, but not the one that had a VAF of only 5.4%. These findings support the potential of ctDNA NGS analysis for OC somatic genetic testing, especially when there is no tumor sample available for predictive genetic testing for targeted therapy in untreated stage IV disease. Our results are in agreement with those of a previous study by Phallen and colleagues (31), in which ctDNA alterations were detected in 71% of OC patients, including 75% and 83% of stage III and IV patients. Furthermore, as somatic variants were detected in a great proportion of patients diagnosed with stage I disease, ctDNA analysis also holds the promise to detect early-stage disease, namely as a screening test in healthy women carrying pathogenic germline variants in OC inherited predisposition genes. Recently, Cohen and colleagues (27) reported the development of a blood test based on liquid biopsy that can detect multiple types of cancer at earlier stages, including OC, and which combines the detection of variants in driver genes with the levels of circulating biomarker proteins to detect the presence of a cancer and to determine its origin. The median sensitivity of the test was 73% and 43% for stage II and stage I cancers, respectively.

In addition to noninvasive diagnosis and targeted therapy biomarker identification, ctDNA analysis also holds the promise to be used as a biomarker for prognosis, evaluation of therapy response, monitoring the emergence of resistance during treatment, and disease relapse prediction. This is well exemplified by our finding of somatic variants in ctDNA in the 7 patients belonging to the post-treatment group, from whom plasma samples were collected after surgery and before chemotherapy. All three patients with detectable somatic variants in plasma sample collected after surgery experienced disease relapse (and two of them have already died), while those patients with no detectable somatic variants in plasma after surgery are still disease-free. This suggests that ctDNA analysis can help detect microscopic residual disease after surgery with the potential to be used as prognostic biomarker for OC, allowing the identification of patients at higher risk of recurrence.

One of the advantages of cfDNA is the ability to integrate the detection of somatic alterations from both primary tumor and metastatic lesions, overcoming the problem of intra-tumor and inter-tumor heterogeneity. Our results demonstrated that tumor driver variants detected in ctDNA were not always identified in the FFPE sample initially tested. For instance, in a plasma sample from a patient of the naive treatment group (OC05), in addition to the two variants previously detected in the tumor sample, we detected a CTNNB1 pathogenic variant with a VAF of 0.8%. This patient was diagnosed with clear cell carcinoma (CCC) of the right ovary (the tumor initially tested with NGS) and poorly differentiated squamous cell carcinoma of the left ovary. To assess the possibility that this discrepancy may be caused by inter-tumor heterogeneity, we analyzed a tumor sample from the left ovary by Sanger sequencing. We confirmed that the CTNN1B variant detected in the plasma sample was derived from the tumor of the left ovary, in which we also detected the two variants identified in the tumor from the right ovary. Since these bilateral tumors shared a rare combination of two of the three variants identified in the ctDNA, we could conclude that the two morphologically different tumors were clonally related and not synchronous independent neoplasias, possibly originated from an endometriosis focus that was observed in the periphery of both tumors, which is a well-established precursor lesion of CCC (32). The additional variant found in the tumor of the left ovary probably represents clonal divergence that may at least in part explain the different phenotype of the two tumors (CCC vs squamous cell). This observation highlights the ability to detect somatic variants in ctDNA that may be missed by analysis of FFPE samples, confirming that both sample types have complementary roles in managing cancer patients.

The somatic variants not detected in plasma samples may be present with a VAF below 0.2% and would likely be detected using a more sensitive approach. For the detection of variants at VAF as low as <0.2% by NGS, deep sequencing through sequencing the target regions with high coverage (>10,000x) can lower the percentage of false positives (33). Furthermore, most of the cases with no somatic variants detected in ctDNA were those in which only one somatic variant was identified in the tumor sample. Including more genes in the NGS panel could increase the sensitivity, however it would also increase the sequencing costs. In the custom gene panel used in this study, we included genes described in the literature and the COSMIC database as frequently mutated (>10%) in OC. As OC is subclassified in five histological subtypes, which are characterized by different patterns of genetic alterations, it was necessary to include a relatively large number of genes to represent each subtype, resulting in a 27 gene panel. TP53 variants were highly prevalent in this study (78.0%), as expected given that the majority of FFPE tumor samples were from HGSOC and this tumor type is characterized by TP53 variants (20). The remaining genes were found mutated in a frequency below 10% because they are associated with the other OC histological subtypes, which are less common and underrepresented in our cohort. Smaller panels specific for each histological subtype would reduce the sequencing costs and would help to improve the sequencing coverage and the sensitivity to detect low frequency variants. On the other hand, since several OC tumor types are relatively rare, it may not be practical to have sequencing runs with only rare histological subtypes. One advantage of using a custom gene panel is the flexibility to manage the genes to include according to the purpose of the study.

Technical and biological factors can impact the concordance between NGS findings in tumor and plasma samples, eventually associated with false-negative and false-positive results for each sample type. False negatives might be explained by the limited amount of ctDNA extracted from plasma samples, which limits the detection of variants with low allele frequency. Weber and colleagues (17), reported that lower DNA input was associated with a decrease of variant calling precision. In our study, the limited amount of DNA extracted from plasma samples (average of 1.3 ng/μL), and consequently a DNA input lower than recommended (average of 17.7 ng), might have been a limitation for the detection of low frequency variants. The DNA input amount influences the number of unique molecular identifiers (UMIs) captured from the original DNA sample, and therefore the sequencing depth, which directly impacts the variant detection sensitivity. False positive results are another challenge when multiple variants are detected by NGS platforms, which has led to the implementation of strategies such as molecular barcodes in order to reduce errors introduced during library preparation (34).

In conclusion, this study demonstrated that somatic variants in genes relevant to OC can be detected in plasma samples of a significant proportion of OC patients, supporting the use of NGS-based ctDNA testing for noninvasive tumor molecular profiling for targeted therapy and to stratify patients according to prognosis.
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Background

Epithelial ovarian cancer (EOC) is one of the most lethal gynecological malignancies among women worldwide. Early diagnosis of EOC could help in ovarian cancer management. MicroRNAs, a class of small non-coding RNA molecules, are known to be involved in post-transcriptional regulation of ~60% of human genes. Aberrantly expressed miRNAs associated with disease progression are confined in lipid or lipoprotein and secreted as extracellular miRNA in body fluid such as plasma, serum, and urine. MiRNAs are stably present in the circulation and recently have gained an importance to serve as a minimally invasive biomarker for early detection of epithelial ovarian cancer.



Methods

Genome-wide methylation pattern of six EOC and two normal ovarian tissue samples revealed differential methylation regions of miRNA gene promoter through MeDIP-NGS sequencing. Based on log2FC and p-value, three hypomethylated miRNAs (miR-205, miR-200c, and miR-141) known to have a potential role in ovarian cancer progression were selected for expression analysis through qRT-PCR. The expression of selected miRNAs was analyzed in 115 tissue (85 EOC, 30 normal) and 65 matched serum (51 EOC and 14 normal) samples.



Results

All three miRNAs (miR-205, miR-200c, and miR-141) showed significantly higher expression in both tissue and serum cohorts when compared with normal controls (p < 0.0001). The receiver operating characteristic curve analysis of miR-205, miR-200c, and miR-141 has area under the curve (AUC) values of 87.6 (p < 0.0001), 78.2 (p < 0.0001), and 86.0 (p < 0.0001), respectively; in advance-stage serum samples, however, ROC has AUC values of 88.1 (p < 0.0001), 78.9 (p < 0.0001), and 86.7 (p < 0.0001), respectively, in early-stage serum samples. The combined diagnostic potential of the three miRNAs in advance-stage serum samples and early-stage serum samples has AUC values of 95.9 (95% CI: 0.925–1.012; sensitivity = 96.6% and specificity = 80.0%) and 98.1 (95% CI: 0.941–1.021; sensitivity = 90.5% and specificity = 100%), respectively.



Conclusion

Our data correlate the epigenetic deregulation of the miRNA genes with their expression. In addition, the miRNA panel (miR-205 + miR-200c + miR-141) has a much higher AUC, sensitivity, and specificity to predict EOC at an early stage in both tissue and serum samples.





Keywords: miRNA, EOC, expression biomarker, epigenetic regulation, EMT



1 Introduction

According to the Cancer Statistics Report (2018), ovarian cancer (OC) was the seventh leading cause of cancer morbidity among American women. In 2018, more than 300,000 new cases were registered, with an incident rate of 11 per 100,000 women in Europe. A recent report of NCRP-2020 (National Cancer Registry Program, India) revealed that the incident rate of OC was around 9.5, making it the third most lethal gynecological malignancy among Indian women (1). Due to the asymptomatic progression of the disease and few screening options, ~70% of patients are presented at the advanced stage of ovarian cancer, leading to increased morbidity. Around 90% of OC cases are of epithelial subtypes. The most effective way to treat epithelial ovarian cancer (EOC) is surgery combined with chemotherapy; however, the final 5-year survival rate ranges between 35% and 50%, primarily due to EOC resistance to chemotherapy and recurrence of the disease (2). Existing diagnostic approaches, including cancer antigen 125 (CA125) level and physical examination methods (pelvic examination, imaging examination, ultrasound, transvaginal ultrasonography), are routinely used to diagnose EOC. However, early lesions were still complicated to be diagnosed, attributing to the low sensitivity of approximately 40% (3, 4). Because the ovaries are intraperitoneal organs, diagnosis of ovarian tumor is not possible without surgical resection (5). Therefore, the non-invasive and more precise biomarker test with superior diagnostic value should be developed, mainly for early diagnosis of EOC to reduce the morbidity and improve survival rate. Under this compelling scenario, recent advancements in global gene expression technology will pave a way to identify potential circulatory molecules like miRNA and cell-free DNA for cancer diagnosis.

MicroRNA is an evolutionarily conserved, non-coding, single-stranded RNA molecule of 22–25 nucleotides that negatively regulate target genes and modulate diverse biological processes, including development, differentiation, apoptosis, and proliferation of cells (6). Recent reports suggested that approximately 60% of human genes are regulated by miRNA at the translational level (7–10). A substantial amount of experimental evidence has shown that the aberrant expression patterns of miRNAs are associated with cancer progression and clinical features such as metastases, International Federation of Gynaecology and Obstetrics (FIGO) stage, and histology (11). MiRNA genes are located on the fragile location of the genome (cancer-associated genomic regions) and may be regulated by an epigenetic mechanism. In several cancer studies, aberrant expression of miRNA is reported to be coupled with extensive promoter hypermethylation and hypomethylation (12–15).

Similarly, several studies have demonstrated that deregulated miRNA expression is linked with ovarian cancer progression. The miRNA-20 family (miR-200c and miR-141) was found to be associated with epithelial–mesenchymal transition (EMT) and subsequently with ovarian cancer progression (16, 17). Similarly, oncogenic miR-205 was found to be involved in tumor formation via affecting cell proliferation and cell invasion (14). Despite these exciting researches, only limited data on the diagnostic potential of miRNA in EOC are available.

In the present study, we explored the genome-wide methylation pattern of miRNA genes in EOC samples [out of six EOC samples, two samples were from early stage (stage I–II) and four samples were from the advance stage (stage III–IV) and two normal samples] using methylated DNA immunoprecipitation (MeDIP)-NGS and correlated them with the differential expression pattern of selected candidate miRNA in EOC tissue and matched serum samples using quantitative real-time PCR (qRT-PCR). Moreover, we assessed the diagnostic potential of selected miRNAs for the prediction of EOC and the correlation of miRNA expression with clinical parameters. In addition, we also assessed the miRNA–target enrichment analysis and functional enrichment analysis of miRNA–targets.



2 Materials and Methods


2.1 Study Design, Patients, and Clinical Samples

Ovarian cancer tissue and matched preoperative serum samples were collected from the Department of Surgical Oncology, King’s George Medical University Lucknow, and histologically non-malignant tissue samples were collected from the Department of Gynecology and Obstetrics, Swaroop Rani Nehru Hospital, Prayagraj, with informed consent from the patients. All collected samples were processed and stored at −80°C. The study was approved by our Institutional Ethical Committee (IEC/2019-20/01). The clinicopathological data such as age, CA125 level, menopausal status, cancer histology, and FIGO stages were obtained from the record of the patient and pathological report from the source hospital.

This study was divided into two cohorts (tissue cohort and serum cohort); tissue cohorts were further divided into cohort-I [containing 44 advanced-stage (stage III–IV) EOC and 30 healthy control samples] and cohort-II (containing 41 early-stage EOC and 30 healthy control). Similarly, the serum cohort was divided into cohort-I [containing 30 advanced-stage (stage III-IV) EOC and 14 healthy samples] and cohort-II (including 21 early-stage EOC and 14 healthy samples) (Figure 1).




Figure 1 | The layout of the study design. MeDIP, methylated DNA immunoprecipitation; EOC, epithelial ovarian cancer; ROC, receiver operating characteristic; N, normal.





2.2 DNA Extraction

Around 20 mg of tissue samples were taken for the DNA extraction procedure. Tissue biopsy was washed in PBS buffer and homogenized in 2 ml SET buffer containing 0.3 M sucrose, 25 mM Tris (pH 8.0), and 5 mM EDTA (pH 8.0) at 4°C. Pellet obtained was lysed using 1 ml TEN buffer [50 mM Tris (pH 8.0), 2.5 mM EDTA (pH 8.0), and 100 mM NaCl] in the presence of 100 µl of 10% SDS and subjected to digestion with proteinase K (50 µg/ml) at 37°C overnight followed by phase separation using phenol:chloroform:isoamylalchohol (25:24:1). Furthermore, the supernatant was taken and precipitated with 1/30th volume of 3 M sodium acetate (pH 5.0) and two volumes of chilled absolute ethanol. After precipitation, the sample was subjected for centrifugation; the supernatant was discarded and the obtained pellet was air-dried and was further resuspended in 100–200 µl of TE buffer [10 mM Tris–HCl (pH 8.0) and 1mM EDTA (pH 8.0)]. Extracted DNA was further incubated at 37°C for 3–5 days. The quality and integrity of genomic DNA were assessed on 0.8% agarose gel at 120 V for 60 min or until the sample reached two-fourths of the gel. Furthermore, DNA was quantified using NanoDrop followed by a Qubit fluorometer and was stored at 4°C until further use.



2.3 MeDIP-Seq Library Preparation

QC (quality control)-passed gDNA was further used for the preparation of MeDIP sequencing libraries using Illumina TruSeq Nano DNA Library Prep Kit and MagMeDIP Kit (Diagenode, USA; Cat. No. C02010020) following the instruction of the manufacturer. Briefly, 1 μg of DNA from each sample was fragmented using Focused-Ultrasonicator (Covaris M220) to obtain the mean fragment distribution of 150 bp. Furthermore, fragments were processed for end-repair using iDeal Library End Repair/dA-Tailing Enzyme Mix (Diagenode, USA), followed by A-tailing and adaptor ligation. Next, the MagMeDIP kit was used for immunoprecipitation of the methylated DNA and enrichment by a short PCR cycle followed by AMPure XP bead purification. The purified PCR-enriched library of four samples (T55, T56, N66, and N65) was assessed on Agilent 4200 TapeStation system using sensitivity D1000 ScreenTape, while the remaining four samples (B10, T28, T21, and T65) were assessed on Agilent DNA HS chip system following the protocol of the manufacturer.


2.3.1 Sequencing and Bioinformatics Analysis

After obtaining Qubit concentration for the libraries and mean peak sizes from the Agilent TapeStation profile, PE illumine libraries were loaded onto NextSeq 500 for cluster generation and sequencing generating around 56 to 80 million reads per sample. The reads were processed to obtain high-quality clean reads using the Trimmomatic tool by applying the following filters: remove adapter sequences, ambiguous reads (reads with unknown nucleotides “N” larger than 5%), and low-quality sequences [reads with more than 10% quality threshold (QV) <20 Phred score]. After removing all ambiguous reads and adapter, high-quality reads were retained for all samples, respectively, and further paired-end reads were used for referenced-based read mapping. Using BWA-Mem tools with default parameters, high-quality reads were mapped to the Hg19 genome. Furthermore, the aligned files were processed by samtools (v1.6) to convert the alignment output into bam file with the filter to include only mapping with properly paired read pair tag, and mapping quality of 1 and above were retained for further analysis. In addition, in cases where multiple reads pair with identical coordinates, the pair with the highest mapping quality was considered, and duplicated reads were removed using samtools (v1.6) package.



2.3.2 Methylated Genome Regions and Differential Analysis

MeDIP enables the rapid identification of genomic regions containing methylated cytosines. MeDIP, in combination with high-throughput sequencing (HTS) techniques, is a useful method for identifying methylated CpG-rich sequences. After post-alignment processing, bam files were directly screened for the methylated region using diffReps (v1.55.6), by the following filter: window size 1,000 bp, step size: 100 bp, statistical testing: G-test, and p-value <0.05. The reason behind using partially overlapping windows is to increase the resolution of differential site detection. The diffReps interprets the up/downregulation based on the normalized read count and performs the G-test on the log fold change values to calculate the p-value and q-value.




2.4 MiRNA–Target Prediction and KEGG Pathway Enrichment Analysis

Six online tools (miRDB, Tools4miRs, TargetScanHuman7.2, miRWalk2.0, miRanda, RNAhybrid) were used to identify putative target genes for three candidate miRNAs (18–21). Relation between identified target genes and candidate miRNA was manually curated and experimentally validated in the database. Only overlapped target genes from six online tools were selected for the study. Furthermore, miRNA–disease association network enrichment analysis was performed to see the association of target miRNA with the disease. To build a disease–miRNA enrichment network, the online tool miRNet v.20 was used, and the parameter was only for ovarian cancer or ovarian neoplasm (22). Furthermore, miRNA–target genes regulatory network analysis was performed by uploading identified putative target genes in online tools (mirnet.ca). The created networks reveal functional relationships between miRNAs and genes based on known associations in the database (23). In addition, to exploit the functions of predicted target genes, we performed Gene Ontology (GO) using GO stat package, while the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was performed using DAVID (https://david.ncifcrf.gov/), with default parameter (enrichment score and p <0.05 as a cutoff value for the selection of enriched function) (24).



2.5 MiRNA Extraction From Tissue and Serum Samples

Total miRNA was isolated from 85 EOC and 30 healthy tissue samples using miRNeasy Mini Kit (Cat. No. 217004, Qiagen) following the protocol of the manufacturer. Similarly, serum miRNA was isolated from 65 serum samples using miRNeasy Serum/Plasma Kit (Cat. No. 217184; Qiagen). For normalization, 3.5 µl of Spike-In Control (1.6 × 108 copies) (Caenorhabditis elegans miRNA cel-miR-39) was added to each sample. Isolated miRNAs from tissue and serum samples were quantified using a microspectrophotometer (DeNovix, USA). The yield of miRNA for individual tissue samples ranges from 0.4 to 2.5 µg, while for serum miRNA, it was 0.2 to 0.4 µg.



2.6 MiRNA Quantification and Normalization

The expression level of selected miRNA in tissue and serum was quantified by qRT-PCR. Total 1.0 µg miRNA from tissue and total miRNA from serum samples were polyadenylated using poly(A) polymerase and reverse transcribed using miScript® II RT Kit (Cat. No. 218160, Qiagen) following the instruction of the manufacturer. Furthermore, complementary DNA (cDNA) was diluted to bring the final concentration to 8 ng/µl for subsequent real-time qPCR reaction and stored at −80°C. The quantitative expression analysis of selected miRNA was performed according to SYBR® Green PCR Kit (Cat. No. 218073, Qiagen) with target miRNA primer (miScript Primer Assay, Cat. No. 218300, Qiagen, India) using StepOne™ Plus Real-Time PCR machine (Applied Biosystems). All qRT-PCR reaction was performed in triplicate as per the protocol of the manufacturer with the following cycling conditions: initial activation step for 15 min at 95°C, three-step cycling includes denaturation at 94°C for 15 s, annealing at 55°C for 30 s, and extension at 70°C for 30 s, for 40 cycles. For normalization, miRNA-191 was taken as an endogenous control for tissue miRNAs, while cel-miR-39 (Spike-In Control, Qiagen) and miRNA-191 were combined to normalize serum miRNA. The equation used for the normalization of serum miRNA was ΔCt (CtmiRNA − 0.5 * (Ctcel-miR-39 + CtmiR-191) (25).



2.7 Statistical Analysis

The relative expression was calculated using the LIVAK method (2−ΔΔCT). The data were presented as mean and standard deviation and the categorical variables as count or percentage. For the assessment of differences in two groups of continuous variables, the Mann–Whitney U test was performed. One-way ANOVA was performed for comparison between more than two groups of a continuous variable. To evaluate the correlation between the two groups, Spearman’s rank-order correlations were used. Univariate logistic regression analysis of individual miRNA and binary logistic regression analysis were performed, enabling the estimation of predicted probabilities of the miRNA panel, which was further used to produce area under the curve (AUC), sensitivity, and specificity. Sensitivity and specificity were given equal weightage to evaluate the optimal cutoff value, accuracy, and AUC.

All statistical test was conducted in SPSS® (Version 26, SPSS Inc., Chicago, USA), and the graph was plotted in GraphPad Prism (Version 9.0). All statistical analysis was two-sided, and p-value <0.05 was considered statistically significant.




3 Results


3.1 Clinical Characteristics of Patients

We recruited 115 tissue samples (85 EOC and 30 healthy) and 65 preoperative matched serum samples (51 EOC and 14 healthy) and further divided them into four histological groups based on the pathological report; the cases included 51 serous (60.0%), 15 mucinous (16.4%), 10 clear cell (11.7%), and 10 endometrioid (12.9%). Samples were further categorized according to FIGO stages; the cases included 25 stage I (29.4%), 16 stage II (18.8%), and 44 stage III–IV (51.7%). Similarly, serum samples were subdivided on the basis of histology; the cases included are 28 serous (54.9%), 11 mucinous (22.0%), 6 clear cell (12.0%), and 6 endometroid (12.0%), respectively. Detailed clinical characteristics of the tissue cohort and serum cohort are summarized in Table 1 (A = tissue, B = serum).


Table 1 | Clinical characteristics of samples recruited for this study.





3.2 MeDIP-Seq Analysis of Six EOC and Two Normal Samples

Genomic DNA from six EOC and two normal tissue samples were isolated, and the DNA was analyzed for integrity and concentration. Furthermore, MeDIP-seq was conducted using the Illumina NextSeq 500 platform, which provides precise accuracy and high-quality output. The mean average size of the library profile of each sample was around 300 bp. After the removal of low-quality sequencing data, ~9.7 Gb of average bases were sequenced per sample. Furthermore, in the bioinformatics analysis of MeDIP-seq data, we obtained ~61.0–80.0 million clean reads per sample. Next, we mapped all the clean reads against the reference genome. The mapping percentage ranges between 80.30% and 92.67% for each sequenced sample (Supplementary Table 1). In addition, genome-wide distribution of methylated CpG is depicted in Figure 2A.




Figure 2 | MeDIP-seq results. (A) Distribution of methylated CpG in each chromosome of eight EOC tissue samples. (B) Total distribution of hypo- and hypermethylated differentially methylated regions (DMRs) at each chromosome of eight tissue samples. (C) Total hyper- and hypomethylated DMRs obtained from eight EOC tissue samples. (D) Distribution of hypermethylated DMRs in different genomic regions. (E) Distribution of hypomethylated DMRs in different genomic regions of eight EOC tissue samples.




3.2.1 Differentially Methylated Regions in Six EOC and Two Normal Samples

Furthermore, mapped reads were curated to identify differentially methylated regions (DMRs) in EOC and normal samples. A sum of 224,929 DMRs (p < 0.05; FC ≥ 2) was identified using diffReps software along with G-test. Out of them, 101,218 (45%) were hypermethylated, and 123,711 (55%) were hypomethylated (Figure 2C). Next, we analyzed the chromosome-wise distribution of hyper- and hypomethylated DMRs (Figure 2B). In addition, we also assessed the genomic distribution of DMR in different regions of the chromosome, and we found that the majority of hypermethylated DMRs were enriched in the gene body followed by other intergenic regions of the genome. Similarly, most hypomethylated DMRs were enriched in the gene body, followed by other intergenic regions of the genome (Figures 2D, E). Furthermore, hypermethylated genomic intervals were annotated using the tool region analysis (v1.0). Gene information obtained from Ensembl was used while performing annotation.



3.2.2 Identification of Best-Hypomethylated miRNA

The location of the miRNA putative promoter region was identified using three different tools (TransmiR v2.0, microTSS, and miRstart). Furthermore, overlapping predicted miRNA promoter regions were selected and manually screened in identified DMRs for hypomethylated and hypermethylated status. The top 15 hypomethylated miRNA DMRs were screened based on log2FC and p-value, and among them, three candidate miRNAs were selected on the basis of the best p-value and log2FC value for further analysis (Supplementary Table 2).




3.3 Association of MiRNA Expression and Hypomethylation of MiRNA Gene

We performed expression analysis of candidate miRNA in eight samples (used for MeDIP-seq) to establish the association of miRNA gene methylation and its downstream expression. The mean relative expression of miR-205, miR-200c, and miR-141 was significantly elevated in six EOC samples compared with the normal samples with fold change of 3.85 (p < 0.05), 4.95 (p < 0.05), and 4.69 (p < 0.05), respectively (Supplementary Figure 1). On the basis of methylation status of miRNA in these eight tested samples and their downstream expression analysis, we are able to conclude that the expression of candidate miRNA is dependent upon epigenetic changes that occurred on their gene. To further validate the expression level of these miRNAs, we performed expression analysis of the remaining 107 samples.



3.4 Expression Analysis of Candidate MiRNAs in Tissue Cohorts

Differences in the expression level of selected miRNAs (miR-205, miR-200c, and miR-141) were quantified using qRT-PCR in both tissue cohorts and compared with the healthy samples. In tissue cohort-I, relative expression of miR-205, miR-200c, and miR-141 was found significantly elevated in EOC samples as compared to normal control with the respective fold change 4.98 (p < 0.0001), 5.03 (p < 0.0001), and 6.27 (p < 0.0001) (Figure 3A), respectively. Similarly, in cohort-II, relative expression of miR-205, miR-200c, and miR-141 exhibited higher expression in EOC when compared to control samples with a fold change of 3.63 (p < 0.0001), 3.93 (p < 0.0001), and 4.94 (p < 0.0001), respectively (Figure 4A).




Figure 3 | Represents upregulation of miRNAs in epithelial ovarian cancer in cohort I of tissue and serum both. (A) In tissue cohort-I {n=74 (EOC=44, Normal=30)}, expression levels of miR-205, -200c, and miR-141 were increased in the cancer group by 4.98(P < 0.0001), 5.03 (P < 0.0001), and 6.27 (P <0.0001) fold respectively when compared with the control group. (B) In serum cohort-I{n=45 (EOC=30, Normal=15)}, the fold change of miR-205, miR-200c and miR-141 was 6.83 (P <0.0001); 5.46(P<0.0001) and 6.21 (P<0.0001) respectively. Statistically significant differences were determined by the Mann Whitney U-tests. Data represent mean ± standard error on the mean (SEM). ***P < 0.0001.






Figure 4 | Represents upregulation of miRNAs in epithelial ovarian cancer in cohort II of tissue and serum both. (A) In tissue cohort-II {n=71 (EOC=41, Normal=30)}, expression levels of miR-205, -200c, and miR-141 were significantly increased in the cancer group compared with the control group by 3.63 (P < 0.0001), 3.93 (P<0.0001) , 4.94 (P<0.0001) fold respectively. (B) In serum cohort-II {n=35 (EOC=21, Normal=14)}, the fold change of miR-205, miR-200c and miR-141 was 6.70 (P<0.0001), 5.82 (P = 0.0063), and 6.29 (p < 0.001) respectively. Statistically significant differences were determined by the Mann Whitney U-tests. Data represent mean ± standard error on the mean (SEM). **P < 0.01; ***P < 0.0001.





3.5 Expression Analysis of Candidate MiRNAs in Serum Cohorts

To validate the consistency of overexpression, the relative expression of these miRNAs was analyzed in 65 serum samples. In serum cohort-I, miR-205, miR-200c, and miR-141 were significantly elevated in EOC samples as compared with those in healthy samples, and their respective fold change was 6.83 (p < 0.0001), 5.46 (p < 0.0001), and 6.21 (p < 0.0001) (Figure 3B). Similarly, in serum cohort-II, miR-205, miR-200c, and miR-141 were significantly elevated in the EOC sample with the respective fold change of 6.70 (p < 0.0001), 5.82 (p < 0.0001), and 6.29 (p < 0.001) (Figure 4B).



3.6 Correlation Between Candidate MiRNA Expression and Clinical Parameters

The association between the relative expression level of miRNAs and clinical parameters were evaluated for both tissue (85 EOC patients) and serum (50 EOC patients) cohorts. While comparing FIGO stages, the expression level of miR-205, miR-200c, and miR-141 was significantly increased in combined stage III–IV of EOC patients in comparison with that in stage I and stage II (p-value = <0.05, <0.005, and <0.005, respectively) in tissue cohorts (Supplementary Figure 2A). Based on clinicopathological features, patients were divided into four subgroups (namely, serous, mucinous, clear cell, and endometrioid). The mean expression level of miR-205 was significantly elevated in mucinous subtypes (p < 0.005), while miR-200c was significantly elevated in endometrioid subtypes (p < 0.005). Similarly, the expression level of miR-141 was significantly elevated in the serous subtype (p < 0.05) compared with that in other histotypes (Supplementary Figure 3A). Similarly, the mean expression level of the three candidate miRNAs were considerably elevated in metastatic patients as compared with that in non-metastatic patients (p-value = <0.0001, <0.0001, and <0.0001, respectively) (Supplementary Figure 4A).

In addition, the expression level of all three miRNAs was considerably increased in patients with combined FIGO stage III–IV in comparison with combined FIGO stage I–II (p < 0.05, p < 0.005, and p < 0.005, respectively) in the serum cohort (Supplementary Figure 2B). However, the elevated expression of miR-205, miR-200c, and miR-141 could not discriminate any of the histological subtypes (Supplementary Figure 3B). Like EOC tissue samples, all tested miRNAs were significantly elevated in serum samples of metastatic patients (p-value < 0.001, <0.001, and <0.001, respectively) (Supplementary Figure 4B).

In addition, we analyzed the correlation of expression of the three miRNAs with the age, menopause status, CA125 level, and distant metastasis of the patient. In tissue cohort-I and cohort-II, age were not correlated with any tested miRNA. In tissue cohort-I, miR-205, miR-200c, and miR-141 were positively correlated to CA125 level (r = 0.380, p = 0.001; r = 0.458, p = 0.0001; r = 0.428, p = 0.0001, respectively) and distant metastases (r = 0.353, p = 0.002; r = 0.417, p = 0.0001; r = 0.333, p = 0.004, respectively). In tissue cohort-II, miR-200c was positively correlated with menopausal status, while miR-141 was positively correlated with CA125 level. Since tissue cohort-II only consist of early samples, the correlation was nullified during analysis (Supplementary Table 3).

Similarly, in serum cohorts, miR-205 and miR-141 were positively correlated with age (r = 0.477, p = 0.001; r = 0.330, p = 0.031, respectively). On the other hand, the expression level of miR-205, miR-200c, and miR-141 was positively correlated with CA125 (r = 0.455, p = 0.002; r = 0.570, p = 0.0001; r = 0.471, p = 0.001, respectively), menopausal status (r = 0.617, p = 0.0001; r = 0.463, p = 0.002; r = 0.591, p = 0.0001, respectively), and distant metastases (r = 0.462, p = 0.002; r = 0.357, p = 0.017; r = 0.484, p = 0.001, respectively) in serum cohort-I. In addition, miR-205, miR-200c, and miR-141 were positively correlated with CA125 level (r = 0.483, p = 0.003; r = 0.378, p = 0.023; r = 0.449, p = 0.006, respectively) in serum cohort-II, while miR-141 was positively correlated with menopausal status (r = 0.436, p = 0.008) in serum cohort-II. Since the serum cohort-II only consist of early samples, the correlation were nullified during analysis (Supplementary Table 3).



3.7 Diagnostic Potential of Candidate MiRNAs (From the Tissue Cohort) for Epithelial Ovarian Cancer Prediction

We conducted univariate logistic regression analysis on tissue cohort-I (n = 115) and cohort-II (n = 71) for each miRNA to retrieve any association of miRNA expression with EOC. The 95% confidence interval was taken as the accuracy of the regression coefficient, and the p-value was used to denote statistical significance. The expression level of miR-205, miR-200c, and miR-141 was significantly associated with disease in both tissue cohorts (Table 2A).


Table 2 | Binary logistic regression analysis of tissue {cohort-I [including 44 advance-stage tissue sample (stage III–IV) + 30 normal samples; n = 74], cohort-II (including 41 early stage tissue samples + 30 normal samples; n = 71)} and serum samples [cohort-I (30 advance-stage III–IV samples + 14 normal samples) (n = 44), cohort-II (21 early stage serum samples + 14 normal samples; n = 35)].



Furthermore, ROC analysis was performed for individual candidate miRNA in both cohorts of tissue samples. The AUC values of miR-205, miR-200c, and miR-141 in cohort-I were 88.7 (sensitivity = 88.6%, specificity = 76.7%), 92.0 (sensitivity = 95.5%, specificity = 80.0%), and 94.8 (sensitivity = 93.2%, specificity = 100%), respectively (Figure 5A). Similarly, in cohort-II, the AUC values of miR-205, miR-200c, and miR-141 were 82.6 (sensitivity = 87.7%, specificity = 66.7%), 80.5 (sensitivity = 92.2%, specificity = 73.3%), and 94.2 (sensitivity = 95.1%, specificity = 80%), respectively (Figure 6A). Besides these, a step-wise binary logistic regression analysis was performed to evaluate the combined diagnostic efficiency of the miRNA panel (miR-205, miR-200c, and miR-141) in each tissue cohort to predict the risk of EOC. The combined predicted probability of the three miRNAs from cohort-I and cohort-II was used for ROC analysis. The AUC for the combined miRNA panel in cohort-I and cohort-II was 97.8 (sensitivity = 95.5%, specificity = 100%) and 98.0 (sensitivity = 92.7%, specificity = 93.3%) (Figures 7A, B). In both cohorts, individual miRNA and the combined miRNA panel (miR-205 + miR-200c + miR-141) showed better predictive power for epithelial ovarian cancer. The AUC, sensitivity, specificity, and optimum cutoff value of each miRNA are given in Table 3A.




Figure 5 | ROC curve analysis in cohort-I of tissue and serum to access the ability of each miRNA signature to diagnose ovarian cancer. (A) In tissue cohort-I (n = 74), the combined measure of sensitivity and specificity of miR-205, miR-200c, and miR-141 was represented by AUC at 95% CI, p-value = 88.7 (0.813–0.961, p < 0.001), 92.0 (0.860–0.981, p < 0.0001), and 94.8 (0.881–1.016, p < 0.0001), respectively. (B) In serum cohort-I (n = 45), the AUC of miR-205, miR-200c, and miR-141 at 95% CI, p-value = 87.6 (0.773–0.979, p < 0.001), 78.2 (0.627–0.936, p < 0.0001), and 86.0 (0.729–0.990, p < 0.0001) respectively. Diagonal reference line acts as a performance measure of the diagnostic test, i.e., whether test yields the negative or positive outcomes by chance or due to relation with the true disease status. AUC, area under the curve; Sen, sensitivity; Sep, specificity.






Figure 6 | ROC curve analysis in cohort-II of tissue and serum to evaluate the ability of each miRNA signature to diagnose ovarian cancer. (A) In tissue cohort-II (n = 71), the combined measure of sensitivity and specificity of miR-205, miR-200c, and miR-141 was represented by AUC at 95% CI, p-value = 82.6 (0.693–0.928, p < 0.0001), 80.5 (0.685–0.925, p < 0.0001), and 94.2 (0.873–1.012, p < 0.0001), respectively. (B) In serum cohort-II (n = 35), the AUC of miR-205, miR-200c, and miR-141 at 95% CI, p-value = 88.1 (0.773–0.989, p < 0.0001), 78.9 (0.636–0.942, p < 0.0001), and 86.7 (0.749–0.984, p < 0.0001), respectively. AUC, area under the curve; Sen, sensitivity; Sep, specificity.






Figure 7 | ROC curve analysis in tissue and serum cohort to evaluate the ability of the combined miRNA panel (miR-205 + miR-200c + miR-141) to diagnose ovarian cancer. (A) In tissue cohort-I (n = 74), the combined measure of sensitivity and specificity of miR-205 + miR-200c + miR-141 was represented by AUC at 95% CI, p-value = 97.8 (0.950–1.006, p < 0.0001). (B) In tissue cohort-II (n = 71), the AUC of miR-205 + miR-200c + miR-141 at 95% CI, p-value = 98.0 (0.954–1.006, p < 0.0001). (C) In serum cohort-I (n = 45), the combined measure of sensitivity and specificity of miR-205 + miR-200c + miR-141 was represented by AUC at 95% CI, p-value = 95.9 (0.925–1.012, p < 0.0001) (D) In serum cohort-II (n = 35), the AUC of miR-205 + miR-200c + miR-141 at 95% CI, p-value = 95.2 (0.941–1.021, p < 0.0001). Predicted probability, miR-205 + miR-200c + miR-141; AUC, area under the curve; Sen, sensitivity; Sep, specificity.




Table 3 | Data of ROC curve analysis for the prediction of epithelial ovarian cancer using the expression level of miRNA in the tissue and serum cohorts, respectively.





3.8 Diagnostic Potential of Candidate MiRNAs (From the Serum Cohort) for Epithelial Ovarian Cancer Prediction

The consistency of diagnostic performance of individual miRNA and combined miRNA panel was validated in the serum cohort (50 EOC and 15 normal). The binary logistic regression model revealed a significant association of miR-205, miR-200c, and miR-141 with disease occurrence (Table 2B).

Further ROC analysis was conducted for individual miRNA from the serum cohort. The AUC values of miR-205, miR-200c, and miR-141 in cohort-I were 87.6 (sensitivity = 86.2%, specificity = 73.3%), 78.2 (sensitivity = 89.7%, specificity = 67.2%), and 86.0 (sensitivity = 93.1%, specificity = 73.3%), respectively (Figure 5B). Similarly, in cohort-II, the AUC values of miR-205, miR-200c, and miR-141 were 88.1 (sensitivity = 81%, specificity = 73.3%), 78.9 (sensitivity = 71.4%, specificity = 80%), and 86.7 (sensitivity = 81%, specificity = 80%), respectively (Figure 6B). The combined AUC for cohort-I and cohort-II was 95.9 (sensitivity = 96.6%, specificity = 80.0%) and 95.2 (sensitivity = 90.5%, specificity = 100%), respectively (Figures 7C, D). In both tissue and serum cohorts, miR-205 and miR-141 turned out to be the best performing expression markers for ovarian cancer prediction at an early stage. The combined miRNA panel from cohort-I and cohort-II has shown much higher AUC, sensitivity, and specificity than the single marker for predicting EOC. In addition, the diagnostic performance of individual miRNA and miRNA panels from serum was consistent with the diagnostic performance of miRNA from tissue cohorts. The AUC, sensitivity, specificity, and optimum cutoff value of each miRNA are given in Table 3B.



3.9 MiRNA–Target Prediction and MiRNA–Disease Enrichment Analysis

To explore the functional role of dysregulated candidate miRNAs in ovarian cancer, we performed screening of target genes of candidate miRNA using six online tools (miRDB, Tools4miRS, TargetScanHuman7.2, miRWalk2.0, miRanda, RNAhybrid). More than 1,000 genes were targeted by individual miRNA from each database; however, after manual sorting of genes from six online databases, we found 396 target genes overlapping in all databases (Supplementary Table 4). Furthermore, these candidate miRNA–target interactions were used to build a miRNA–target regulatory network using miRNet 2.0 with default parameters. The filtering used in miRNet 2.0 allowed us to only connect three miRNA with target genes. In the regulatory network, VEGFA and BCL2 were highlighted to be the central target genes of miR-205, miR-200c, and miR-141 and shown in the red arrow. In addition, ZEB1, ZEB2, PTEN, and SEPT7 were regulated by the three candidate miRNAs, and many studies confirm the prominent role of these genes in several biological processes and cancer progression (Figure 8A). Furthermore, we performed miRNA–disease enrichment analysis using miRNet 2.0 tools with default parameters (ovarian cancer/neoplasm). A total of 349 miRNAs were associated with ovarian cancer with 487 edges, including our selected candidate miRNA (Figure 8B). This analysis revealed the importance of candidate miRNA in regulating different tumor-suppressor genes in the biological system.




Figure 8 | Target enrichment and Gene Ontology enrichment analysis of miRNA–target genes. (A) In regulatory network analysis, VEGFA and BCL2 act as central target molecules of three candidate miRNAs. (B) MiRNA–disease enrichment analysis revealed candidate miRNAs were associated with ovarian cancer disease. (C) In Gene Ontology analysis, the involvement of three miRNAs in several important biological, molecular, and cellular processes was revealed.




3.9.1 Functional Enrichment Analysis of MiRNA–Target Genes

Predicted target genes were further used to perform GO enrichment analysis and KEGG pathway enrichment analysis. Gene Ontology analysis was used to acknowledge the systemized hallmark and biological meaning of target genes using the GO stat package. The top 10 Gene Ontology terms for each category, including biological process (BP), molecular function (MF), and cellular component (CC), were enriched for candidate miRNA–target genes and presented as a doughnut pie chart in Figure 8C, which include histone methyltransferase complex, chromatin, nuclear body, and organelle part in CC categories; cyclic nucleotide binding and histone deacetylase activity in MF categories; and regulation of transcription initiation, biosynthetic process, and cellular metabolic process in BP categories (Figure 8C).

In addition, we performed KEGG pathway enrichment analysis of target genes to investigate miRNA-regulated pathways that could reveal the underlying process of ovarian cancer by using the DAVID database. The pathways enriched with candidate miRNA–targets were reportedly involved in metastasis, invasion, and cancer progression; these are transcriptional misregulation in cancer, Wnt signaling pathway, mTOR signaling pathway, MAPK signaling pathway, and miRNA in cancer. All pathways were significantly enriched by miRNA–target genes with a p-value <0.05 (Table 4). Furthermore, to explore the importance of these enriched pathways in cancer, we performed PubMed search for published articles relating the roles of the top 7 pathways in cancer (Supplementary Table 5).


Table 4 | Top 16 KEGG pathway enrichment for targets of candidate miRNA.







4 Discussion

The advancement of OC is a consequence of the multistep dysregulated function of oncogenes and tumor-suppressor genes (11). The higher morbidity rate of ovarian cancer is the combined consequence of failure in early detection and therapeutic interventions (26). CA125 is the most commonly used serum biomarker for the detection of OC; however, its effectiveness in diagnosing early-stage ovarian cancer is still debatable (27–30). Therefore, these limitations of the current serum-based diagnostic biomarker urge us to identify a new promising biomarker for early detection of EOC for better management and prognosis of the disease.

A large group of studies showed the aberrant expression of miRNA in different types of cancer, such as prostate, breast, and ovarian cancer (31–34). Besides this, several studies have explored the significance of circulatory miRNAs as a diagnostic biomarker for cancer (35). Regardless of the ribonucleases in the blood, circulatory miRNAs are highly stable because they are packed in exosome or apoptotic bodies, making them resistant to degradation (36, 37). Therefore, miRNA expression studies conducted on liquid biopsies from cancer patients may lead to establishing circulating miRNA as potential signatures for ovarian cancer detection.

As the first step toward identifying robust candidate miRNAs for early diagnosis of ovarian cancer, we selected three hypomethylated miRNAs (miR-205, miR-200c, and miR-141) from MeDIP-NGS sequencing data analysis of EOC samples (Supplementary Table 2). We then explored their relative expression in tissue and serum cohorts of EOC patients and compared it with normal control. In our study, the mean expression levels of all individual miRNAs were significantly elevated in both tissue and serum cohorts of EOC samples compared with those of normal control samples. In addition to this, we also explored the miRNA expression patterns in early-stage EOC samples (stage I–II); we found significant elevation of miRNAs in both the tissue and serum cohort as compared with that in normal control. Our finding was consistent with the previous study by Loginov et al. showing hypomethylation of miRNA promoter, which could be the possible mechanism responsible for elevated expression of miRNA in OC (15). Similarly, Iorio et al. established that elevation of miR-205 in EOC was coupled with hypomethylation of miRNA promoter (38). Davalos et al. demonstrated the hypomethylation of CpG island of miR-141/200c in cancer cell with epithelial features (39, 40).

Moreover, aberrant expressions of the selected candidate miRNAs and their role in cancer progression were evident in several recent studies. Wei et al. reported that miR-205, a key regulator of TCF21, was frequently elevated; inhibition of TCF21 by miR-205 leads to overexpression of MMP10 (key player of metastasis and cell invasion), which further promotes ovarian cancer progression, metastasis, and invasion (41). In another study, Li et al. revealed that enhanced levels of miR-205 deregulate SMAD4 and PTEN (a central molecule of the TGF-B signaling pathway), leading to enhanced cell proliferation in OC (42). Similarly, increased expression of the miR-200 family was found to be involved in ovarian cancer induction and metastasis (43–45). In addition, an in-vitro study reported miR-141 elevation in SOC tissue and cell lines compared with that in normal, and inhibition of miR-141 enhances the expression of DLC-1 and ZEB2 leading to migration and metastases (46). Ibrahim et al. found significant elevation of miR-200c in ovarian cancer; in-vitro transfection analysis revealed that inhibition of miR-200c suppresses DLC-1 level and enhances cell proliferation (47). Conferring these studies, our finding suggests that the elevated expression level of miR-205, miR-200c, and miR-141 might be involved in cancer progression by targeting cancer-associated tumor-suppressor genes and might help in discriminating EOC patients from normal controls (45, 48–50).

The expression-specific candidate miRNA in ovarian cancer undertaken in this study has been previously documented. In contrast, reduced expression of these miRNAs has been documented in other cancer types. Downregulated expression of miR-205 has been reported in breast cancer, prostate cancer, pancreatic cancer, renal cancer, and thyroid cancer (51–56). Similarly, there was downregulated expression of miR-141 in breast cancer, bone metastases, prostate cancer, and renal cancer tissue and cell lines, and pancreatic cancer were reported (57–61). A recent study by Rahimi et al. reported downregulated expression of miR-200c in breast cancer cell line and tumor tissue compared with that in control (62). Moreover, miR-200c downregulation has been seen in prostate cancer, pancreatic cancer, renal cancer, and thyroid carcinoma (63–67). We further examined the diagnostic performance of individual and combined miRNA panels in tissue and serum cohorts. Our finding on tumor tissue suggests that miR-205, miR-200c, and miR-141 could diagnose EOC with higher AUC, sensitivity, and specificity. When a similar analysis was performed in serum cohorts, miR-200c exhibited slightly lower diagnostic ability in terms of AUC and sensitivity compared with miR-205 and miR-141. The combined diagnostic performance of all three miRNAs from the tissue and serum cohorts has shown higher AUC, sensitivity, and specificity values for early EOC prediction as well. These finding suggests that the combined serum miRNA panel could be used as a minimally invasive early diagnostic biomarker for epithelial ovarian cancer. However, the individual diagnostic performance of miR-205 and miR-141 is comparable with the combined marker panel. Similarly, a recent study by Wang et al. identified a miRNA panel that was significantly elevated in OC, and miR-205 could predict ovarian cancer with an AUC value of 0.681 (68). Gao et al. identified two miRNAs (miR-200c and miR-141) that were significantly overexpressed in OC and could diagnose ovarian cancer patients with AUC of 0.79 and 0.75, respectively (49). The combined miRNA marker panel in the present study showed better diagnostic value for advance grade and early epithelial ovarian cancer prediction.

Furthermore, we tried to link miRNA expression profile with clinical characteristics of EOC. We attempted to classify the histopathological subtype of EOC based on miRNA expression in tissue samples. Elevated miR-205 was positively associated with mucinous histotype, while miR-200c and miR-141 were significantly associated with endometrioid and serous histotypes. However, expression profiling in serum did not show any significant association with histological subtype. Moreover, the expression of the three miRNAs could be further helpful in the cancer staging system and metastasis status. Advance stages (stage III–IV) and the metastatic nature of epithelial ovarian cancer were associated with the higher expression of these candidate miRNAs. In addition, the expression level of candidate miRNAs showed a positive correlation with serum CA125, menopausal status, and distant metastasis. However, an association of miRNA expression with these clinical features should be evaluated at the molecular level in the future for a better understanding of disease progression.

In addition, we performed miRNA–disease enrichment, target enrichment network analysis, and function enrichment analysis (GO and KEGG) of predicted target genes of the candidate miRNA. MiRNA–disease enrichment analysis revealed the association of candidate miRNA with ovarian cancer (69, 70). Similarly, miRNA–target gene regulatory network analysis revealed VEGFA and BCL2 as central target molecules, and genes like ZEB1, ZEB2, PTEN, and SEPT7 were found to have importance in several biological pathways. Moreover, the top 10 enriched Gene Ontology terms are important at the biological, molecular, and cellular levels. Moreover, several important pathways such as Wnt, mTOR, MAPK signaling, and miRNA in cancer were significantly enriched in KEGG pathway enrichment analysis (71–75). Recent reports suggest that Wnt signaling pathway regulates several crucial events, including EMT, cell migration, cell proliferation, and polarity of cells (76–81). The association of Wnt signaling pathway and dysregulation of miRNA has been linked together in various cancer types. Similarly, the mTOR signaling pathway exerts regulation of cell proliferation, angiogenesis, metabolism, and apoptosis. mTOR upstream or downstream cascade molecules were often targeted by dysregulated miRNA and promoted cancerous phenotypes. PTEN, a key molecule of P13K/Akt/mTOR signaling pathway, has been shown to be inhibited by miR-205, miR-200c, and miR-141 in several other cancers (10, 82–86). In addition, MAPK signaling-based regulation of cellular proliferation, cellular differentiation, and death was also found to be regulated by candidate miRNAs in several cancers (87–89).

Overall, our study establishes a proof of concept that miRNA gene hypomethylation and their downstream expression are correlated, and the aberrant expression of these miRNA has the potential to diagnose ovarian cancer at an early stage. In addition, to the best of our knowledge, this is the first report implicating the combined predictive power of miR-205, miR-200c, and miR-141 in early diagnosis of epithelial ovarian cancer with higher sensitivity and specificity. Since our samples are restricted only to the north Indian population, samples from other demographic areas need to be included to further validate these findings in a larger cohort of samples. Nevertheless, a diagnostic test based on circulatory miRNA expression has to overcome several hurdles before its clinical implementation as a biomarker. Success is entirely dependent upon the universal protocol for miRNA isolation, normalization, and effective quantitative expression analysis technique at a low cost.
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Supplementary Figure 1 | Expression analysis of hypomethylated miRNA in samples used for MeDIP-NGS analysis (six EOC and two normal samples). miR-205, miR-200c and miR-141 was significantly elevated in cancer compared to control with fold change of 3.85 (p < 0.05), 4.95 (p < 0.05), and 4.69 (p < 0.05), respectively.

Supplementary Figure 2 | Represents expression of miRNA in different FIGO stages of epithelial ovarian cancer. (A) In tissue cohort {n=85 (41 stage-I+II and 44 stage-III+IV)}, expression levels of miR-205, miR-200c and 141 were significantly elevated in combined stage III-IV (P = 0.05; P < 0.005; P < 0.005 respectively), (B) In serum cohort {n=51 (21 stage-I+II and 30 stage-III+IV)}, relative expression of miR-205, miR-200c and miR-141 was significantly elevated in stage III-IV (P < 0.05, P < 0.005, P < 0.005 respectively). Statistically significant differences were determined by the One-way ANOVA test and Mann Whitney U-tests. Data represent mean ± standard error on the mean (SEM). *P < 0.05; **P < 0.01; ***P < 0.0001; ns, not significant.

Supplementary Figure 3 | Represents expression of miRNAs in different histotypes of epithelial ovarian cancer. (A) In tissue cohort (n=85 cancerous sample), expression levels of miR-205 was able to significantly discriminate mucinous from other subtypes of EOC (P <0.005). Similarly, miR-200c was significantly elevated in endometrioid subtype (p < 0.005) while, miR-141 significantly elevated in serous subtypes (p < 0.05) to compared histotypes (B) In serum cohort (n=45 cancerous sample), relative expression of miR-205, miR-200c and miR-141 were not changed in subtype EOC. Statistically significant differences were determined by the One-way ANOVA test. Data represent mean ± standard error on the mean (SEM). *P < 0.05; **P < 0.01; ***P < 0.0001; ns, not significant. Ser, serous; Muc, Mucinous; CC, Clear cell; Endo, Endometrioid subtype.

Supplementary Figure 4 | Represents expression of miRNA in metastatic and non-metastatic samples of epithelial ovarian cancer. (A) In tissue cohort {n=85 (44 metastatic and 41 non-metastatic)}, expression levels of miR-205, miR-200c and 141 were significantly discriminating non-metastatic and metastatic cases (P <0.0001; P <0.0001; P <0.0001 respectively). (B) Similarly, in serum cohort {n=55 (30 metastatic and 21 non-metastatic)}, relative expression of miR-205, miR-200c and miR-141 was significantly elevated in metastatic cases as compare to non-metastatic cases (P <0.001; P <0.001, P <0.001 respectively). Statistically significant differences were determined by the Mann Whitney U-tests. Data represent mean ± standard error on the mean (SEM). *P < 0.05; **P < 0.01; ***P < 0.0001; ns, not significant; NM, Non-metastatic; M, metastatic.
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Background

Cervical small cell neuroendocrine carcinoma (SCNC) is a rare and aggressive disease that lacks a standard treatment strategy or effective methods of targeted therapy. PD-L1 inhibitors for DNA mismatch repair system-deficient (dMMR) tumors and neurotrophin receptor tyrosine kinase (NTRK) inhibitors offer potential pan-cancer treatments.



Methods

Immunohistochemistry was employed as the main detection method, and any NTRK positive cases, identified by immunohistochemistry, were further submitted for evaluation by fluorescence in situ hybridization (FISH) and real-time polymerase chain reaction (RT-PCR) methods.



Results

Forty-six patients were enrolled. Positive PD-L1 expression was seen in 22 of the 43 patients (51.16%) with an average combined positive score of 6.82. PD-L1-positive patients were more likely to have a higher proliferation rate in the tumor, and they experienced less recurrence and death (p = 0.048 and 0.033, respectively) compared with the patients with negative PD-L1 expression. However, in the multivariate analysis, none of the clinical parameters was associated with the expression of PD-L1. There was no association between PD-L1 expression and disease recurrence or overall survival in the Kaplan-Meier analysis. All cases were found to be MMR-stable and lacked NTRK gene fusion. However, pan-Trk expressed in 14 (32.56%) of the 43 tested cases, but FISH and RT-PCR failed to confirm any positive fusion signals in IHC-positive cases.



Conclusions

PD-L1 may be an effective therapeutic target for cervical SCNC. Cervical SCNC is a MMR-stable tumor and lacks NTRK gene fusion. IHC isn’t a reliable method in the detection of NTRK gene fusion in cervical SCNC.
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Introduction

Small cell neuroendocrine carcinoma (SCNC) of the uterine cervix is a rare disease that accounts for less than 1% of cases of cervical cancer (1). It is characterized by easily identified lymphovascular thrombi, early recurrence, and distant metastasis (2). The prognosis is poorer than that of common cervical carcinoma, with an overall survival time of 40 months and a 5 year survival rate of 34% (3). Because of the rarity of this tumor, there are no unique standard treatments, and methods are mainly borrowed from the therapy of the common cervical cancers or small cell neuroendocrine carcinoma of the lung. Radical hysterectomy may be performed, followed by adjuvant chemotherapy in early stage disease in cervical SCNC, while various strategies are applied for locally advanced and metastatic disease, including concurrent chemoradiation, neoadjuvant chemotherapy followed by surgery, or chemotherapy alone (4). Therefore, it would be valuable to find more effective therapeutic methods, especially targeted therapy for SCNC.

Currently, targeted therapy is evolving from a tumor-specific approach towards a more histology-agnostic pattern. PD-L1 inhibitors for DNA mismatch repair system-deficient (dMMR) tumors and neurotrophin receptor tyrosine kinase (NTRK) inhibitors for NTRK fusion positive solid tumors are the most recent representative models for pan-cancer treatment. The PD1/PD-L1 interaction can act as an immune checkpoint by mediating T cell function. Overexpression of PD-L1 in tumor cells or tumor-infiltrated lymphocytes (TILs) can assist the tumor in escaping the immune system. PD-L1 overexpression is also related to the efficacy of the target therapy drugs. Multiple anti-PD1/PD-L1 drugs have been approved for use in solid tumors, including cervical squamous cell carcinoma and small cell lung cancer. PD-L1 expression in tumor cells and/or TILs has been approved as a companion diagnostic marker across different types of tumor, including cervical carcinoma.

The DNA mismatch repair (MMR) system can correct errors that occur during DNA replication, and its deficiency causes the accumulation of mutations in the coding and noncoding microsatellites, a phenotype known as microsatellite instability (MSI). The high tumor burden caused by dMMR can induce more neo antigen expression and attract more TILs, increase the expression of PD-L1, and inhibit the immune response. In recent years, owing to the efficacy of immune checkpoint inhibitors in the treatment of advanced solid tumors with dMMR, in clinical trials, PD-1 inhibitors have been approved for treatment of advanced/recurrent microsatellite instability-high (MSI-H) solid tumors, regardless of the primary tumor site. Hence, MMR status is another biomarker for the selection of anti-PD-L1 drugs. Immunohistochemical test for the expression of four MMR proteins (MSH2, MSH6, MLH1, and PSM2) is a reliable and convenient surrogate for MSI status.

NTRK plays an important role in the physiology of the development and function of the nervous system. Abnormal NTRK fusion can cause ligand-independent activation and proliferation of tumor cells. Patients who are gene-positive for NTRK fusion show an excellent and durable clinical response to targeted receptor tyrosine kinase (RTK) inhibitor therapies, irrespective of the histology type. There are several methods for the detection of NTRK gene fusion, including immunohistochemical (IHC), real-time polymerase chain reaction (RT-PCR), fluorescence in situ hybridization (FISH), and next-generation sequencing (NGS). However, to date, there are no approved companion methods for the detection of NTRK gene fusion. The IHC method was reported to have achieved a high concordance with other methods, and it can be used for prescreening in common cancers which have a low frequency of NTRK gene fusion.

In this study, we used immunohistochemistry to evaluate expression of PD-L1, MMR, and NTRK fusion, and explore their correlation with clinicopathological characteristics in cervical SCNC, in order to find more therapeutic targets for this rare type of cervical cancer.



Materials and Methods


Patient Information

Forty-six patients were enrolled in our study, which underwent surgery or biopsy between September 2010 and April 2020 at Peking Union Medical College Hospital (Beijing, China). The final diagnosis was made according to the morphology and immunohistochemical characteristics of the tumor. SCNC is composed of a densely monotonous cellular population of round, ovoid, or spindle small cells. The cytologic features include hyperchomatic nuclei with nuclear molding, inconspicuous nucleoli, and scant cytoplasm. Mitotic rates usually exceed 10 per 10 high power field. The diagnosis of SCNC doesn’t require the expression of neuroendocrine markers in the presence of classic morphologic features. Clinical information was retrieved from the digital clinical database, which included clinical symptoms, surgical or biopsy time, surgical type, treatment methods, recurrence, death date, and last follow-up time. Pathological profiles were evaluated by reviewing the hematoxylin/eosin (H&E) slides, and included tumor size, necrosis, mitosis, invasion depth, lymph node metastasis, and lymphovascular invasion.

This study was approved by the Institutional Review Board of Peking Union Medical College Hospital.



Tissue Microarray Construction

Tissue microarrays (TMAs) were constructed using a manual tissue arrayer (MTA-1; Beecher Instruments, Sun Prairie, WI). Briefly, the representative areas were circled according to the H&E morphology, and 2 cores measuring 2mm in diameter from the donor block were transferred to a blank recipient block.



IHC

Immunohistochemistry was performed on unstained sections, of 4 μm thickness. The antibodies used in our study included CgA, Syn, ER, PR, Ki-67, P16, PD-L1, MSH2, MSH6, MLH1, PMS2, and panTrk. Immunostaining was performed on a Benchmark ULTRA autostainer or Dako Autostainer Link 48. Cytoplasmic staining in the tumor cells was considered positive for CgA, Syn, and P16. Nuclear staining in the tumor cells was considered positive for ER, PR, Ki-67, MSH2, MSH6, MLH1, and PMS2.

Pan-Trk IHC (EPR 17341, Roche) is considered positive if more than 1% of the tumor cells have staining above the background level. The intensity of immunoreactivity was recorded (weak, moderate, or strong). The pattern of pan-Trk staining (cytoplasmic, nuclear, and/or membranous) was also noted.

PD-L1 (Dako 22C3) expression is determined by the combined positive score (CPS), according to the manual. CPS is calculated by dividing the number of PD-L1 staining cells (tumor cells, lymphocytes, macrophages) by the total number of viable tumor cells, and multiplying the fraction by 100. Any intensity of convincing partial or complete linear membrane staining in the tumor cells was deemed positive, while cytoplasmic staining of the tumor cells was excluded. Any intensity of convincing membrane and/or cytoplasmic staining of the lymphocytes and macrophages within the tumor nests and/or adjacent supporting stroma was included.



FISH

FISH was performed using the Thermo-Brite Elite automated FISH slide prep system (Leica, Richmond, CA, USA). Three FISH Break Apart Probes, NTRK1, NTRK2, and NTRK3 (ZytoVision GmbH, Bremerhaven, Germany), were used in our study. One hundred tumor nuclei were observed per case, and positive cases were defined as > 15% having split orange and green signals with separation widths of two or more signal diameters, according to the manufacturer’s protocol.



RT-PCR

The NTRK Gene Fusions Detection Kit (AmoyDx), which can qualitatively detect 109 fusions in NTRK1, NTRK2, and NTRK3, was used according to the manufacturer’s protocol. Three major steps were carried out in sequence, which included RNA extraction, reverse PCR, and DNA amplification. The eight NTRK PCR mix tubes contained fusion detection and internal control systems. The fusion detection system contained primers and FAM-labeled probes specific for NTRK1/2/3 gene fusions. The internal control system contained primers and a VIC-labeled probe for detection of reference genes to reveal the RNA quality and presence of PCR inhibitors that may lead to false negative results. Reverse transcription and amplification PCR were run on an ABI 7500 PCR machine. For the NTRK PCR mix, FAM Ct values ≤ 25 are considered positive. Detailed information of the NTRK fusion types examined by the RT-PCR kit is summarized in the Supplementary Table.



Statistics

The Statistical Package for the Social Sciences (SPSS) Version 20.0.0. (SPSS Inc., Chicago, IL) was used to analyze the data. Chi-square or Fisher’s exact tests were employed to analyze the categorical variables as appropriate. Multivariate analysis was carried out using bivariate regression analysis. Relapse-free survival (RFS) and overall survival (OS) values were calculated using the Kaplan–Meier method. All p values were reported as two-sided, with p values < 0.05 being considered statistically significant.




Results


Clinical Characteristics of Cervical SCNC

In total, 46 patients were included in this study, of which eleven were menopausal. Of the 41 patients with known clinical history, 35 presented with vaginal bleeding or abnormal discharge. Five patients were diagnosed upon biopsy, after positive human papilloma virus (HPV) infection on routine physical examination. One patient was diagnosed during a regular gestational checkup. The median age at diagnosis was 42.5 years (range: 24-62 years). Seven patients only underwent biopsy of the tumor, one patient underwent simple uterine hysterectomy and salpingectomy, four patients underwent a uterine hysterectomy and salpingectomy, plus lymphadenectomy. The remaining 34 patients underwent a total pelvic hysterectomy and bilateral salpingo-oophorectomy, plus lymphadenectomy. Positive lymph node metastasis was observed in 14 cases. Stages I, II, III, and IV were recorded in 20 (50.0%), 4 (10.0%), 15 (37.5%), and 1 (2.5%) cases, respectively.

Ten of the 44 patients received chemotherapy before surgery. After surgery, 40 of the 41 patients were treated with chemotherapy, of which 21 were also exposed to radiation therapy.

Follow-up data were available for 42 patients. Overall, 16 (38.10%) patients had a recurrence of disease at an average of 16.81 months (range: 3 – 55.1 months), 11 (26.19%) patients died of the disease at an average of 24.72 months (range: 6.1 – 62.3 months), and 26 (61.90%) patients were disease free.



Pathological Characteristics of Cervical SCNC

The average tumor size was 2.76cm (range: 0.4 – 7.2cm). Thirty-five cases were pure SCNC, while 11 cases were combined SCNC, including 4 cases combined with squamous cell carcinoma, 1 case of SCNC with squamous cell carcinoma in situ, 3 cases comprised SCNC and adenocarcinoma, and 2 cases were SCNC with adenocarcinoma in situ. One case was composed of SCNC with malignant mixed mullerian tumor. Lymphovascular invasion and tumor necrosis were observed in 32 and 17 cases, respectively. The average mitotic index was 26 per 10 high-power fields (HPF). The involvement of the cervical myometrium was subdivided into less than half of the full thickness (10 cases), and more than half of the cervical thickness (29 cases).

Neuroendocrine markers were positive in all cases, with CgA present in 36 cases and Syn in 45 cases. ER was negative in all cases and PR was positive in only 1 case. Strong and diffuse p16 immunostaining was observed in 45 cases. The average Ki-67 index was 80.43% (range: 5 – 95%).



PD-L1, MMR, and NTRK Expression in Cervical SCNC

Positive PD-L1 expression was seen in 22 (51.16%) of the 43 cases of SCNC. The average CPS score was 6.82 in the positive cases. Positive PD-L1 staining was present only in TILs with an average score of 6.67, while PD-L1 staining appeared in both the tumor cells and immune cells in one case with a score of 10 (Figure 1A).

The DNA mismatch repair proteins MLH1, PMS2, MSH2, and MSH6 showed intact nuclear immunoreactivity in all the tested cases, indicating that the MMR status was stable in all cervical SCNC patients in our cohort.

NTRK gene expression was identified in 14 of the 43 tested cases by IHC. There were 5 cases showing strong and diffuse cytoplasmic staining (Figure 1B), 5 cases exhibiting moderate cytoplasmic staining (Figure 1C), and the remaining 4 cases showed weak cytoplasmic staining in the tumor cells (Figure 1D). FISH examination, which was carried out in the IHC-positive cases, revealed that none of them had a positive result of split orange and green signal in the tumor cells (Figure 1E). RT-PCR also failed to identify NTRK fusion in any IHC-positive cases (Figure 1F). Thus, the final NTRK fusion rate was zero in cervical SCNC, in our cohort.




Figure 1 | Representative images of targeted therapy markers in cervical SCNC. (A) Positive result of PD-L1 examined by immunohistochemistry method (x200). (B) Strong intensity result of NTRK fusion gene examined by IHC (x200). (C) Moderate intensity result of NTRK fusion gene examined by IHC (x200). (D) Weak intensity result of NTRK fusion gene examined by IHC (x200). (E) Negative signal of NTRK 1 fusion gene examined by FISH method. (F) Negative result of NTRK fusion gene examined via RT-PCR method.





Correlation of Clinicopathological Characteristics With PD-L1 Expression in Cervical SCNC

When stratified by PD-L1 expression, PD-L1 positive patients were prone to have an elevated Ki-67 proliferation index (p = 0.034), and the PD-L1 positive patients experienced less recurrence and death (p = 0.048 and 0.033, respectively) compared with the patients with negative PD-L1 expression. No significant correlations were found between PD-L1 expression and patient age, tumor size, clinical stage, lymph node metastasis, tumor necrosis, lymphovascular invasion, or tumor invasion depth. The relationship between PD-L1 IHC expression and clinicopathological characteristics of cervical SCNC patients was summarized in Table 1. In the multivariate analysis, none of the clinical parameters were associated with PD-L1 expression (Table 2).


Table 1 | Relationship between PD-L1 IHC expression and clinicopathological characteristics of cervical SCNC patients.




Table 2 | Multivariate analysis of the correlation between PD-L1 expression and clinicopathological features of cervical SCNC.



There was no association between PD-L1 expression and disease recurrence or overall survival in the Kaplan-Meier analysis (p = 0.289 Figure 2A and p=0.135 Figure 2B, respectively).




Figure 2 | Kaplan–Meier survival curves. (A) Association between PD-L1 expression and recurrence free survival. (B) Association between PD-L1 expression and overall survival.






Discussion

In this study, we found that nearly half of the cases of cervical SCNC showed the positive PD-L1 expression in tumor cells or TILs. PD-L1 positive patients were more likely to have a higher proliferation rate in the tumor, and to have less recurrence and death incidence compared with the negative group. All cervical SCNCs were MMR-stable and lacked NTRK fusion. PD-L1 may be a reliable and effective therapeutic target in cervical SCNC.

Patients with dMMR are good candidates for anti-PD-L1 target therapy. All the patients in our cohort had a mismatch repair stable status examined by IHC. There are different methods for the detection of MSI, while IHC is the most convenient and labor-saving method. Previous results indicated that IHC could achieve a highly concordant result with PCR or NGS (5, 6). Cervical SCNC is a rare type of cervical carcinoma; there are only a few reports focusing on the MMR of cervical SCNC. One study found that 3 out of 9 cases were dMMR in cervical SCNC (7), while the other indicated an MMR stable status in all 28 cases of cervical SCNC (8). Our results are in line with the latter report and ours is also the largest number of cervical SCNC cases investigated, and therefore improves the reliability of MMR data for such rare tumors.

Although immune checkpoint blockade therapies in patients with MSI/dMMR tumors are not practical in cervical SCNC, since all the patients were MMR-stable in our study, PD-L1 expression is another good marker for the selection of immune checkpoint drugs. According to the result of the clinical study KEYNOTE-158, in which pembrolizumab achieved promising clinical efficacy in patients with recurrent or metastatic cervical cancer, the drug has been approved for use in cervical cancer with PD-L1 expression (CPS ≥ 1) by the FDA (9). Knowing that PD-L1 expression is a prerequisite for the selection of a suitable population before applying targeted therapy drugs, we used the same antibody and evaluation criteria as the clinical trial to explore the PD-L1 expression rate in cervical SCNC. PD-L1 expression rate was 51.16% in all the patients and 52.9% in those at advanced clinical stages in our cohort, suggesting that PD-L1 expression is not a rare event and immune checkpoint inhibitors may provide an alternative method of targeted therapy in such a rare but aggressive disease. Several case reports have shown that immune-targeted therapy is effective in cervical SCNC (10, 11). The high positive occurrence of PD-L1 reported in cervical SCNC is valuable, since it can offer these patients another alterative targeted therapy option.

Our study results further illustrate the correlation between PD-L1 expression and the clinicopathological characteristics of cervical SCNC. Although PD-L1 expression was not associated with RFS or OS in our cohort, we could see that the PD-L1 positive patients suffered lower recurrence and death rate in our study. The role of PD-L1 in predicting RFS and OS in cervical tumors is controversial; in cervical carcinoma, it has no impact or acts as an indicator of poor prognosis (12–16). The differing roles of PD-L1 in cervical tumors may originate from factors such as different PD-L1 antibodies and evaluation criteria, different subtypes of cervical carcinoma, and diverse ethnicities.

The NTRK fusion gene, which is another clinically validated, pan-cancer, targeted therapy marker, was also examined in our study. Three different methods (IHC, FSIH, and RT-PCR) were used and the final NTRK fusion rate turned out to be zero in our cohort. NTRK gene fusion is a rare event in common cancers, such as lung cancer, pancreatic cancer, and neuroendocrine tumors (17, 18). NTRK fusion in cervical or uterine sarcoma has been defined as a subtype sarcoma with features of fibrosarcoma (19, 20). To the best of our knowledge, there is only one reported case of NTRK fusion-positive cervical carcinoma (21), and there is no previous study investigating NTRK fusion status in cervical SCNC. During the evaluation process, we found an interesting phenomenon: pan-Trk can show a weak to strong immunostaining pattern in approximately of 32.56% the SCNC specimens, although FISH or RT-PCR methods fail to identify any positive fusion signals in the tumor cells. This questions the use of IHC in assessing NTRK fusion in SCNC. Several studies have investigated the sensitivity and specificity of the pan-Trk IHC method versus the FISH or NGS method, and the results showed that the positive and negative predictive values are high between the various methods, in infant fibrosarcoma, lipofibromatosis-like neural tumor, colorectal cancer, and lung adenocarcinoma. Another group also found that pan-Trk IHC cannot be used as an initial screening method in neuroendocrine tumors because approximately 50% of lesions expressed TRK proteins, in the absence of NTRK gene fusions (22). SCNC originates from the embryonic neuroectoderm and displays an immunohistochemical profile of endocrine and epithelial phenotypes. NSE, which is a highly specific marker for neurons and peripheral neuroendocrine cells, can be expressed in the majority of neuroendocrine tumors. These findings may contribute to the high false positive rate of pan-Trk IHC in neuroendocrine tumors. Pan-Trk IHC is not a reliable tool for the evaluation of NTRK gene fusion in cervical SCNC.

Our study had several limitations. First, since this was a retrospective study, the clinical effect of PD-L1 immune therapy drugs could not be evaluated in cervical SCNC patients. Second, the total sample size was relatively small, owing to the rarity of this tumor. Third, tumor mutation burden, which is reported to be another promising and effective marker to predict immune therapy drugs, was not analyzed in our study. Forth, the use of TMA had limitation in the detection of PD-L1 expression because the heterogeneous of PD-L1 expression in tumor samples.

In conclusion, PD-L1 may be a reliable and effective therapeutic target for cervical SCNC. PD-L1 expression was found in about half of the cervical SCNC cases, indicating that immune checkpoint inhibitors is a promising targeted therapy option for this rare type of tumor. Cervical SCNC is a MMR-stable tumor and lacks NTRK gene fusion. The pan-Trk IHC method showed a high false positive rate of NTRK gene fusion, which questions the use of this method in the detection of NTRK fusion in small cell neuroendocrine tumors.



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 authors.



Ethics Statement

The studies involving human participants were reviewed and approved by Institutional Review Board of Peking Union Medical College Hospital. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

XS designed and supervised the study. FY collected clinical information of the patients. LC prepared patient samples. TF, FY, and SW analyzed the data. ZL and XS wrote the manuscript. All the authors participated in the interpretation of the results and approved the final version of the manuscript.



Acknowledgments

The authors thank the Histology Laboratory at Peking Union Medical College Hospital performed immunohistochemical studies of these cases; technician Zhang Yuhan for preparing the TMA blocks.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.752453/full#supplementary-material



References

1. Morris, M, Gershenson, DM, Eifel, P, Silva, EG, Mitchell, MF, Burke, TW, et al. Treatment of Small Cell Carcinoma of the Cervix With Cisplatin, Doxorubicin, and Etoposide. Gynecol Oncol (1992) 47(1):62–5. doi: 10.1016/0090-8258(92)90077-v

2. Lee, DY, Chong, C, and Lee, M. Prognostic Factors in Neuroendocrine Cervical Carcinoma. Obstet Gynecol Sci (2016) 59: (2):116–22. doi: 10.5468/ogs.2016.59.2.116

3. Tempfer, CB, Tischoff, I, Dogan, A, Hilal, Z, Schultheis, B, Kern, P, et al. Neuroendocrine Carcinoma of the Cervix: A Systematic Review of the Literature. BMC Cancer (2018) 18(1):530. doi: 10.1186/s12885-018-4447-x

4. Burzawa, J, Gonzales, N, and Frumovitz, M. Challenges in the Diagnosis and Management of Cervical Neuroendocrine Carcinoma. Expert Rev Anticancer Ther (2015) 15(7):805–10. doi: 10.1586/14737140.2015.1047767

5. Goodfellow, PJ, Billingsley, CC, Lankes, HA, Ali, S, Cohn, DE, Broaddus, RJ, et al. Combined Microsatellite Instability, MLH1 Methylation Analysis, and Immunohistochemistry for Lynch Syndrome Screening in Endometrial Cancers From GOG210: An NRG Oncology and Gynecologic Oncology Group Study. J Clin Oncol (2015) 33(36):4301–8. doi: 10.1200/jco.2015.63.9518

6. Zhu, L, Huang, Y, Fang, X, Liu, C, Deng, W, Zhong, C, et al. A Novel and Reliable Method to Detect Microsatellite Instability in Colorectal Cancer by Next-Generation Sequencing. J Mol Diagn (2018) 20(2):225–31. doi: 10.1016/j.jmoldx.2017.11.007

7. Morgan, S, Slodkowska, E, and Parra-Herran, C. PD-L1, RB1 and Mismatch Repair Protein Immunohistochemical Expression in Neuroendocrine Carcinoma, Small Cell Type, of the Uterine Cervix. Histopathology (2019) 74: (7):997–1004. doi: 10.1111/his.13825

8. Carroll, MR, Ramalingam, P, and Salvo, G. Evaluation of PARP and PDL-1 as Potential Therapeutic Targets for Women With High-Grade Neuroendocrine Carcinomas of the Cervix. Int J Gynecol Cancer (2020) 30(9):1303–7. doi: 10.1136/ijgc-2020-001649

9. Strosberg, J, and Mizuno, N. Efficacy and Safety of Pembrolizumab in Previously Treated Advanced Neuroendocrine Tumors: Results From the Phase II KEYNOTE-158 Study. Clin Cancer Res (2020) 26(9):2124–30. doi: 10.1158/1078-0432.ccr-19-3014

10. Paraghamian, SE, Longoria, TC, and Eskander, RN. Metastatic Small Cell Neuroendocrine Carcinoma of the Cervix Treated With the PD-1 Inhibitor, Nivolumab: A Case Report. Gynecol Oncol Res Pract (2017) 4:3. doi: 10.1186/s40661-017-0038-9

11. Sharabi, A, Kim, SS, Kato, S, Sanders, PD, Patel, SP, Sanghvi, P, et al. Exceptional Response to Nivolumab and Stereotactic Body Radiation Therapy (SBRT) in Neuroendocrine Cervical Carcinoma With High Tumor Mutational Burden: Management Considerations From the Center For Personalized Cancer Therapy at UC San Diego Moores Cancer Center. Oncologist (2017) 22(6):631–7. doi: 10.1634/theoncologist.2016-0517

12. Heeren, AM, Punt, S, Bleeker, MC, Gaarenstroom, KN, van der Velden, J, Kenter, GG, et al. Prognostic Effect of Different PD-L1 Expression Patterns in Squamous Cell Carcinoma and Adenocarcinoma of the Cervix. Mod Pathol (2016) 29(7):753–63. doi: 10.1038/modpathol.2016.64

13. Enwere, EK, Kornaga, EN, Dean, M, Koulis, TA, Phan, T, Kalantarian, M, et al. Expression of PD-L1 and Presence of CD8-Positive T Cells in Pre-Treatment Specimens of Locally Advanced Cervical Cancer. Mod Pathol (2017) 30(4):577–86. doi: 10.1038/modpathol.2016.221

14. Karpathiou, G, Chauleur, C, Mobarki, M, and Peoc’h, M. The Immune Checkpoints CTLA-4 and PD-L1 in Carcinomas of the Uterine Cervix. Pathol Res Pract (2020) 216(1):152782. doi: 10.1016/j.prp.2019.152782

15. Miyasaka, Y, Yoshimoto, Y, Murata, K, Noda, SE, Ando, K, Ebara, T, et al. Treatment Outcomes of Patients With Adenocarcinoma of the Uterine Cervix After Definitive Radiotherapy and the Prognostic Impact of Tumor-Infiltrating CD8+ Lymphocytes in Pre-Treatment Biopsy Specimens: A Multi-Institutional Retrospective Study. J Radiat Res (2020) 61(2):275–84. doi: 10.1093/jrr/rrz106

16. Zong, L, Zhang, Q, Zhou, Y, Kong, Y, Yu, S, Chen, J, et al. Expression and Significance of Immune Checkpoints in Clear Cell Carcinoma of the Uterine Cervix. J Immunol Res (2020) 2020:1283632. doi: 10.1155/2020/1283632

17. Sigal, DS, Bhangoo, MS, Hermel, JA, Pavlick, DC, Frampton, G, Miller, VA, et al. Comprehensive Genomic Profiling Identifies Novel NTRK Fusions in Neuroendocrine Tumors. Oncotarget (2018) 9(88):35809–12. doi: 10.18632/oncotarget.26260

18. Rosen, EY, Goldman, DA, Hechtman, JF, and Benayed, R. TRK Fusions Are Enriched in Cancers With Uncommon Histologies and the Absence of Canonical Driver Mutations. (2020) Clin Cancer Res 26(7):1624–32. doi: 10.1158/1078-0432.ccr-19-3165

19. Rabban, JT, Devine, WP, Sangoi, AR, Poder, L, Alvarez, E, Davis, JL, et al. NTRK Fusion Cervical Sarcoma: A Report of Three Cases, Emphasising Morphological and Immunohistochemical Distinction From Other Uterine Sarcomas, Including Adenosarcoma. Histopathology (2020) 77(1):100–11. doi: 10.1111/his.14069

20. Chiang, S, Cotzia, P, Hyman, DM, Drilon, A, Tap, WD, Zhang, L, et al. NTRK Fusions Define a Novel Uterine Sarcoma Subtype With Features of Fibrosarcoma. Am J Surg Pathol (2018) 42(6):791–8. doi: 10.1097/pas.0000000000001055

21. Davis, JL, Lockwood, CM, Albert, CM, Tsuchiya, K, Hawkins, DS, and Rudzinski, ER. Infantile NTRK-Associated Mesenchymal Tumors. Pediatr Dev Pathol (2018) 21(1):68–78. doi: 10.1177/1093526617712639

22. Hsiao, SJ, Zehir, A, Sireci, AN, and Aisner, DL. Detection of Tumor NTRK Gene Fusions to Identify Patients Who May Benefit From Tyrosine Kinase (TRK) Inhibitor Therapy. J Mol Diagn (2019) 21(4):553–71. doi: 10.1016/j.jmoldx.2019.03.008




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.


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.

Copyright © 2021 Chen, Yang, Feng, Wu, Li, Pang, Shi and Liang. 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.




ORIGINAL RESEARCH

published: 27 October 2021

doi: 10.3389/fonc.2021.745981

[image: image2]


Inhibition of Poly ADP-Ribose Glycohydrolase Sensitizes Ovarian Cancer Cells to Poly ADP-Ribose Polymerase Inhibitors and Platinum Agents


Emad Matanes 1,2, Vanessa M. López-Ozuna 2, David Octeau 2, Tahira Baloch 2, Florentin Racovitan 2, Amandeep Kaur Dhillon 2, Roy Kessous 1,2, Oded Raban 1,2, Liron Kogan 1,2, Shannon Salvador 1,2, Susie Lau 1,2, Walter H. Gotlieb 1,2* and Amber Yasmeen 2


1 Division of Gynecologic Oncology, Jewish General Hospital, Montreal, QC, Canada, 2 Segal Cancer Center, Lady Davis Institute of Medical Research, McGill University, Montreal, QC, Canada




Edited by: 

J. Alejandro Perez-Fidalgo, Institute of Health Research (INCLIVA), Spain

Reviewed by: 

Fumiaki Uchiumi, Tokyo University of Science, Japan

Syed S. Islam, King Faisal Specialist Hospital & Research Centre, Saudi Arabia

*Correspondence: 

Walter H. Gotlieb
 walter.gotlieb@mcgill.ca

Specialty section: 
 This article was submitted to Gynecological Oncology, a section of the journal Frontiers in Oncology


Received: 23 July 2021

Accepted: 29 September 2021

Published: 27 October 2021

Citation:
Matanes E, López-Ozuna VM, Octeau D, Baloch T, Racovitan F, Dhillon AK, Kessous R, Raban O, Kogan L, Salvador S, Lau S, Gotlieb WH and Yasmeen A (2021) Inhibition of Poly ADP-Ribose Glycohydrolase Sensitizes Ovarian Cancer Cells to Poly ADP-Ribose Polymerase Inhibitors and Platinum Agents. Front. Oncol. 11:745981. doi: 10.3389/fonc.2021.745981




Background

Poly ADP-ribose glycohydrolase (PARG) is responsible for the catabolism of PARP-synthesized PAR to free ADP-ribose. Inhibition of PARG leads to DNA repair interruption and consequently induces cell death. This study aims to evaluate the effect of a PARG inhibitor (PARGi) on epithelial ovarian cancer (OC) cell lines, alone and in combination with a PARP inhibitor (PARPi) and/or Cisplatin.



Methods

PARG mRNA levels were studied in three different OC datasets: TCGA, Hendrix, and Meyniel. PARG protein levels were assessed in 100 OC specimens from our bio-bank. The therapeutic efficacy of PARGi was assessed using cell migration and clonogenic formation assays. Flow cytometry was used to evaluate the cell apoptosis rate and the changes in the cell cycle.



Results

PARG protein was highly expressed in 34% of the OC tumors and low expression was found in another 9%. Similarly, Hendrix, Meyneil and TCGA databases showed a significant up-regulation in PARG mRNA expression in OC samples as compared to normal tissue (P=0.001, P=0.005, P=0.005, respectively). The use of PARGi leads to decreased cell migration. PARGi in combination with PARPi or Cisplatin induced decreased survival of cells as compared to each drug alone. In the presence of PARPi and Cisplatin, PARG knockdown cell lines showed significant G2/M cell cycle arrest and cell death induction.



Conclusions

PARG inhibition appears as a complementary strategy to PARP inhibition in the treatment of ovarian cancer, especially in the presence of homologous recombination defects.
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Introduction

Ovarian cancer (OC) is the most lethal gynecologic malignancy, with an estimated 313 959 new cases and 207 252 deaths worldwide in 2020 (1, 2). Current treatment for OC patients consists of a combination of maximal cytoreduction and platinum-taxane based chemotherapy (3). Despite these aggressive frontline treatments, the prognosis for advanced stages is poor, and the 5-year survival rate is less than 25% for women diagnosed with stages III or IV (4). Hence, new treatment strategies and paradigms are needed to deal with persistent and recurrent tumor cells, and ultimately improve prognosis.

Germline mutations in BRCA1 or BRCA2 genes are present in approximately 20% of patients with newly diagnosed OC (5). Recently, it has been shown that a significant proportion of sporadic tumors have a phenotype similar to the tumors found in patients with inherited BRCA mutations and this led to the concept of BRCAness (5). In addition to Germline mutations in BRCA1/2 genes, BRCAness results from DNA-repair defect(s) arising from loss of homologous recombination (HR) function secondary to epigenetic perturbations such as aberrant methylation (5-31% in ovarian cancer), somatic mutations (<5%) and other abnormalities of the following HR repair genes: TM, ATR, BARD1, BLM, BRIP1, CDK12, CHEK1, CHEK2, FANCA, FANCC, FANCD2, FANCE, FANCF, FANCI, FANCL, FANCM, MRE11, NBN, PALB2, RAD50, RAD51, RAD51B, RAD51C, RAD51D, RAD52, RAD54L, and RPA1 (5–8). Loss of HR function leads to impaired ability of cells to repair double-stranded DNA breaks (DSB). Inhibition of single stranded DNA repair in HR deficient cells can result in cell death by synthetic lethality (9–11). Together, HR mutations have been implicated in up to 50% of OC (5, 6, 12), representing an important therapeutic target in this disease as exemplified by the efficacy of platinum analogues, as well as the advent of PARP inhibitors, which exhibit synthetic lethality when applied to HRD cells.

Poly ADP-ribose (PAR) formation is one of the earliest events in the mechanism of DNA damage repair and is catalyzed by PARP (Poly ADP-ribose polymerase) enzymes (13–15). Additionally, PARP plays a role in cell proliferation, differentiation and transformation (16). Although the inhibition of PARP activity was initially demonstrated nearly 50 years ago, by Preiss (1971), following treatment of HeLa cells with thymidine and nicotinamide (17), the elucidation of its structure and functions had to wait for modern molecular biology techniques, which subsequently led to the screening of many potent small molecule PARP inhibitors (PARPi). While increased PARP expression and activity has been found in many different cancers, the loss of PARP activity in cells or in knockout mouse models leads to both radio and chemo-sensitisation (18, 19). PARPi trap PARP on damaged DNA site, thus interfering with the catalytic cycle of PARP, preventing DNA repair (20). Inhibition of PARP activity would lead to collapse of the replication forks and of the subsequent HR-dependent repair of these forks. Therefore, given that BRCA1/2 mutated tumor cells have defective HR activity, the collapsed replication forks are unable to be repaired and cell death occurs (21). There are currently several PARP inhibitors approved for the treatment of BRCA1/2 mutation carriers with ovarian, breast, prostate and pancreatic cancers (22–24). More recent studies suggest that PARPi may have much wider applications including the treatment of tumors with alternative HR deficiencies (21, 25, 26) or tumors with high levels of oxidative and replicative stress, regardless HR status (27–29). Despite the promising antitumor activity of PARPi in tumors with impaired HR repair, 40 − 70% of BRCA1/2 mutated OC fail to respond to PARPi (10, 22, 30). Previously, we showed that PARP1 protein levels were reduced following chemotherapy in vitro and in vivo (31), which could explain in part the reported prevalent PARPi resistance (22, 30). These findings in addition to the high frequency of HR defects in OC emphasize the need to look for additional treatment options.

Poly ADP-ribose glycohydrolase (PARG) is responsible for the catabolism of PARP-synthesized PAR to free ADP-ribose (16, 32). Like PARP and other repair proteins, PARG is recruited to sites of DNA damage and involved in the degradation of PAR by cleaving glycosidic ribose–ribose bonds within PAR chains, thus avoiding excessive PAR formation and preventing cell death (33, 34) (Figure 1). PARG deficient cells have been reported to display reduced efficiency of double strand break (DSB) and single strand break (SSB) repair, suggesting that PARG might be used as a potential target in OC (35, 36). Only a few PARG inhibitors (PARGi) are available (37) as the first selective inhibitor, PDD00017273, was developed in 2016 (38). This inhibitor was shown to have anti-tumor activity in breast, pancreatic, non-small lung cancers, and most recently in ovarian cancer (34, 36, 39–43). Moreover, we assume that unexplored synthetic lethality relationships with HRD cells may exist, and these might represent valuable drug targets for metastatic, refractory and PARPi-resistant HR-deficient tumors. By screening two pairs of BRCA2 isogenic cell lines with DNA repair-focused shRNA and CRISPR-based libraries, Mengwasser et al. identified APEX2 and FEN1 as synthetic lethal genes with both BRCA1 and BRCA2 loss-of-function (44). Another screening of the whole-genome CRISPR-Cas9 synthetic-viability/resistance was done by Dev et al. (45) in BRCA1-deficient breast cancer cells treated with PARP inhibitors. Two previously uncharacterized synthetic lethal proteins were identified, C20orf196 and FAM35A, whose inactivation confers strong PARP-inhibitor resistance. Most importantly, screening in vitro cultures derived from BRCA2mutant mouse mammary tumors, cell lines (KB2P1.21, KB2P3.4) and three-dimensional cancer organoids (ORG-KB2P26S.1), using DNA repair-focused shRNA and CRISPR-based libraries, confirmed PARG as a synthetic lethal gene, and loss of this gene represents a major resistance mechanism for PARPi (46).




Figure 1 | The cycle of Poly ADP-Ribose (PAR) metabolism “PARylation”. Poly ADP-ribose polymerase (PARP) binds the damaged DNA (caused by a platinum agent) and becomes active and catalyzes the formation of PAR polymers on a variety of protein acceptors, including itself. Electrostatic repulsion between the newly formed polymer and DNA causes the release of PARP, thereby inactivating it. The poly (ADP-ribose) glycohydrolase (PARG) enzyme degrades the PAR, thereby allowing for PARP to once again bind to damaged DNA and initiate “PARylation”.



Given the high rate of HR defects in OC, we hypothesize that inhibiting PARG may be an effective alternative therapeutic strategy for targeting specific OC cancer cells that are dependent on this activity. In addition, PARGi might increase the cytotoxicity of DNA damaging agents and may be useful against diverse ovarian malignancies, including PARPi-resistant tumors. In this study, we aimed to assess the expression of PARG in OC cells and evaluate the effect of PARGi on OC cell lines, alone and in combination with PARPi and Cisplatin.



Methods

The study was approved by the Jewish General Hospital Research Ethics Board and all patients participating in this study gave informed consent in accordance with the JGH ethics committee regulations (protocol #15-070).


PARG Expression


Gene Set Analysis (GSA)

Oncomine ™ database categorized patients according to different datasets, based on variations in gene expression patterns derived from different cDNA microarrays analysis. Ovarian cancer RNA-seq expression data were obtained from browser website (https://www.oncomine.org). Using this database, we investigated PARG mRNA levels in normal ovarian tissue and ovarian cancer cases.



Protein Extraction and Western Blot Analysis

In total, 100 tumor samples were analyzed including 20 ascites cell pellets, 62 primary tumors and 18 omental metastases. Snap-frozen tumor tissues were minced and lysed in lysis buffer (25mM Tris∙HCl pH7.6, 10% glycerol, 420mM NaCl, 2mM MgCl2, 0.5% NP-40, 0.5% Triton X-100, 1mM EDTA, protease inhibitor) on ice. Additionally, OVCAR3, SNU251, SKOV3, A2780PAR (parental), A2780CR (Cisplatin resistant), and primary tumor cell lines were harvested (2mL 0.25% Trypsin-EDTA 1x, Wisent Bio Products) and then lysed in 500μL of radio-immunoprecipitation assay (RIPA) buffer (25mM/L Tris-HCl pH 7.6, 150mM/L NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS and 1mM/L EDTA). Protein concentration was determined using bicinchoninic acid assay (BCA) kit (Ref 23225, Pierce) using a spectrophotometer at 570nm.

Protein lysates (10-25μg) were separated electrophoretically on a 7.5 to 10% denaturing SDS-polyacrylamide gels and transferred to 0.2μm nitrocellulose membranes. Primary antibodies specific for BRCA1 (Cell Signaling, Beverly, MA, USA. 1:1000), PARG (#; Cell Signaling; 1:500) and β-actin (#4967, Cell Signaling; 1:2000) were diluted in 0.1% Tween-PBS/5% Milk and put in presence of the membrane overnight at 4°C. After 3 washing (0.1%Tween-PBS1X), membranes were exposed to secondary anti-rabbit-horseradish peroxidase (HRP; L170-6515; Bio-Rad, USA; 1:10000) or anti-mouse HRP (L170-6516; Bio-Rad; 1:10000) for 1 hour at room temperature. Immunoblotting proteins were visualized using horseradish peroxidase (HRP)-conjugated secondary antibodies, and antigen-antibody complexes were detected using the Clarity™ Western ECL Substrate kit (Bio-Rad, Hercules, USA).



Cell Lines and Treatments

Cell lines (Table 1): OVCAR3 (#HTB-161), SNU-251 (#CVCL-5040) and SKOV3 (#HTB-77) were purchased from ATCC. A2780PAR and A2780CR cells were provided by Dr. Seftor (Northwestern University, Chicago).


Table 1 | Characteristics of ovarian tumors from which cell lines were established.



All the cell lines were authenticated by short tandem repeat (STR) profiling by the DNA sequencing and analysis core of the University of Colorado (51). All cell lines were frequently tested for mycoplasma infection using MycoAlert Detection Kit (Lonza #LT07-710). OVCAR3, SKOV3, A2780PAR and A2780CR display wild-type BRCA1 genes, and SNU-251demonstrates a homozygous 1815 G>A BRCA1 mutation (50, 52). OVCAR3 and SKOV3 were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS), 2mM glutamine, 100 U/ml penicillin, and 100μg/ml streptomycin. SNU-251 was cultured in DMEM medium supplemented with 10% FBS, 2mM glutamine, 100 U/ml penicillin, and 100μg/ml streptomycin. A2780PAR and A2780CR were cultured in RPMI-1640 medium supplemented with 10% FBS, 2mM glutamine, 1% Hepes, 100U/ml penicillin, and 100μg/ml streptomycin. A2780CR cells were maintained in media with 1μM Cisplatin every 2-3 passages to maintain Cisplatin resistance.

Patient tumor-derived ovarian cancer cells labeled GOC31 and GOC17 were isolated in our laboratory from two high-grade serous OC specimens obtained fresh at surgery. Primary cell lines were grown in OSE medium supplemented with 20% FBS and growth factors (insulin, EGFR, hydrocortisone, BPE). The cells were routinely passaged every 4 to 6 days. All cells were maintained at 37°C, in a 5% CO2, 95% air atmosphere incubator.




Treatments

The PARGi (PDD00017273, Cat#5952) was purchased from Tocris (38). Olaparib (PARPi) (AZD2281, Cat#A10111) was purchased from AdooQ Bioscience. The drugs were diluted in DMSO (10μM and 10mM stocks respectively) and stored at -20°C. To avoid drug degradation, new aliquots were prepared directly from stocks every 5-10 uses. Cisplatin was ordered from the Jewish General Hospital Satellite Pharmacy. In a previous study (53), we showed the half maximal inhibitory concentrations (IC50) range of the same cell lines used in the current study after treatment with Olaparib, assessed by clonogenic assays. Accordingly, the final concentrations used in the present study were 0.5 and 1μM of Olaparib which is at the lower range of that used in a phase 1 clinical trial (11). For SNU251 cell line as an exception, we used a dose of 0.05 μM of Olaparib. With regard to PARGi, since there is no clinical trial reporting its plasmatic concentration, its inhibitory activity was first tested in similar range of concentrations to that employed for Olaparib. Based on our preliminary results, PARGi had a lower inhibition effect than Olaparib, and we modified the dosage accordingly, bringing the final PARGi concentrations to 0.5,1,2,5 and 10μM. Drug concentrations used for Cisplatin were 0.5μg/mL, 1μg/mL, according to the IC50 concentrations shown previously (53).


Generation of Stable Cell Lines

SKOV3 cells were used to generate stable cell lines with PARG knockdown. Cells were cultured to 90% confluence and transfected with lentiviral constructs expressing shRNA targeting PARG (shPARG1305, shPARG1306) (34). Twelve hours post-transfection, the cell culture medium with lentivirus were collected. SKOV3 cells were plated to 70–80% confluence and infected with lentivirus. Cells were selected with 5μg/ml puromycin for 3 days post infection. SKOV3 shPARG1305 were used for cell cycle and apoptosis assessment experiments because we observed an 80% inhibition of the PARG expression with this cell line.



Cell Migration Assays

Cells were grown to near confluence in 6-well adherent cell culture flat bottom plates (BD Falcon, Life Technologies). A ‘‘wound’’ was then inflicted to the cells in triplicate in each well using a sterile 200-KL pipette tip. The cells were then carefully rinsed with phosphate-buffered saline to remove any floating cells. Medium containing various concentrations of PARGi was then added. Pictures were taken of all “wounds” under an optical microscope (Olympus CKX41) at different time points (time 0, 24 and 48 hours), and the “wound” mean width was measured at three cross-sections along the length of the “wound”, using Photoshop CS3 Extended version (Adobe Systems, Inc). “Wound” closure was then calculated as a percentage value over time. At the completion of the wound healing assay, cells from the 6-well plates were collected for protein extraction and Western blotting.



Survival Assays

The clonogenic assay was used to determine survival fraction of cells. Briefly, 500–800 cells were plated in 6-well flat bottom cell culture plates (BD Falcon, Life Technologies). 24 hours after plating, cells were washed, and fresh medium was added in the presence or absence of increasing doses of PARGi alone and in combination with Olaparib and Cisplatin. Media containing the drug was refreshed on day 4. Colonies were fixed and stained after 7-10 days of treatment with 1.5 ml of 6% glutaraldehyde and 0.5% crystal violet and colonies were counted using the GelCount Optronix. The surviving fraction (SF) and Plating Efficiency (PE) of cells were calculated as follows (54):

	

	

The interaction between PARGi, Olaparib and Cisplatin was assessed using the multiple drug effects analysis method of Chou and Talalay (55). This method quantitatively describes the interaction between two or more drugs, with combination index (CI) less than 1 indicating synergistic interactions, values greater than 1 indicating antagonistic interactions, and values equal to 1 indicating additive interactions. Calculations of the CI values were performed with CompuSyn Software (ComboSyn, Inc., Paramus, NJ. 07652 USA).



Cell Cycle Analysis

Cell cycle analysis was performed by propidium iodide (PI) staining for DNA content and flow cytometry analysis. For this experiment we used SKOV3-shVector and SKOV3-shPARG1305 cell lines. Briefly, 106 cells were seeded in flat bottom cell culture plates (GBO, Bioscience, Frickenhausen, Germany). 24 hours after plating, fresh medium was added in the presence or absence of 2μM Olaparib or/and 1μg/mL Cisplatin. After 48 hr treatment, Hoechst 33342 was added for 30 minutes, then adherent cells were collected using trypsin-EDTA by centrifugation at 10000 rpm for 5 min and washed twice with ice cold PBS. During the last spin, 5ul PI was added for every ml of hypotonic buffer (0.1% Sodium Citrate, 0.1% Triton X-100), and incubated on ice in the dark (at least 20 min). Stained cells were analyzed (at least 20,000 events per sample) with a FACS Fortessa flow cytometer (BD BioSciences, CA). ModFit LT software (Verity Software House, Topsham, ME) was used to analyze the percentage of cells at different phases. Cells treated with DMSO (0.1%, v/v) were used as control.



Annexin V/PI Apoptosis Detection Assays

Apoptosis was assessed by Annexin V/PI assay using flow cytometry, according to the manufacturer’s protocol (eBioscience™ Ann exin V Apoptosis Detection Kit eFluor™ 450). Apoptotic cells were determined using the FACS Fortessa (BD BioSciences, CA) (56).



Statistical Analysis

Results are shown as means ± standard deviations of three independent experiments. The difference between groups was analyzed using Student’s t-test, and a p-value <0.05 was considered statistically significant.





Results


PARG mRNA Levels Are Over Expressed in Ovarian Cancer

We initially evaluated the PARG mRNA expression in normal ovarian samples compared to high grade serous adenocarcinoma samples using two different datasets of ONCOMINE database: the TCGA dataset (586 cases) (Figure 2A) and Hendrix dataset (41 cases) (Figure 2B). Both datasets showed a significant over expression of PARG mRNA in the malignant cases (P=0.001, P=0.005 respectively). Next, we evaluated the expression of PARG mRNA in different histological subtypes using Meyniel dataset and found relatively higher expression levels of PARG mRNA in serous adenocarcinoma cases compared to other histological subtypes like endometrioid, mucinous, and clear cell adenocarcinoma (Figure 2C).




Figure 2 | PARG is over expressed in ovarian cancer. PARG mRNA expression was evaluated in normal and malignant ovarian samples using three different datasets: the TCGA dataset (1- Normal ovary (n-8), 2 – Ovarian serous carcinoma (n-586)) (A) and the Hendrix dataset (1- Normal ovary (n-4), 2 – Ovarian serous carcinoma (n-41)) (B), and the Meyniel dataset (1- Clear cell carcinoma (n-6), 2- Endometroid carcinoma (n-6), 3- mucinous carcinoma (n-7), 4- Serous carcinoma (n-71)) (C). PARG protein levels were evaluated by western blot in 100 high grade serous ovarian cancer tumors kept in our biobank. PARG representative western blot for each level category (low, high, and negative). The level category was set according to the intensity of the western blot band while OVCAR3 protein extract was used as a positive control. (D). Expression of PARG and BRCA1 proteins were examined by western blot (E) in commercial (SNU251, SKOV3, OVCAR3, A2780PAR, A2780CR) and patients derived (GOC17, GOC31) cell lines.





PARG Is Expressed at the Protein Level in Commercial and Tumor-Derived Ovarian Cell Lines

We evaluated PARG protein levels in 100 unselected snap-frozen high grade OC tumors kept in our biobank and checked the level of PARG in commercial (OVCAR3, SNU251, SKOV3, A2780PAR and A2780CR) and primary cell lines derived from patient tumors (GOC31 and GOC17). Baseline characteristics of the study population are displayed in Table 2.


Table 2 | Baseline characteristics of the cohort.



Western blot analysis showed high expression level of PARG protein in 34% and low expression in 9% of the tumors (Figure 2D). In standard culture conditions, ovarian commercial and tumor-derived cell lines showed different expression levels of PARG protein (Figure 2E) and noticeably, the BRCA1 protein was at a very low level in SNU251 cells.



Inhibition of PARG Impairs Ovarian Cancer Cell Migration

Wound-healing assays were performed to investigate the potential inhibitory effect of PARGi on cell migration of BRCA proficient (SKOV3) and BRCA deficient (SNU251) cell lines. Results indicate that the migration of both cell types was inhibited by PARGi reaching a maximum at 48 hours, at which time the ‘‘wound’’ of SKOV3 cells remained 42% (2μM) and 53% (5μM) open as compared with 33% in untreated cells at the same time, suggesting slower cell mobility (Figures 3A, C) (p-value<0.001). More prominent results were found with SNU251 cells: 71% (2μM) and 77% (μM) wound opening in the presence of PARGi versus 53% in the untreated controls (Figures 3B, D), (p-value<0.001). These results indicate that PARGi slows the migration of these 2 cell lines in a time-dependent manner.




Figure 3 | Effect of PARG inhibitor on cell migration. ‘‘Wounds’’ were made on monolayers of SNU251 (A) and SKOV3 (B) cells grown to near confluence. Cells were then incubated in their media containing PARG inhibitor 2 and 5μM for 24 and 48 hours. Treated or untreated (control) cells were photographed only after scratch (time 0) and after 24 and 48 hours. Results presented here are representative of triplicate independent samples of each cell line. The rate of migration was measured by quantifying the total distance that the cells (as indicated by rulers) moved from the edge of the scratch toward the center of the scratch. A value of 100% was given to the wound area at time 0. The migration of treated samples was compared with wound area at time 0. Bar graph recapitulating the percent of “Wound” closure that was calculated over time. P values were calculated by two-tailed t-test (C, D).





PARGi Decreases Survival of OC Cells When Combined With Olaparib and Cisplatin

We next evaluated the sensitivity of the OC cells to PARGi, alone and in combination with Olaparib and Cisplatin by clonogenic assays. All cell lines we used (SKOV3, OVCAR3, SNU-251, A2780PAR and A2780CR) were treated with increasing doses of PARGi (0.1–10μM), alone and in combination with olaparib (0.5μM) or cisplatin (0.5μg/mL). Decreased survival of OC cells was shown with combination treatment (PARGi+Olaparib/PARGi+Cisplatin) as compared to single treatments (Figures 4B–E). A2780CR cells are well known to be resistant to platinum agents. Interestingly, treatment with PARGi re-sensitize these cells to Cisplatin, as shown in Figure 4A. Furthermore, the percent of survival values of BRCA mutated SNU-251 cells in each experiment was greatly diminished compared with that of other cell lines (Figures 4A–E).




Figure 4 | PARG inhibitor (PARGi) sensitizes ovarian cancer cells to Olaparib and Cisplatin. Survival curves: Blue- increasing doses of PARGi 0, 0.5, 1, 2, 5, and 10 μM. Orange- increasing doses of PARGi 0, 0.5, 1, 2, 5, and 10 μM + Olaparib 0.5 μM (0.05 μM for SNU251). Green- increasing doses of PARGi 0, 0.5, 1, 2, 5, and 10 μM + Cisplatin 0.5 μg/mL In a clonogenic assay at day 7-10, the sensitivity to combination treatments including(PARGi+Olaparib) and (PARGi+Cisplatin) is higher compared to PARGi, Olaparib and Cisplatin alone. PARGi re-synthesize A2780CR to Cisplatin (A). BRCA mutated cells “SNU251” (E) were more sensitive compared to BRCA wild-type cells “SKOV3” “OVCAR3” “A2780PAR” (B–D). The evaluation of combination index (CI) for PARGi, Olaparib and Cisplatin (F) was calculated where CI<1 indicates synergy between the drugs and CI>1 indicates an additive effect. Results are presented as means ± SEM for triplicates of three independent experiments.*p < 0.001, Olaparib dose 0.05uM.



To further determine the nature of the interaction between PARGi, Olaparib and Cisplatin, we used the multiple drug effects analysis method of Chou and Talalay (55). In all cell lines tested, we calculated a combination index (CI) between (0.19-0.97), with any number <1 indicating a synergistic effect (Figure 4F).



PARG Silencing Induces G2/M Arrest and Cell Death in Ovarian Cancer Cells Treated With Olaparib and Cisplatin

To further decipher the mechanism of the anti-tumorigenic activity of PARGi, we evaluated the effect of PARG inhibition on the regulation of apoptosis and cell cycle. Olaparib 2 μM/Cisplatin 1μg/mL combination treatment resulted in G2/M arrest in up to 78.4% in the SKOV3-shPARG1305 and 53.5% in SKVO3-shVector compared to 40.8%, 31.2% with Olaparib alone and 60.7%, 51.7% with Cisplatin alone and 11.7%, 17.8% without treatment, respectively, (P<0.001) (Figures 5A–C). The G2/M arrest was also confirmed at protein level by evaluating cyclins A, B, D1 with western blot (Figure 5D). Cyclin D1 is a protein required for cell cycle G1/S transition. Cyclin A resides in the nucleus during S phase where it is involved in the initiation and completion of DNA replication. Cyclin A remains associated with CDK1 from late S into late G2 phase when it is replaced by cyclin B. Cyclin B is a mitotic cyclin and is necessary for the progression of the cells into and out of M phase. While a stable level of cyclin D1 expression was observed, an increase in cyclin A and cyclin B was induced after Olaparib/Cisplatin treatment in SKOV3-ShPARG1305 cells as compared with ShVector control treated with the same regimen.




Figure 5 | PARG silencing induces G2/M arrest in ovarian cancer cells treated with Olaparib and Cisplatin. Expression of PARG in SKOV3-shVector and SKOV3_shPARG cell lines (A). SKOV3-shVector and SKOV3_shPARG cells were treated with Olaparib 2 μM, Cisplatin 1μg/mL and combination of Olaparib and Cisplatin for 48 hours. Cells were synchronized, and cell cycle analysis were performed using flow cytometry (B, C). Protein expression of cell cycle related proteins (cyclin A, cyclin B and cyclin D1) were examined by western blot (D). Results are presented as means ± SEM for triplicates of three independent experiments, *p value < 0.05.



We further investigated the effect of the treatments in modulating apoptosis. First, we studied its effects by quantifying the apoptotic cells using Annexin V/PI double staining assay (Figure 6A). We found Olaparib monotherapy induced cell death in ~14%, Cisplatin in ~12% and the combination of Olaparib/Cisplatin in ~53% of SKOV3-ShPARG1305 cells compared to ~%, ~9% and ~13% in the SKOV3-ShVector, respectively (Figure 6B). We also evaluated the pro-survival proteins Bcl2 and p-Bcl2, and our results showed significant down regulation of these proteins in SKOV3-ShPARG1305 cells, while pro-apoptotic proteins Bad, p-Bad, and cleaved caspase-3 were up regulated, all after treatment with Olaparib and Cisplatin alone and in combination (Figure 6C). These results suggest that increased PARG inhibition correlated with cell cycle arrest and induction of apoptosis.




Figure 6 | PARG silencing induces apoptosis in ovarian cancer cells treated with Olaparib and Cisplatin. SKOV3-shVector and SKOV3-shPARG cells were treated with Olaparib 2 μM, Cisplatin 1μg/mL and combination of Olaparib and Cisplatin for 48 hours, then apoptotic rates were assessed using Annexin V/PI double staining followed by flow cytometry analysis (A, B). Protein expression of pro and anti-apoptotic proteins (Bcl2, p-Bcl, Bad, p-Bad, cleaved caspase3) were examined by western blot (C). Results are presented as means ± SEM for triplicates of three independent experiments, *p value < 0.05.






Discussion

The cell lines used in this study represented both BRCA deficient (SNU251) and wild type BRCA proficient (SKOV3, OVCAR3, A2780PAR and A2780CR) ovarian cancers. Results of this study suggest that PARGi reduces cell migration and suppresses formation of clones in BRCA proficient and deficient ovarian cell lines. In addition, knocking down PARG promotes G2/M arrest and cell death when cells are exposed to PARPi as well as DNA damaging agents (Cisplatin).

In order to spread and disseminate throughout the body, ovarian cancer cells must migrate and invade through extracellular matrix, intravasate into blood circulation, attach to a distant site, and finally extravasate to form distant foci; cell migration is a key property for the development of this process. In this study, we observed the inhibitory effect of PARGi on cell migration in a time- and concentration-dependent manner, in support of our conclusion that the inhibitory effect of PARGi on cell migration is genuine and is not only due to cell death.

The mechanisms by which PARG inhibition affects cancer cells remain elusive with various reported potential mechanisms; (1) HeLa-derived PARG deficient cells exhibited enhanced sensitivity to radiotherapy, caused by defects in the repair of single and double-strand breaks and in mitotic spindle checkpoint, leading to alteration of progression of mitosis (57); (2) PARG deficiency sensitized mouse embryonic stem cells to linear-energy-transfer radiation through the defective repair of double-strand breaks resulted in the induction of apoptosis (58); (3) PARG inhibition in the CF7 breast adenocarcinoma cell line increases endogenous DNA damage, stalls replication forks and increases homologous recombination. The authors proposed that it is the lack of HR proteins at the PARGi-induced stalled replication forks that induces cell death (39). Recently it was hypothesized that sensitivity of OC cells arises due to an underlying DNA replication vulnerability that renders cells dependent on PARG activity, such that upon PARG inhibition, stalled DNA replication forks fail to restart, leading to persistent replication stress and DNA damage (43).

All five commercial cell lines we investigated in our study are widely used in ovarian cancer research. However, only OVCAR3 is undoubtedly of high grade serous ovarian cancer origin. Although SKOV3 line is frequently cited as “serous’’, it has been only vaguely reported in the original paper as “adenocarcinoma cell line derived from the ascitic fluid of ovarian cancer patient” (59). In addition, the A2780 was originally described as a cell line established from an “ovarian endometrioid adenocarcinoma tumor” (60). The histologic diversity of the included cell lines can provide an explanation for the different responses to treatments used in this study and it can also explain the significant lower CI of OVCAR3 that is in keeping with high grade serous ovarian cancer which is a highly PARPi and platinum sensitive tumor. The effect of PARGi on cancer cell cycle remains unclear as well. Nakadate et al. demonstrated that depletion of PARG led to the abrogation of radiation-induced G2/M arrest and checkpoint activation in lung and prostate cancers cells (41). G2/M arrest is induced transiently to protect cells from DNA damage. The abrogation of the G2/M checkpoint leads to a decrease in DNA repair resulting in cell death (61). Ame et al. reported that HeLa cells treated with radiotherapy had an increased G2/M arrest and accumulation of cells in metaphase (57). Consistent with Ame’s et al. findings, in the present study we found that PARG silencing led to induction of G2/M arrest in the presence of PARPi and DNA damaging agents, resulting in accumulation of PAR, a delay in the repair of DNA strand breaks and mitotic defects, generating polyploid cells or causing cell death by mitotic catastrophe.

PARPi introduction has made considerable progress in the clinical outcomes of ovarian cancer. The recognition that certain molecular pathways including the PAR metabolism are critical to carcinogenesis has triggered a revolution in ovarian cancer drug development. However, PARPi resistance continues to be a significant challenge and it is well-recognized that the failure of PARPi arises due to an inability to induce apoptosis at a cellular level. In this study, it has been shown that different OC cell lines responds better when PARG is silenced, suggesting that PARGi can maximize the benefit of chemotherapy and delay the process of chemo-resistance. By knocking down PARG, the ratio of pro-apoptotic Bcl-2 family members (Bax, Bad) was favored to anti-apoptotic Bcl-2 family (Bcl-2 and Bcl-XL) members, with increased cell apoptosis as indicated by flow cytometry analysis and western blot.

Our observations validate the potential anti-tumor role of PARGi in the treatment of ovarian cancer which was shown recently by Pillay et al. (43). By employing apoptosis, cell cycle and clonogenic assays, on a subset of OC cell lines, Pillay confirmed the synthetic lethality of PARGi with inhibition of DNA replication factors and inducing cell death. The key question is whether PARG inhibitors will offer dissimilar therapeutic opportunities compared with PARP inhibitors in the treatment of cancer. Pillay et al. (43), Gogola et al. (46) and Gravelles et al. (39) showed that these two modalities are differentiated, with several ovarian and breast cancers cell lines sensitive to one but not the other. Interestingly, Gogola et al. showed that loss of (PARG) induces PARPi resistance in BRCA2-mutated mouse mammary tumors by restoring PARP1 signaling. Be at variance with these findings, in the current study we observed a synergistic interaction between PARGi and PARPi in all cell lines. This dissimilar interaction might be explained by the difference in cell lines and drug doses used in the studies: while we chose SKOV3, A2780PAR, A2780CR and OVCAR3 cell lines to represent BRCA wild type serous ovarian cancer, and SNU251 which is an endometroid ovarian cancer cell line that was previously reported to carry a nonsense mutation at amino acid 1815 of BRCA1. Pillay et al. assembled a panel of six serous ovarian cell lines, 3 are reported to have BRCA1/2 mutation: Kuramochi (BRCA2mutant), OVSAHO (BRCA2mutant), COV362 (BRCA1mutant) and 3 BRCA wild type cell lines: COV318, CAOV3, and OVCAR3. Lastly, Gogola’s group used two types of in vitro cultures that they derived from BRCA2 -/-; Trp53-/- mouse mammary tumors from K14cre;Trp53F/F;BRCA2F/F (KB2P) mice: two-dimensional (2D) tumor cell lines (KB2P1.21,KB2P3.4) and three-dimensional (3D) cancer organoids (ORG-KB2P26S.1). In regard to treatment protocol, while “PDD00017273” was used in all studies, the doses used in our study were remarkably different from the others. Unlike Gogola and Pillay who used one fixed dose of 1µM in all experiments, we used a wider range of doses, and we showed an increased effect of the treatment in the higher doses (2, 5 and 10 µM).

Another added value of our study include: 1- this study opens a window to the potential clinical benefit of PARGi as we report on high expression of PARG in ovarian cancer cells using novel analysis of online databases and in patient derived samples. 2-our results show that PARGi also inhibits cancer cells migration in addition to capability to induce cell death.

Limitations include: the use of commercial cell lines can differ from real patient’s tumors which are often more heterogeneous. We used BRCA1 deficient cell-line (SNU-251), however in further studies it will be interesting to evaluate the influence of BRCA2 mutation and evaluate xenograft models.



Conclusions

This study shows that in ovarian cancer, PARG inhibition reduces cell migration, suppresses clone formation, and promotes G2/M cell cycle arrest and cell death, alone and in combination with PARPi and Cisplatin. PARG inhibitors suitable for clinical evaluation are not yet available. Our results, however, support the potential use of PARG inhibitors as viable, complementary strategy to induce cell lethality and invasion arrest in ovarian cancer and potentially other HR-deficient cancers.
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Ovarian cancer is one of the most common malignancies and the highest mortality among gynecological malignancy. The standard therapy options for patients with ovarian cancer are cytoreductive surgery and chemotherapy, and although most patients do better with standard treatment, it is easy to relapse and be resistant to chemotherapy. Therefore, it is important to find new therapeutic strategies. More recently, metabolic reprogramming has been recognized as a hallmark of cancer and has become a potential target for tumor therapy. Mutations of metabolic enzymes are closely related to the development of ovarian cancer. The metabolic reprogramming of ovarian cancer not only provides energy to tumor cells, but also participates in various biological processes as signaling molecules. Succinic acid (SA) is an important metabolic intermediate involved in a number of metabolic pathways, such as TCA cycle and glutamine metabolism, and is also widely present in a variety of plants and vegetables. Studies show abnormal SA metabolism in many tumors and affect tumor formation through a variety of mechanisms. But the role of SA in ovarian cancer is less studied. This paper reviews the role of SA and its abnormal metabolic pathway in ovarian cancer.
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Introduction

Ovarian cancer is one of the most common gynecological malignancies, and is the highest mortality of gynecological malignancies (1). Most patients are advanced so the prognosis is poor (2). The standard treatment is cytoreductive surgery and platinum/taxane combination chemotherapy. The response rate to first-line therapy is around 80%. but most patient relapse and develop chemotherapy resistance (3–5). Therefore, it is urgent to find new treatment strategies clinically.

The microenvironment of ovarian cancer cell is characterized by ascites, hypoxia and low level of glucose (6, 7). Therefore, metabolic reprogramming is an important characteristics of ovarian cancer cells (8). Metabolic reprogramming can not only help in tumor cell survival and proliferation, but also affect tumor cell migration and the chemotherapy resistance formation (9). A good understanding of ovarian cancer cell metabolism reprogramming contributes to a better understanding of the occurrence mechanism of ovarian cancer, and also helps in finding new treatment measurements (10). This metabolic reprogramming can not only guarantee the energy source of tumor cells, but the metabolic intermediates can also be involved in tumor formation as signal molecule (11).



The Role of SA in Metabolism

SA was discovered in 1546, and it was one important intermediates involved in a variety of metabolic pathways. It is now thought to be closely related to tumorigenesis (12). In TCA cycle, isocitric acid is transformed into α-ketoglutaric acid (α-KG) under the action of isocitrate dehydrogenase (IDH). α-ketoglutarate dehydrogenase (α-KGDH) catalyses α-KG to form succinyl-CoA. Succinyl-CoA succinatethiokinase then catalyses the hydrolysis of succinyl-CoA to form SA. Succinate dehydrogenase(SDH) catalyses the oxidation of SA to fumarate. Fumarate dehydrogenase(FH) catalyses the hydration of the α,β-unsaturated carbonyl compound fumarate to form malic acid. IDH and α-KGDH are the rate-limiting enzymes in the TCA cycle. When increasing of the IDH activity, or decreasing of SDH or FH activity can leads to the accumulation of SA in the tumor cells (13, 14).

Metabolic intermediates in TCA cycle, such as α-KG, can also participate in other metabolic processes, thereby causing changes of SA concentration in tumor cell (15). For example, α-KG can form glutamate when acting by transaminase, participating in the glutamine cycle, while leading to TCA cycle process is weakened (16). Glutamine decomposition produces a α-KG (complement reaction) increases the TCA cycle process and gives cells more energy (17). The complement reaction involves two enzymes, glutamase (GLS), and glutamate dehydrogenase (GDH), in which GLS is the speed-limiting enzyme for the process. Glutamine can also further generate other substances such as GABA under the action of glutamate decarboxylase.

SA can also be generated from other precursors, including Υ-aminobutyric acid(GABA) and glyoxylate (18). Abnormal function of multiple metabolic pathways and related enzymes can lead to abnormal accumulation of SA in tumor cells.



Abnormal Succinic Acid Metabolism in Ovarian Cancer


IDH Mutation and Ovarian Cancer

IDH inactivation causes blocked TCA circulation, resulting in energy generation disorders and the decrease of a-KG and SA (12). However, the role of IDH mutation in tumorigenesis is known with the production of tumor metabolites D-2HG (19, 20). D-2HG is an analogue of α-KG that inhibits the a-KG-dependent dioxygenase. The accumulation of D-2HG in ovarian cancer has been found, but studies showed that IDH abnormalities in ovarian cancer are mainly manifested by wild-type IDH overexpression (21). It was found that IDH expression was significantly increased in OVAR 3 and OVARIAN 10 cells compared to normal epithelial cells. IDH expression has a very important role in maintaining TCA to reduce aerobic glycolysis processes and promote ATP generation. When IDH inhibitors or genetic silencing of IDH are used, tumor cells have significant aging phenomena while aging-related markers such as beta galactosidase,PML bodies and lamin B1 significantly decreased (22). It is known that IDH is inhibited leads to reduced NADH, resulting in a significant increase in ROS, which inducing cell aging. But studies have shown that the relationship between IDH inhibition and aging is independent of ROS (8).



SDH Mutation and Ovarian Cancer

SDH, as a tumor suppressor, gene consisting of six subunit encoding of SDHA, SDHB, SDHC, SDHD, SDHAF1, SDHAF2 (23). Genetics mutations of SDH have been found in some types of cancer such as paraganglias or kidney cell cancer, and SDH downregulation has been observed in gastric and colon cancers. Data analysis shows, there is a high probability of SDH amplification in high-grade ovarian cancer. Amongst which amplification of SDHA reach 14%, and amplification of SDHB、SDHC、SDHD、SDHAF1、SDHAF2、SDHAF3 is 2%、5%、4%、9%、1% and 2% respectively. There are significant differences between different cells, such as OVCAR3 with SDHAF1 amplification, which means that SDHA expression is enhanced. A2780 cells have relatively low expression based on SDHA compared to OVCAR3 (24).

SDHB silencing promoted cell proliferation, invasion, and migration, but inhibited apoptosis of SKOV3 and A2780 cells. In contrast, overexpression of SDHB inhibited cell proliferation, invasion, migration, and promoted apoptosis in SKOV3 cells (25). It was observed that upregulation of Bcl-2 and MMP-2, activation of p-P38, p-ERK, and p-FAK, inhibition of cleaved caspase 3 in SDHB-silenced cells. HIF-1α, an essential factor in tumor progression, was upregulated in SDHB-silenced cells with the activation of p-AMPKα and down-regulated in SDHB-overexpressed cancer cells with the decreased p-AMPKα. And SDHB was proved to be decreased due to upregulation of HIF-1α expression in CoCl2-treated cancer cells.



SDHAP1 and Ovarian Cancer

Succinate dehydrogenase complex flavoprotein subunit A pseudogenene 1(SDHAP1) is located on chromosome 3, encoding lncRNA SDHAP1 which is associated with chemoresistance in ovarian cancer. Studies have been shown that SDHAP1 was upregulated in PTX-resistant SKOV3 and Hey-8 ovarian cancer cell lines, while miR-4465 levels were down-regulated. Silencing of SDHAP1 induced re-acquirement of chemo-sensitivity to PTX in ovarian cancer cells in vitro. In mechanism, SDHAP1 upregulates EIF4G2 expression through sponge miR-4465, thereby promoting PTX induced apoptosis in ovarian cancer cells. The regulatory networks involving SDHAP1, miR-4465 and EIF4G2 participate may be potential therapeutic targets for PTX-resistant ovarian cancer (26).



Glutamine Metabolism in Ovarian Cancer

The growth of some tumor cells is depended on glutamine, a phenomenon referred to as “glutamine addiction”. Glutamine has been reported as essential for the proliferation and metastasis of OVCA cells (27).

C13K and SKOV3 cells were treated in 48 hours of glutamine-free media with various concentrations of glutamine (0, 2.0, 5.0, and 10.0 mM), and found that it directly maintained the proliferation of cancer cells. The studies believe that normal cells can use glucose and glutamine for energy, but that tumor cells can obtain energy through glutamine during glucose utilization disorders. When using mTOR inhibitors, glucose intake of SKOV3 and C13K cells decreases and glucose metabolism is significantly inhibited, but glutamine metabolism is not enough to block, so that tumor cells can still produce sufficient energy to sustain cell proliferation. When glucose and glutamine metabolism were inhibited, mTOR inhibitor induced apoptosis of ovarian cancer cells was more obvious (28).

Similar experiment is also confirmed in the HEY and IGROV-1 ovarian cancer cell lines (29). Moreover, the glutamine inhibit GLS expression with a dose-dependent manner, with mechanisms that may be related to regulating the MAPK and mTOR/S6 pathways. Further studies show that glutamine can reduce p21 expression by increasing cyclin D1, CDK4, thus pushing ovarian cancer cells from stage G1 to stage S. ROS levels and the expression of PERK, PARP, Calnexin and Bip increased significantly after glutamine deprivation. After increasing the glutamine supply, the ROS levels were significantly reduced, and the relevant indicators also declined. It shows that glutamine can regulate cellular oxidative stress and endoplasmic reticulum stress. The authors argue that targeted glutamine metabolism may be a promising therapeutic strategy in the treatment of ovarian cancer.

GLS is a speed-limiting enzyme that transforms from glutamine to glutamate. There are two genes that code for glutaminase in the human genome. Chromosome 2 codes for glutaminase 1 (GLS1) and glutaminase 2 (GLS2) is located on chromosome 12. In patients with epithelial ovarian cancer, the levels of GLS1 is negatively correlated with prognosis. Further studies have shown that GLS1 has many isoforms, such as the GAC isoform (genomic exon 1-15) and the KGA isoform (genomic exons 1-14 and exons 16-19 with intact 3’-UTR). The GAC form has no known miRNA binding sites, whereas the KGA isoform contain a well-known miR23 binding site making them subject to miRNA regulation (30).

The study has shown that glutamine-dependent SKOV3 ovarian cancer cells express higher levels of the GAC and KGA isoforms than the glutamine independent and immortalized human fallopian tube secretory epithelial cells (hFTSECs). Dual knockdown of both by RNAi or inhibition by BPTES sensitized ovarian cancer cells to chemotherapy, regardless of their dependence on exogenous glutamine (30).

Conversely, glutamate is metabolized into glutamine by glutamine synthetase (GS). The level and function of GS in tumors vary depending on the cell background. Low invasive ovarian cancer cells express high levels of GS, while high aggressive ovarian cancer cells express low levels of GS. At the same time, GS promotes the biosynthesis of nucleotides and the growth of various cancer cells (27).



ALDH5A1 Mutation and Ovarian Cancer

Aldehyde dehydrogenase ALDH5A1 encodes succate hemialdehyde dehydrogenase (SSADH), an enzyme involved in intracellular glutamate metabolism, associated with the synthesis of retinoic acid  and GABA (31). One clinical study shows that ALDH5A1 single-nucleotide polymorphisms were significantly associated with ovarian cancer. Data analysis showed that ALDH5A1 expression was significantly reduced compared in ovarian cancer tissue to normal ovarian tissue. Moreover, ALDH5A1 expression was negatively associated with the prognosis of ovarian epithelial cancer. Upregulation in ALDH5A1 expression in patients with P53 mutants, but no significant relationship with prognosis in wild-type p53 (31, 32).




SA Can Strengthen the TCA Cycle in Ovarian Cancer

An important feature of metabolic reprogramming in tumor cells is aerobic glycolysis (Warburg effect), as a result of which metabolic intermediates may be involved in tumor proliferation, invasion, and metastasis (33). However, in ovarian cancer, aerobic glycolysis is not obvious, and its main feature is that the production of ATP is maintained by aerobic oxidation through TCA under the condition of hypoxia (34). As mentioned above, the activities of IDH, KGDH, SDH, GLS and other related enzymes are often enhanced, while the activities of SSDH and GS are decreased in ovarian cancer (Figure 1). This maintains TCA by increasing intermediates of TCA. Thus, the accumulating of SA in ovarian cancer may promote energy production by maintaining TCA From maintaining the TCA cycle, increased SA will promote cell energy generation and contribute to cell proliferation and migration.




Figure 1 | SA - associated enzyme abnormalities in ovarian cancer. * Low invasive ovarian cancer cells express high levels of GS, while high aggressive ovarian cancer cells express low levels of GS.



Studies have also shown an accumulation of SA in patients with ovarian cancer. Ting Jiang (35) detected SA concentration in urine using the liquid chromatography four-link technology and found significantly increased urine SA concentrations in patients with ovarian cancer compared with normal controls. And its content increases with the development of the disease. Urinary SA was associated with clinical stages in patients with ovarian cancer. From the cellular level, studies have aslo shown that the metabolites associated with the TCA circulation, including SA, generally increase in high-grade ovarian cancer (36).



The Role of SA in Ovarian Cancer


SA and SUCNR1-Mediated Signaling Pathway in Ovarian Cancer

SUCNR1, also known as GPR91, is a member of the G protein coupled receptor family. SUCNR1 has been recognized as an orphan receptor until it was found to be able to bind to SA. The role of SUCNR1 has been fully demonstrated in renin induced hypertension, ischemia/reperfusion injury, inflammation and immune response, platelet aggregation and retinal angiogenesis (37). SUCNR1 is mainly expressed in kidney, heart, liver, retina, small intestine and other organs. Bioinformatics studies (38) showed the expression of SUCNR1 in serous epithelial ovarian cancer was significantly higher than in normal ovarian tissue, and there was no significant difference in SUCNR1 expression between serous and endometrial ovarian cancer cells, but the expression of SUCNR1 in clear cell carcinoma was significantly lower than that in serous ovarian cancer. But the relationship between the intracellular signal pathway of SUCNR1 and its pathophysiological role is not clear.

SUCNR1 expression was significantly increased in MUC16/CA125 mutant cells, but the mutations in TP53, PTEN, KRAS, BRCA1/2 and PI3K3CA had no significant effect on SUCNR1 expression.

The progression-free survival (PFS) was significantly shortened in patient with high expression of SUCNR1, but the overall survial (OS) was not significantly abnormal.



SA With α-KG-Dependent Dioxygenase in Ovarian Cancer

Succinate can regulate the activity of the a-KG-dependent dioxygenase family members (12,39). For example, the ten eleven translocation (TET) and Jumonji-C-domain-containing histone demethylases (JMJDs). The TET protein can catalyzes the conversion of 5-methylcytosine to 5-hydroxymethylcytosine, and it is an important enzyme in DNA demethylation and the JMJDs is the largest family of histone demethylase. These enzymes are subject to product inhibition by succinate, and therefore, their activity is dependent on the ratio of α-KG to succinate. In this way, succinic acid can cause epigenetic changes in ovarian cancer cells. Epigenetic changes can alter how genes function, acting as switches. Importantly, changes in the expression of these genes are heritable and appear to be closely related to the metabolic state of the cell. Succinate may also indirectly regulate the activity of histone demethylases through their effects on HIF-1α, which can bind to and induce the expression of certain histone demethylases (40).



Succinic Acid With HIFs in Ovarian Cancer

Under aerobic conditions, HIFs is hydroxylated at 564 and 402 under the action of proline hydroxylase, which binds to ubiquitin proteasome, resulting in HIFs degradation. In addition, HIFs inactivation occurs when dioxygenase hypoxia-inducible factor inhibitors hydroxylate at HIF803 in an oxygen-dependent manner. These reactions were inhibited under hypoxia. HIFs can bind to anoxic response elements and induce the expression of related genes. Genes known to be regulated by HIFs are involved in: ① erythropoiesis and iron metabolism; ② Angiogenesis, such as VEGF, COX2, etc.; ③ Cell proliferation, such as IGF-2; ④ Apoptosis, such as bcl-2, p53, p21, etc.; ⑤ Glucose metabolism, etc. Therefore, it plays an important role in tumorigenesis (41, 42).

The mechanism of succinic acid inducing HIFs mainly involves two aspects. One is that succinic acid, as an antagonist, can inhibit the activity of α-Kg-dependent dioxygenase, thus inhibiting the activation of related enzymes, so as to maintain the non-degradation of HIFs (15, 43). Succinic acid, on the other hand, can stabilize HIFs through The PI3K signaling pathway through SUCNR1 receptor (13, 37).

At present, there is no direct evidence to prove the effect of succinic acid intervention on HIFs, but some articles have suggested that changes in metabolic pathways can interfere with the production of HIFs.

SiRNA was used to silent and overexpress SDHB in SKOV3 and A2780 cells. It was found that when the function of SDHB was lost, the content of succinic acid was increased, and the proliferation, invasion and metastasis of tumor cells were enhanced, but the apoptosis process was inhibited. On the contrary, the proliferation, invasion and migration of cells were decreased due to the overexpression of SDHB. Apoptosis was also induced. Inhibition of SDHB can promote the up-regulation of HIFs expression by activating P-AMPK (25).



SA and Tumor Immunity in Ovarian Cancer

Macrophages are an important cell component in the tumor microenvironment, and can activate and form type M2 tumor-related macrophages (TAM) under various signal regulation, which promotes the evolution of the tumor, and suppresses the anti-tumor immune response (44, 45). In several studies it was found that SA can induce conversion of tumor-associated macrophages (TAM), a process also associated with the SUCNR1 receptor, and that SA-induced TAM conversion was inhibited after anti-SUCNR1 antibody treatment (46, 47). Data analysis showed a significant positive correlation between tumor-related macrophage M2 cell marker expression and SUNCR1 expression in ovarian cancer. It is therefore believed that succinate acid can induce TAM through the SUCNR1 receptor.

The high expression of SUNCR1 causes different subsets of immune cells infiltration in ovarian cancer (48). For example, the expression of SUNCR1 was significantly positively correlated with the expression of CD8+ T cells, neutrophils, NK cells, TAM and M2 cells. Meanwhile, the SUNCR1 expression was positively correlated with the expression of regulatory T cells (such as Th1, and Th2). (GSE9891). It means that SA can be widely involved in immune regulation of ovarian cancer through SUCNR1, with mechanisms associated with multiple biological processes such as T cell activation, interleukin signaling, chemokine signaling, antigen processing and delivery, natural killer cell-mediated cytotoxicity, PD-1-blocked cancer immunotherapy, adaptive immune system and interferon α/β signaling, etc. The prognosis of ovarian cancer patients with high expression of SUCNR and large infiltration of neutrophils is poor. But the prognosis was better with high expression of SUCNR and large infiltration of M1 cells (38).



SA and Oxidative Stress in Ovarian Cancer

Data analysis shows that ovarian cancer cells can be divided into two subtypes: high phosphorylation and low phosphorylation, based on the oxidative phosphorylation levels (49). Both can generate energy through glycolysis, but highly phosphorylated ovarian cancer can use glutamine and fatty acids to participate in the TCA cycle. Although there was no difference in Ki index and mitosis between the two cell types, oxidative stress was significantly increased in the highly phosphorylated type. At the same time, ROS and lipid peroxides were significantly increased, and the level of iron in intracellular lysozyme was significantly increased. High phosphorylated tumor cells are better sensitive to chemotherapy, which the authors suggest may be associated with ROS and iron death. However, studies have shown that cisplatin-resistant A2780 has shown significantly increased levels of glutamine, glutamate, and glutathione in cells compared to cisplatin-sensitive A2780 cells. Cell resistance to cisplatin was significantly reduced after glutamine deprivation, as did glutathione levels. It indicates that the formation of chemotherapy resistance is related to the generation of ROS (8).



Succinic Acid and the Cell Cycle

Glucose metabolism can influence the cell cycle of ovarian cancer. When the activation of G6PC was enhanced, it not only increased cellular glucose uptake, but also inhibited CDKN1B, which is inhibiting CDK2. This suggests that glucose metabolism is closely related to the cell cycle, especially the CDK2/cyclin E axis. CDK inhibitor alone performed poorly on cell cycle inhibition of ovarian cancer cells. The TCA metabolism of A2780 cells was significantly enhanced by CDKi. but the changes in oxyglycolysis and pentose phosphate pathway in tumor cells were insignificant. Therefore, it is believed that ovarian cancer cells treated with CDKi can increase energy production through the TCA pathway to combat the cell cycle arrest caused by CDK inhibitors. Lower SDHA gene transcription with shRNA causes reduced SDH expression, and meantime, cell proliferation capacity is decreased. SDHA silencing combined with CDK inhibitors had a synergistic effect on cell cycle. Moreover, when using both SDHA inhibitors and CDK inhibitors, it can not only inhibit A2780 cell proliferation, but also inhibit cell invasion and metastasis ability. However, there was no difference between the total survival duration and progression-free survival periods, regardless of the enhanced TCA pathway or not (24).




Conclusion

This article addresses SA metabolic abnormalities and the potential possible mechanisms of SA in ovarian cancer. Existing literature shows that metabolic reprogramming plays an important role in the occurrence of ovarian cancer, and that SA, as a signaling molecule, is a relatively important potential target to provide help in future diagnosis and treatment



The Shortcomings

Part of the existing literature are conclusions obtained through data mining and further experimental verification is required. Moreover, the relevant experimental environment is set at 20%O2. This is also different from the tumor in the physical environment. And the high heterogeneity of ovarian cancer will also lead to the impact on the experimental results. Therefore, in the future, both in vivo and in vitro experiments will need more accurate research.
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This study aims to identify differentially expressed proteins related with platinum sensitivity and to find biomarkers for predicting platinum response and survival outcomes in patients with high-grade serous ovarian cancer (HGSOC). Eligible HGSOC patients were divided into platinum-sensitive and platinum-resistant groups according to platinum-free interval (PFI). Tissue protein lysates from tumor tissues were subjected to an in-solution tryptic digest followed by tandem mass tag (TMT) labeling of the resulting peptides and mass spectrometric analysis. Candidate proteins were identified using differentially expressed protein and gene set enrichment analysis (GSEA) and confirmed by immunohistochemistry (IHC), and their survival relevance was evaluated in The Cancer Genome Atlas (TCGA) ovarian cancer cohort. The results showed that there was a significant difference in the protein expression profiling between the two patient groups. In the GSEA model, a gene set of 239 extracellular matrix (ECM)-related proteins was significantly enriched in the platinum-sensitive group [normalized enrichment score (NES) = 3.82, q < 10−5], and this finding was confirmed in TCGA ovarian cancer cohort. Interestingly, an ECM-related gene expression, serpin family A member 10 (SERPINA10), was identified to be significantly positively correlated with overall survival (OS) and progression-free survival (PFS) in TCGA ovarian cancer cohort (all p < 0.05). IHC results demonstrated that HGSOC patients with high SERPINA10 expression had longer PFI than the patients with low SERPINA10 expression (9 vs. 5 months, p = 0.038), and the SERPINA10 expression had an area under the receiver operating characteristic curve (AUC) value of 0.758 (95% CI = 0.612–0.905; p = 0.005) to discriminate the platinum-sensitive group from the platinum-resistant group. In conclusion, the results suggested that SERPINA10 could be a promising biomarker for predicting the response and survival in platinum-based chemotherapy of HGSOC.
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Introduction

Ovarian cancer is the most lethal gynecologic malignancy (1), of which high-grade serous ovarian cancer (HGSOC) is the most prevalent and aggressive histologic subtype and accounts for 70%–80% of deaths (2, 3). Despite recently reported significant progress in poly(adenosine diphosphate [ADP]-ribose) polymerase (PARP) inhibitor for ovarian cancer treatment (4), the standard therapy for HGSOC still remains cytoreductive surgery and platinum-based chemotherapy (1). The major obstacle to clinical application of platinum-based chemotherapy is the resistance by tumor cells, which can result in the failure of therapy, relapse, and even death. In clinical practice, response to platinum-containing anticancer drugs is an essential prognostic determinant for survival in HGSOC patients. Therefore, it is necessary to explore relevant biomarkers in predicting the response and targets in overcoming resistance to the platinum-containing drugs in the treatment of ovarian cancer.

HGSOC patients who progress during initial treatment of platinum-based chemotherapy or completely alleviated after initial treatment that includes cytoreductive surgery and the platinum-based chemotherapy but recur within 6 months are defined as platinum-resistant recurrent (PRR) ovarian cancer patients (5, 6), and platinum-sensitive recurrent (PSR) patients initially respond to first-line platinum-based chemotherapy after cytoreductive surgery and do not relapse within 6 months from the last platinum-based treatment (5, 6). Although multiple mechanisms have been proven to be involved in the regulation of platinum sensitivity in ovarian cancer such as uptake, transport and metabolism of the platinum-containing drugs, DNA repair of platinum-induced damages, cancer stem cells (CSCs), and epithelial-to-mesenchymal transition (EMT) (7–12), the underlying influencing factors of platinum sensitivity are not fully clarified yet and need more in-depth study. In the present study, in order to explore the molecular basis of platinum resistance and further determine a potential biomarker for platinum sensitivity prediction, we analyzed the differentially expressed proteins of tumor tissues from platinum-sensitive and platinum-resistant HGSOC patient groups by proteomic analysis and investigated their possible clinical relevance and performance for prediction of platinum sensitivity in ovarian cancer treatment. The results suggested that a set of extracellular matrix (ECM)-related proteins might be the molecular basis of a platinum-sensitive phenotype of HGSOC and identified a promising protein marker involved in the ECM that could predict platinum sensitivity of HGSOC patients.



Materials and Methods


Patient Samples

The study procedure was approved by the local ethics committee of the Nanjing Medical University (reference number: NJMU 2021-432) and was performed in accordance with the principles of the Declaration of Helsinki. Tumor samples, including snap-frozen and formalin-fixed paraffin-embedded (FFPE) tissues, were obtained from primary focus of HGSOC. Enrolled patients received platinum-based regimens (Table S1) after primary debulking surgery with informed consent. Fresh tissue samples for whole proteomic analysis were collected from cohort 1 patients at the time of surgery. Excised tumor tissues were confirmed by senior oncologists (JN and XXC) and pathologists (WG and YW) and immediately dissected, snap-frozen, and stored in liquid nitrogen. The FFPE tissues from 41 unrelated HGSOC patients of cohort 2 were used to verify the protein expressions of candidate genes in the proteomic results. Based on clinical information, eligible HGSOC patients were allocated into PSR and PRR groups, according to the platinum-free interval (PFI) calculated from the last platinum-based chemotherapy to the time of recurrence (6).



Liquid Chromatography–Tandem Mass Spectrometry

Protein quantification was applied by liquid chromatography–tandem mass spectrometry (LC-MS/MS)-based proteomic analysis (PTM Biolabs). Protein samples were extracted from snap-frozen tumor tissues. Briefly, the tumor tissue was grinded by liquid nitrogen into cell powder and then transferred to a 5-ml centrifuge tube. After that, four volumes of lysis buffer (8 M of urea, 1% protease inhibitor cocktail) was added, followed by sonication three times on ice using a high-intensity ultrasonic processor (Scientz). The supernatant was collected by centrifugation at 12,000 g for 10 min at 4°C, and the protein concentration was determined with bicinchoninic acid (BCA) assay (Sigma). Then, extracted proteins were digested into peptides through trypsin. Tryptic peptides were processed using tandem mass tag (TMT) labeling kit according to the manufacturer’s protocol and then fractionated to reduced sample complexity by high pH reversed-phase high-performance LC (HPLC). Fractions were then analyzed and performed using an EASY-nLC 1000 ultra-HPLC (UHPLC) system coupled to a Q Exactive Plus Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo). Finally, fragment ion spectra acquired from LC-MS/MS analysis were assigned peptide sequences based on database comparison, and protein levels were quantified.



Exploratory Data Analysis

The (dis)similarities of proteomic data between the two groups of patients were examined by Pearson’s correlation analysis and principal component analysis (PCA) through Corrplot and ClustVis R packages, respectively. Hierarchical clustering for Z-score normalized abundance values of all identified protein in proteomic analysis was performed using pheatmap R package with Euclidean distance and complete linkage algorithm. To identify proteomic changes, differentially expressed proteins between the two groups were screened with p-value less than 0.05 (Student’s t-tests), and the fold change of more than or equal to 2 was considered as the threshold.

To explore the biological processes responsible for the platinum sensitivity, we used gene set analysis (GSA). The GSA was performed using set enrichment analysis (GSEA) v4.1.0 application on the proteomic data. Phenotypes were defined by PFI and divided into the PSR and PRR groups. Hallmarks of gene set (h.all.v7.4.symbols.gmt) were used as input to GSEA to determine gene enrichment or depletion for platinum sensitivity [false discovery rate (FDR) <0.001]. This was followed by identifying candidate proteins implicated in platinum sensitivity of HGSOC shared between the upregulated part of the differentially expressed proteins and the ranked gene set with the highest normalized enrichment score (NES) of GSEA. A Venn diagram was generated to show those shared candidate proteins by Venn Diagram package of R software.

We obtained those candidate protein-coding gene expression data of RNA sequencing (RNAseq) and the corresponding clinical information from The Cancer Genome Atlas (TCGA) dataset (https://portal.gdc.com). Subsequently, clinical relevance of those candidate protein-coding gene expressions in TCGA ovarian cancer cohort was determined by univariate Cox proportional hazard analyses to estimate the hazard ratio (HR) and 95% CI of the overall survival (OS) and progression-free survival (PFS). The Kaplan–Meier survival curves with log-rank tests were made for further comparison of the survival difference between the groups of high and low candidate protein-coding gene expression, and estimation of time-dependent area under the receiver operating characteristic (ROC) curves (AUCs) for survival data and candidate protein-coding gene signatures was performed using time-ROC R package in TCGA ovarian cancer cohort.



Immunohistochemistry Staining

Immunohistochemistry (IHC) analysis was conducted on samples collected from 41 HGSOC patients. It was done according to standard protocols using antibodies against IGFBP4 (ProteinTech), TGFBI (ProteinTech), and serpin family A member 10 (SERPINA10) (ProteinTech); and cytoplasmic staining was considered as positive. Staining was assessed by three independent pathologists (WG, XH, and YW). The immunoreactive score (IRS) gave a range of 0–12 as a product of multiplication between positive cell proportion score (0, no positive cells; 1, <10% of positive cells; 2, 10–50% positive cells; 3, 51%–80% positive cells; and 4, >80% positive cells) and staining intensity score (0, no color; 1, mild staining; 2, moderate staining; 3, intense staining) (13).



Statistical Analysis

Data were presented as the mean ± SD or median (range). Comparisons of continuous variables between groups were performed using GraphPad Prism application (v8.0.2.263) with the Mann–Whitney U test or Student’s t-test as indicated. ROC curve for platinum-sensitive prediction and related AUC were calculated and constructed in the GraphPad Prism application. In all cases, the differences were considered statistically significant when a two-side p-value was lower than 0.05.




Results


Proteomic Analysis Reveals a Significant Comparative Difference in Protein Expression Profiling Between Platinum-Sensitive and Platinum-Resistant Tumors

To explore gene signature-related platinum sensitivity of HGSOC tumors, the proteomic analysis was performed in cohort 1 subjects. The cohort 1 with age 44 to 68 years was unrelated HGSOC patients, and all patients had advanced International Federation of Gynecology and Obstetrics (FIGO) stage (IIIC or IV stage) (Table S1). It consisted of two patient groups (platinum-sensitive and platinum-resistant) classified by PFI (above or below 6 months).

In the TMT quantification proteomics, a total of 44,910 peptides and 6,351 proteins were identified with 1% FDR, and quantifiable proteins were 5,326 (Table S2). To determine whether samples clustered based on the platinum sensitivity, we performed a PCA on the quantitative proteins of proteomics across all samples. The first and secondary principal components (PC1 and PC2) separated all samples, contributing 41.2% and 20.5% explanation of variance, respectively (Figure 1A). The PC1 clearly separated platinum-sensitive patients from the platinum-resistant group (Figure 1A), highlighting the differences of expressed proteins associated with response to platinum chemotherapy in ovarian cancer. The abundance of proteins estimated by their mass spectrometry signal intensities has an obviously positive correlation in samples with the same response to platinum chemotherapy (Figure S1). This result supported the (dis)similarities between the proteomic measurements of the samples from the two groups. Additionally, hierarchical clustering analysis showed that there was clearly different protein expression profiling between the two groups (Figure 1B). Compared with those from the platinum-resistant group, there were a total of 306 differentially expressed proteins (164 upregulated and 142 downregulated proteins) in the tumors from the platinum-sensitive group (Figure 1C). The heatmap of the differentially expressed proteins is shown in Figure S2, which indicated that those expressed proteins could correctly distinguish the two kinds of tumors.




Figure 1 | Proteomic analysis reveals a difference protein expression profiling between platinum-sensitive and platinum-resistant tumors. (A) Visualization of the first two principal components (PCs) from principal component analysis (PCA) separating samples based on the Z-score normalized quantification for identified proteins. The tissues from platinum-sensitive (blue square) and platinum-resistant (red circle) patients are labelled with different shapes and colors, and a 95% confidence ellipse for each group of samples was drawn. (B) Hierarchical clustering and heatmap of Z-score normalized expression values of all identified proteins in platinum-sensitive and platinum-resistant tumors. Red, high abundance; and blue, low abundance. (C) Volcano plot for the comparison between the platinum-sensitive and platinum-resistant tumors. The cutoff values of fold change ≥2 and p-value < 0.05 were utilized to identify differentially expressed proteins. Non-changed proteins are shown as gray dots, upregulated proteins as red dots, and downregulated proteins as blue dots.





Enriched Expression of Extracellular Matrix-Related Proteins Associated With Platinum-Sensitive Phenotype of High-Grade Serous Ovarian Cancer

To gain biological insights into the platinum sensitivity of ovarian cancer, we first identified 276 gene set hallmarks associated with platinum sensitivity (FDR q value <0.001, Table S3) by GSEA using the signal-to-noise measure based on the proteomic data (platinum-sensitive vs. platinum-resistant). Of these hallmarks, a gene set of 239 ECM-related proteins and the matrisome cluster of 110 proteins (matrisome was referred to as a set of ECM-associated proteins) were the most associated hallmark of GSEA, and they were significantly enriched in the platinum-sensitive group with NES 3.82 (q < 10−5) (Figure 2A and Table S3). To confirm this result, we further examined the gene set of 239 ECM-related genes in publicly available TCGA gene expression data of ovarian cancer, and we observed highly consistent correlation that the expressions of those genes were positively related to a platinum-sensitive phenotype of ovarian cancer (NES = 2.466, FDR q value <0.0001; Figure S3).




Figure 2 | Enriched expression of extracellular matrix-related proteins in the platinum-sensitive tumors. (A) Gene set enrichment analysis (GSEA) of a gene set for extracellular matrix-related proteins in the proteomic data. NES, normalized enrichment score; FDR, false discovery rate; PSR, platinum-sensitive recurrent high-grade serous ovarian cancer (HGSOC). PRR, platinum-resistant recurrent HGSOC. (B) Overlapping proteins of interest between the extracellular matrix gene cluster (matrisome) of 239 proteins and the upregulated proteins (platinum-sensitive tumors vs. platinum-resistant tumors). (C) Heatmap of Z-score normalized expression abundance values of the 42 overlapping proteins of interest hierarchically clustered with Euclidean distance matrix and complete linkage. Red, high abundance; and blue, low abundance.





Prognostic and Predictive Values of Candidate Protein Expressions for Platinum Sensitivity and Survival of High-Grade Serous Ovarian Cancer Patients

Based on the differentially expressed proteins between platinum-sensitive and platinum-resistant tumors, 42 proteins in the platinum-sensitive tumors were chosen as candidate genes (Figures 2B, C) because they had been ranked in the list of the above platinum-sensitive phenotype-associated ECM protein cluster through GSEA. The associations of those candidate gene expressions with survival were estimated in TCGA ovarian cancer cohort, and the Cox proportional hazard analysis showed that most of the candidate gens were not related to survival benefits in TCGA ovarian cancer cohort. Survival analysis uncovered that SERPINA10 expression could be a prognostic factor for OS and PFS and showed that high SERPINA10 expression was correlated with longer OS and lower risk of disease progression (Figures 3 and Figure S4). Contrary to the hypothesis that those upregulated candidate genes might be a survival benefit for ovarian cancer, high IGFBP4 and TGFBI gene expressions were associated with decreased OS rather than prolonged survival (Figure 3).




Figure 3 | Correlation analyses of mRNA expressions of the 42 overlapping candidate proteins and overall survival (OS) of ovarian cancer patients in The Cancer Genome Atlas (TCGA) dataset. According to the median expression level of each candidate protein, patients were assigned to high-expression and low-expression groups. Normalized expression values of RNA-sequencing data and survival data of ovarian cancer were obtained from TCGA dataset. Hazard ratio (HR) with 95% CI and p-values were generated by univariate Cox proportional hazard regression. p < 0.05 was considered statistically significant. “High-expression better” means that ovarian cancer patients with high expression of candidate genes had better overall survival (OS).



Kaplan–Meier curves of OS and PFS stratified by medians of SERPINA10 mRNA expressions in TCGA dataset revealed that patients with high SERPINA10 expression had significantly prolonged OS and PFS than whose tumors with low SERPINA10 expression (Figures 4A, B and Table S4). Meanwhile, time–ROC curves of the three genes for 5-year OS and PFS predictions were plotted in TCGA ovarian cancer cohort, and AUC of the 5-year OS outcome for SERPINA10 expression was 0.585 (95% CI = 0.522–0.648) (Figure 4C). For predicting 5-year PFS outcome of SERPINA10 expression, its AUC value was 0.673 (95% CI = 0.559–0.787) (Figure 4C).




Figure 4 | Prognostic and predictive value of SERPINA10 expression for platinum sensitivity and survival of high-grade serous ovarian cancer (HGSOC) patients. (A, B) Kaplan–Meier analysis of overall survival (OS) and progression-free survival (PFS) for The Cancer Genome Atlas (TCGA) ovarian cancer cohort, stratified by median value of SERPINA10 mRNA expressions. Medians of survival (OS and PFS) and log-rank p-Values were indicated, respectively. (C) Time-dependent receiver operating characteristic (ROC) curves of SERPINA10 expression for the predictions of 5-year OS and PFS. Expression data of RNA-sequencing and survival data of ovarian cancer were acquired from TCGA dataset. (D) Immunohistochemical staining of SERPINA10 expression in HGSOC patients. p-Values were calculated by Mann–Whitney test. (E) ROC curves of SERPINA10 expression in predicting platinum-sensitivity status of HGSOC patients who were receiving platinum-based chemotherapy treatment after cytoreductive surgery. The AUC was the highest for the SERPINA10 expression (AUC = 0.758; 95% CI = 0.612–0.905; p = 0.005). (F) Correlation analysis of SERPINA10 expression and platinum-free interval (PFI) in HGSOC patients. Grouping of HGSOC patients according to their immunoreactive scores (cutoff = 6) into low exp (n = 22) or high exp (n = 19). p-Value was calculated by Mann–Whitney test. AUC, area under the curve.



To validate three candidates, IGFBP4, TGFBI, and SERPINA10, their expressions, and their prognostic values in HGSOC patients, we assessed the three protein expressions by IHC analysis in 41 FFPE tissues of HGSOC patients. The age of 41 HGSOC patients ranged from 42 to 77 years with the median age of 56.0 years, and 19.5% (8/41) patients had FIGO stage III disease, and 80.5% (33/41) had FIGO stage IIIC or IV disease (Table S1). IHC staining showed that expressions of IGFBP4, TGFBI, and SERPINA10 proteins were detected in para-tumoral normal cells and tumor cells that were mostly located in the extracellular and cytosol compartments (Figure S5). The quantitative results of IHC staining indicated that there were no statistical differences of IGFBP4 and TGFBI IHC scores between platinum-sensitive and platinum-resistant groups (Figure S6A). It was important that SERPINA10 IHC score of the platinum-sensitive group was notably higher than that of platinum-resistant group (Figure 4D). Results of ROC analysis are shown in Figure 4E, given an AUC value of 0.758 with 95% CI of 0.612 to 0.905 (p = 0.005) for the predictive effect of the SERPINA10 signature on platinum sensitivity, which was higher than 0.7 suggested for a successful prediction in platinum sensitivity of HGSOC patients. In addition, we observed that HGSOC patients with high SERPINA10 expression (IHC score greater than 6) had longer PFI than patients with low SERPINA10 expression (IHC score less than 8) (9 vs. 5 months, p = 0.038) (Figure 4F).




Discussion

Ovarian cancer accounts for roughly 4% of all cancer diagnoses among women worldwide (14), but it is the chief death cause in gynecological cancer (2). Although PARP inhibitors had changed the treatment mode of ovarian cancer, the standard treatment of HGSOC is still cytoreductive surgery and platinum-based chemotherapy (4, 15). Clinically, approximately 80% of advanced HGSOC patients continue to have poor long-term survival mainly due to platinum resistance and tumor recurrence (5, 15). Numerous studies have been devoted to determine the molecular biological mechanism of platinum resistance and recurrence. But so far, research on overcoming platinum-resistance strategies and biomarker for predicting response to platinum-based chemotherapy is still needed in the clinical management of ovarian cancer. In present study, we found that there was a significant difference of protein expression profiling between platinum-sensitive and platinum-resistant tumors by proteomic analysis, which would be a molecular basis in biomarker screening for predicting response to platinum-based chemotherapy and in resolving of mechanism of platinum resistance. A total of 306 differentially expressed proteins (164 upregulated and 142 downregulated proteins) were observed between platinum-sensitive and platinum-resistant tumors in proteomic analysis. More interestingly, results of GSEA based on the proteomic data showed that a set of ECM-related proteins (including matrisome proteins) was the most interesting gene cluster significantly enriched in the platinum-sensitive HGSOC group. A similar result was seen in GSEA of gene expression data of TCGA ovarian cancer cohort, and we identified that the above-observed gene set of 239 ECM-related genes was positively correlated with a platinum-sensitive phenotype (NES = 3.82, FDR q value <10−5). ECM is a three-dimensional structure composed of glycoproteins, collagens, and proteoglycans and crucial for maintaining cellular homeostasis (16, 17), and the ECM has been implicated in the regulation of tumor cell behavioral and response to tumor therapeutics (hormonal and chemotherapeutics) (11, 18–20). Especially, the tumor-associated matrisome signatures, known as matrix index (MI), could be a predictor for poor prognosis in different kinds of solid tumors (19). Additionally, Barkan et al. reported that ECM could modulate tumor dormancy and serve as a “gatekeeper” in transformation of tumor cells from quiescence to proliferation and has potential to positively contribute on tumor recurrence and chemotherapy resistance (21). Etemadmoghadam et al. suggested that increased expression of ECM-related genes and ECM deposition probably were notable molecular features of primary resistance to chemotherapy in ovarian cancer (22). Clearly, those results from studies on GSA are contrary to the findings in the GSA model of the present study, and they found that ECM gene clusters were related to resistance to chemotherapy in the ovarian cancer (20, 22). However, further ingenuity pathway analysis (IPA) suggested that those published ECM clusters involved transforming growth factor beta 1 (TGF-beta) signaling pathway, and that might be a key contributor to EMT and resistance to chemotherapy with paclitaxel- and platinum-containing drugs (20). Similarly, in the GSEA on the proteomic data, we observed that the molecular signatures of TGF-beta-induced signaling (REACTOME_SIGNALING_BY_TGF_BETA_RECEPTOR_COMPLEX) and genes upregulated by TGF-beta (KARLSSON_TGFB1_TARGETS_UP) were significantly enriched in platinum-resistant tumors with NES −1.67 (q = 0.048) and −1.98 (q = 0.003), respectively (Table S5). These results were consistent with the activation of TGF-beta signaling participated in and might therefore serve as a biomarker for resistance to chemotherapy.

Several studies described above have suggested that a TGF-beta signaling activation-related ECM of tumor cells can play a role in cell adhesion-mediated drug resistance (CAM-DR), such as resistance to platinum drugs (20). However, Ahmed et al. elucidated that an ECM-related gene, TGF-beta-induced (TGFBI), expression was significantly increased in drug-sensitive ovarian cancer patients compared with drug-resistant patients, and in vitro experiments showed that TGFBI-associated integrin signaling pathway could be related to paclitaxel sensitivity of ovarian cancer and breast cancer cell lines (23). Wang et al. also demonstrated that TGFBI was frequently methylated in paclitaxel-resistant ovarian cancer cells (24), and this hypermethylation was in line with the above-observed molecular phenotype of low TGFBI expression (24). In the present study, we found that TGFBI was a member of an overlap of 42 candidate proteins between the upregulated proteins and the gene set of 239 ECM-related proteins. It is speculated that high expressed TGFBI may be related to the survival benefit for ovarian cancer patients on chemotherapy treatment. However, Cox proportional hazard analysis showed the high TGFBI expression was negatively correlated with OS in TCGA ovarian cancer cohort, and its expression had no significant predictive power of platinum sensitivity in IHC verification (Figure S6B). These results were inconsistent, probably because of the small sample size, different histological types and stages, therapeutic regimen, and response evaluation criteria across those studies as well as the complexity and diversity of platinum-resistance mechanisms for ovarian cancer. In particular, the role of ECM in platinum resistance of solid tumor cells needs further examination. As mentioned, the gene set of large ECM-related genes was positively correlated with a platinum-sensitive phenotype of HGSOC, which implied that their expressions may be related to maintenance of an epidermoid state of ovarian cancer cells that could render sensitivity to platinum chemotherapy (25).

In the 42 candidate proteins, we identified SERPINA10, an ECM-related protein, which was significantly positively correlated with OS and PFS in TCGA ovarian cancer cohort. SERPINA10, known as protein Z-dependent protease inhibitor, is a member of the serpin superfamily of proteinase inhibitors, and most of them are located in the extracellular space (26). It has been previously suggested that overexpression of SERPINA10 in tumor tissues of pancreatic endocrine tumors (PETs) and small bowel neuroendocrine tumors (SBNETs) might play an important role in tumor progression and metastasis (27–29) and could be a candidate marker for disease diagnosis and treatment. In this study, the result showed that SERPINA10 expressed higher in the platinum-sensitive HGSOC tissues than in platinum-resistant HGSOC tissues. Furthermore, immunohistological examination and ROC analysis determined that SERPINA10 staining intensity was positively correlation with PFI of HGSOC patients and could be used as an index for predicting platinum sensitivity of HGSOC patients. It is necessary to further explore its role for response to platinum-containing drug in ovarian cancer.

In summary, the results suggested that a gene set of large ECM-related proteins is the most interesting gene cluster enriched in the platinum-sensitive tumors. Further study is warranted to investigate their roles for chemoresistance of ovarian cancer. More importantly, we have observed that the protein level of SERPINA10, an ECM-related protein, is significantly positively correlated with survival (OS and PFS) and PFI in HGSOC patients, and the results demonstrated that SERPINA10 may be a potentially promising protein marker for predicting and monitoring the response to chemotherapy in HGSOCs.
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LncRNA-MIR210HG plays crucial roles in the progression of diverse cancers. However, the expression and function of MIR210HG in ovarian cancer remains unclear. In the present study, we aimed to determine the expression and function of lncRNA-MIR210HG in ovarian cancer under hypoxic conditions. MIR210HG expression in ovarian cancer cells under hypoxic conditions was determined by qPCR analysis, and the distribution was determined by FISH and qPCR analysis based on cell nucleus and cytosol RNA extraction. Epithelial-Mesenchymal Transition (EMT) assay and human umbilical vein endothelial cell-based tube formation and migration assays were employed to determine the potential function of MIR210HG in vitro, followed by establishment of a subcutaneous tumor model in mice. The direct target of MIR210HG was determined by RNA pull-down and western blotting. Furthermore, the expression and clinical correlation of MIR210HG was determined based on malignant tissues from ovarian cancer patients. Our results indicated that MIR210HG was induced by hypoxia, which is HIF-1α dependent and mainly located in the cytosol of ovarian cancer cells. Knockdown of MIR210HG significantly inhibited EMT and tumor angiogenesis in vitro and impaired tumor growth in mice. Molecular investigations indicated that MIR210HG directly targets HIF-1α protein and inhibits VHL-dependent HIF-1α protein degradation in ovarian cancer. Further results demonstrated that MIR210HG was upregulated in ovarian cancer tissues and correlated with tumor progression and poor prognosis of ovarian cancer patients. Our study suggests that hypoxia-induced MIR210HG promotes cancer progression by inhibiting HIF-1α degradation in ovarian cancer, which could be a therapeutic target for ovarian cancer.
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Introduction

Ovarian cancer is one of the most challenging diseases in gynecologic oncology, which causes approximately 240,000 new cases and 150,000 deaths every year (1). The most common histological type of ovarian cancer is epithelial ovarian cancer (EOC) (2). Patients with EOC have a 45.6% 5‐year survival rate (3–5), and despite optimal therapy (surgery and platinum-based chemotherapy), the 5-year survival rate in Stages III and IV is between 18–47% (6, 7). Thus, an effort to understand the underlying mechanism of cancer progression is necessary and beneficial for ovarian cancer therapy.

Cancer growth is also associated with the development of limited oxygenation (ranging from nearly anoxia to 8% O2 in the most oxygenated areas in vivo), which is often exemplified by an increased amount of proteins from the hypoxia-inducible transcription factor-α family (8, 9). Once a hypoxic and nutrient-poor environment is established, metabolic byproducts and immunosuppressive modulators accumulate (10, 11). Hypoxia is rapidly induced by the O2/prolyl hydroxylases (PHD)/Von Hippel Lindau (VHL) axis, which induces the stabilization of hypoxia-inducible factors and the subsequent activation of a series of genes (12, 13). Accumulating evidence indicates that a hypoxic environment causes metastasis, which is attributed to 90% of cancer-related death (14). Hypoxia is also tightly associated with a poor prognosis and high mortality in patients with ovarian cancer (15). Thus, targeting hypoxia is an effective strategy for cancer therapy.

Long non-coding RNAs (lncRNAs) are a class of non-protein coding RNAs with a length of more than 200 nucleotides. Accumulating evidence has shown that lncRNAs play a crucial role in tumor initiation and progression of diverse cancers (16, 17). MIR210HG is a newly recognized lncRNA that participates in many fundamental biological characteristics of various cancers. Previous studies indicated that MIR210HG promotes cell proliferation and invasion in cervical cancer (18), breast cancer (19), lung cancer (20, 21), and osteosarcoma (22). Upregulation of MIR210HG in malignant tissues correlates with poor prognosis of patients with colorectal cancer (23–25) and hepatocellular carcinoma (26). However, the expression and function of MIR210HG in ovarian cancer remains unclear.

Here, we aimed to determine the expression and function of lncRNA-MIR210HG in ovarian cancer under hypoxic conditions. In vitro and in vivo function experiments were employed to investigate the potential role of MIR210HG in ovarian cancer. The direct target and underlying mechanism of MIR210HG promoting the progression of ovarian cancer was determined by RNA pull-down, western blotting, and ELISA assays. Furthermore, the expression and potential clinical correlation of MIR210HG in ovarian cancer patients was also investigated. The present study provides solid evidence for understanding the expression and function of MIR210HG in ovarian cancer, which may be a potential therapeutic target for ovarian cancer.



Methods


Cell Culture and Treatment

Ovarian cancer cell lines, A2780 and SKOV3, were purchased from American Type Culture Collection (ATCC, USA) and cultured in DMEM (Gibco, MA, USA) containing 10% FBS (Zeta) at 37°C in a humidified atmosphere with 5% CO2. For hypoxia condition, A2780 and SKOV3 cells were maintained at 37°C in a humidified atmosphere with 5% CO2 and 1% O2 (Thermo Fisher, USA). Lentivirus-based shRNA targeting MIR210HG were purchased from GenePharma (Shanghai, China) and used to infect cells with multiplicity of infection (MOI) 20. Puromycin (Beyotime, Beijing, China) was used to select the stably infected cells. siRNA targeting HIF-1α and VHL were purchased from Ribobio (Guangzhou, China) and used to transfect ovarian cancer cells following the instruction of riboFECT CP Transfection Kit (Ribobio, Guangzhou, China). Dimethyloxalylglycine (DMOG) was purchased from Selleck (Catalog number: S7483, Shanghai, China) and used to treat ovarian cancer cells with a final concertation of 4 μM for 24 hours.



RNA Extraction and Quantitative PCR

Total RNA was extracted from whole ovarian tissues using by TRIzolT (Invitrogen, CA, USA), following as per the manufacturer’s instructions. RNA purity and concentration were monitored using with a NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific, CA, USA). One microgram of total RNA was used as template to synthesize cDNA using with the by SuperScript III Reverse transcriptase ion assay (Catalog number: 10880093, Invitrogen, CA, USA). TaqMan Gene Expression Master Mix (Catalog number: 4331182, Thermo Fisher Scientific, CA, USA) was used for real-time Real-time qPCR with a StepOne Real-Time PCR System (Applied Biosystems, CA, USA). GAPDH was used as the loading control. The results of qPCR were analyzed using the conventional ΔΔCt method.



Western Blotting

Cells were collected and lysed with RIPA buffer (Beyotime, Beijing, China) containing 1% protease inhibitor cocktail on ice and then centrifuged at 12, 000 rpm for 15 min at 4°C. Total 10 μg of total protein was loaded for SDS-PAGE separation and later transferred onto PVDF membranes (Merck Millipore, MA,USA). Then the PVDF membranes were blocked in 5% non-fat milk in TBST buffer at 22-25°C for 1 hour. Primary antibodies against HIF-1α (Catalog number: 36169, CST, MA, USA, 1:800), VHL (Catalog number: 24756-1-AP, Proteintech, Wuhan, China, 1:1000), E-cadherin (Catalog number: 14472, CST, MA, USA, 1:1500), N-cadherin (Catalog number: 13116, CST, MA, USA, 1:1500), Slug (Catalog number: 9585T, CST, MA, USA, 1:1200), Slug (Catalog number: 3879T, CST, MA, USA, 1:1200), and GAPDH (Catalog number: 10494-1-AP, Proteintech, Wuhan, China, 1:5000) were added for incubation at 4°C for overnight. After washing with TBST buffer for 3 times, the HRP-conjugated secondary antibody was added for incubation at 37°C for 1 hour. The antibody-labeled membranes were scanned for signals with iBright (Thermo Fisher, MA, USA) by adding enhanced chemiluminescent (Merck Millipore, MA, USA).



RNA FISH

A2780 and SKOV3 cells were plated on glass microscope slides at ∼50% confluence and incubated for 24 h in DMEM (Gibco, MA, USA) containing 10% FBS (Zeta) at 37°C in a humidified atmosphere with 5% CO2 and 1% O2. RNA FISH was performed with the RiboTM Fluorescent In Situ Hybridization Kit (Ribobio, Guangzhou, China) following the instruction of manufacturer. The specific probes against U6, 18S and MIR210HG were purchased from Ribobio (Guangzhou, China). Coverslips were mounted with Prolong Gold antifade plus DAPI (Invitrogen) and slides were viewed with BX51 (Olympus, Tokyo, Japan).



Migration Assay

A2780 and SKOV3 cells (2×104 cells in 100 μl DMEM medium) were seeded into a millicell (8 μm) containing diluted Matrigel (1:5 dilution with DMEM medium). Then the cells were maintained at 37°C in a humidified atmosphere with 5% CO2 and 1% O2 (Thermo Fisher, USA). Twenty-four hours later, the millicell were collected for crystal violet (Beyotime, Beijing, China) staining. The migrated cells were photographed with BX51 (Olympus, Tokyo, Japan). The number of cells in per frame (4 frames for each group) was analyzed.



HUVEC-Based Tube Formation Assay and Migration Assay

Cell culture supernatant from A2780 and SKOV3 cells under hypoxia condition were collected and stored at -80°C. HUVECs were purchased from American Type Culture Collection (ATCC, USA) and cultured in EGM-2 medium (Merck Millipore, MA, USA) at 37°C in a humidified atmosphere with 5% CO2. HUVEC-based tube formation assay and migration assay were performed as previous study indicated (27). For HUVEC-based tube formation assay, 50 μl Matrigel was added into each well of 96-well plate. Then 2×104 HUVECs in 100 μl conditional culture medium from A2780 and SKOV3 cells were added, and 4-6 hours later, the tubes in each well were photographed with an inverted microscope (Nikon, Tokyo, Japan). The number of branch points in each well were analyzed. For HUVEC-based migration assay, 2×104 HUVECs in 100 μl conditional culture medium from A2780 and SKOV3 cells were seeded into a millicell (8 μm) containing diluted Matrigel (1:5 dilution with DMEM medium). Then the cells were maintained at 37°C in a humidified atmosphere with 5% CO2 and 1% O2 (Thermo Fisher, USA). Twenty-four hours later, the millicell were collected for crystal violet (Beyotime, Beijing, China) staining. The migrated cells were photographed with BX51 (Olympus, Tokyo, Japan). The number of cells in per frame was analyzed and four frames were included in each analysis.



Enzyme-Linked Immunosorbent Assay

Cell culture supernatant from A2780 and SKOV3 cells under hypoxia condition were collected and used for ELISA detection following the instructions of VEGF-ELISA kit (NeoBioscience, Shenzhen, China).



Chromatin Isolation by RNA Purification Assay

CHIRP experiment was performed following the instruction of Dynabeads™ MyOne™ Streptavidin C1 from Invitrogen (Catalog number: 65001, Thermo Fisher Scientific, MA, USA). Briefly speaking, ovarian cancer cells (3×107 cells) were collected and crosslinked with 1% glutaraldehyde solution and lysed. After treating with ultrasonic crushing, the probe purchased from RiboBio (Guangzhou, China) company was incubated with the cell lysate at 37°C for 4 h, and then magnetic beads were added to collect the probe. Then the product was collected for RNA extraction and protein extraction, separately.



Animal Study

All animal experiments were approved by the Animal Care and Use Committee of Sichuan University (Approve number: 2019189A) following the ARRIVE guidelines 2.0. Female BALB/c nude mice (6 weeks old) were purchased from the Beijing HFK Bioscience Co., Ltd. (Beijing, China) and feed in a specific pathogen free condition of Animal Center of Sichuan University with free access to food and water. For subcutaneous tumor model establishment, control cells and MIR210HG knockout A2780 and SKOV3 cells (5×106 cells) were injected into the dorsal flank of the BALB/c mice. Tumor size was determined by measuring length and width every five days with vernier caliper, and calculating the tumor volume (mm3) as: V=tumor length× (tumor width)2 ×0.52. When mice sacrificed, tumors were collected, weighed and used for further experiments. At the end of animal study, the mice were intraperitoneally injected with 60 μl 10% chloraldurate, and then sacrificed by breaking the neck.



Immunofluorescence and Immunohistochemical Staining

For immunofluorescence staining in cells, A2780 and SKOV3 cells were cultured on coverslips in six-well plates and fixed with 4% paraformaldehyde for 15 minutes and permeabilized with 0.1% Triton X-100 for 15 min at room temperature (22–25°C). Primary antibodies against E-cadherin (Catalog number: 14472, CST, MA, USA, 1:200) and N-cadherin (Catalog number: 13116, CST, MA, USA, 1:200) diluted in PBS was added and incubated at 4°C for overnight. Then the slides were washed with PBS for 3 times, and incubated with Cy3-conjuated secondary antibody (Thermo Fisher, MA, USA) away from light at room temperature (22–25°C) for 1 hour. Slides were mounted with Prolong Gold antifade plus DAPI (Invitrogen) and slides were viewed with BX51 (Olympus, Tokyo, Japan).

A2780 tumor tissues were fixed in 4% Paraformaldehyde, embedded in paraffin, and then cut into 4 μm thick sections for IHC staining. After antigen retrieval in a high temperature and high pressure condition for 3 minutes, the slides were blocked with non-immune goat serum and incubated with primary antibodies against CD31 (Catalog number: 28083-1-AP, Proteintech, Wuhan, China, 1:400), HIF-1α (Catalog number: 36169, CST, MA, USA, 1:100) and VEGF (Catalog number: ab46154, Abcam, London, UK, 1:100) at 4°C for overnight. For immunofluorescence staining, after washing with PBS for 3 times, the slides were incubated with Cy3-conjuated and FITC-conjugated secondary antibody (Thermo Fisher, MA, USA) at room temperature (22–25°C) for 1 hour. Slides were mounted with Prolong Gold antifade plus DAPI (Invitrogen) and slides were viewed with BX51 (Olympus, Tokyo, Japan). The number of tumor vessels and the percent of HIF-1α positive cells in each frame was analyzed. For immunohistochemical staining, after washing with PBS for 3 times, the slides were incubated with HRP-conjugated secondary antibodies for 2 h (SP9001, Zsbio, Beijing, China) and then stained with 3,3′-diaminobenzidine (Maixin, Fuzhou, China). Cell nucleus were stained by hematoxylin (Catalog number: C0105M, Beyotime, Beijing, China).



Clinical Samples

All human epithelial ovarian cancer tissues and paired adjacent noncancerous ovarian tissues were collected as surgical specimens at the West China Second Hospital from March, 2011 to July, 2012, and stored in liquid nitrogen. The prognosis data were collected by telephone follow-up from 2017 to 2019. The RNAs were extracted in 2020 and qPCR was performed immediately. All patients signed an informed consent and the experiments were approved by the ethics committee of Sichuan University. After the determination of MIR210HG expression by qPCR, the patients were divided into MIR210HG high group and MIR210HG low group according to the media expression of MIR210HG in all malignant samples.



Statistical Analysis

All experiments were repeated at least three times and the data are presented as the mean ± SD. All of the data were analyzed by one-way ANOVA. Disease free survive (DFS) and Overall survive (OS) trends and curves were calculated by the Kaplan–Meier method, and differences were compared using the log-rank test. The difference was considered to be significant difference when p<0.05. All of the analysis were performed using SPSS version 13.0 (SPSS Inc, IL, USA).




Results


Hypoxia Induced LncRNA-MIR210HG in Ovarian Cancer

To investigate the potential induction of hypoxia in lncRNA-MIR210HG expression, A2780 and SKOV3 cells were cultured in 1% O2 for 48 h. The total RNA was then collected for qPCR analysis. As shown in Figure 1A, significant upregulation of lncRNA-MIR210HG was observed in hypoxia-treated A2780 and SKOV3 cells, compared with cells under normoxic conditions. After treatment with DMOG for 48 h, lncRNA-MIR210HG was also dramatically increased in A2780 and SKOV3 cells (Figure 1B). To determine the potential role of HIF-1α in hypoxia-induced lncRNA-MIR210HG expression, siRNA targeting HIF-1α was used to transfect A2780 and SKOV3 cells, and low HIF-1α expression was observed in the cells (Figure 1C). qPCR analysis indicated that knockdown of HIF-1α significantly inhibited lncRNA-MIR210HG expression in A2780 and SKOV3 cells (Figure 1D). These results indicate that lncRNA-MIR210HG is a hypoxia-induced lncRNA in ovarian cancer, which is mediated by HIF-1α.




Figure 1 | Hypoxia induced lncRNA-MIR210HG in ovarian cancer. (A) qPCR analysis of lncRNA-MIR210HG expression in A2780 and SKOV3 cells treated with normoxic and hypoxia condition for 48 hours (n = 3, **p < 0.01). (B) qPCR analysis of lncRNA-MIR210HG expression in A2780 and SKOV3 cells treated with DMSO or DMOG for 48 hours (n = 3, **p < 0.01). (C) Western blotting detection of HIF-1α expression in A2780 and SKOV3 cells transfected with siRNA targeting HIF-1α and negative control under hypoxia condition. GAPDH was used as a loading control. (D) qPCR analysis of lncRNA-MIR210HG expression in A2780 and SKOV3 cells transfected with siRNA targeting HIF-1α and negative control under hypoxia condition (n = 3, **p < 0.01). (E) Detection of lncRNA-MIR210HG, U6 and 18S in A2780 and SKOV3 cells by FISH staining under hypoxia condition. Cell nucleus was stained by DAPI. Scale bar = 10 μm. (F) qPCR analysis of lncRNA-MIR210HG, GAPDH, NEAT1 and β-actin expression in nucleus and cytosol of A2780 and SKOV3 cells under hypoxia condition.





Distribution of LncRNA-MIR210HG in Hypoxic Ovarian Cancer Cells

Next, the lncRNA-MIR210HG distribution was determined by FISH staining. Our results indicated that 18S was mainly located in the cell nucleus and U6 was mainly located in the cytosol (Figure 1E). lncRNA-MIR210HG was mainly located in the cytosol, while a less positive signal was also observed in the nucleus of ovarian cancer cells (Figure 1E). Furthermore, A2780 and SKOV3 cells were collected under hypoxic conditions for cell nucleus and cytosol separation. qPCR analysis indicated that NEAT1 was mainly located in the cell nucleus, which confirmed the accuracy of the operation (Figure 1F), and lncRNA-MIR210HG was mainly located in the cytosol, which was consistent with the FISH staining results. Collectively, lncRNA-MIR210HG was mainly located in the cytosol of hypoxic ovarian cancer cells.



LncRNA-MIR210HG Promotes EMT in Ovarian Cancer

Epithelial-mesenchymal transition (EMT) is an important process under hypoxic conditions. Thus, we investigated the potential function of lncRNA-MIR210HG in regulating EMT in ovarian cancer. Lentivirus-based shRNA targeting lncRNA-MIR210HG was employed to infect A2780 and SKOV3 cells and the stably infected cells were collected for further analysis. qPCR analysis confirmed the efficient knockdown or lncRNA-MIR210HG in A2780-shMIR210HG and SKOV3-shMIR210HG cells (Figures 2A, B). The cells were then used for a Matrigel-based migration assay under hypoxic conditions. Our results indicated that knockdown of lncRNA-MIR210HG significantly inhibited the migration of A2780 (Figure 2C) and SKOV3 (Figure 2D) cells. Western blotting results demonstrated that knockdown or lncRNA-MIR210HG promoted E-cadherin expression and inhibited N-cadherin expression both in A2780 and SKOV3 cells (Figure 2E), which was also confirmed by immunofluorescence staining (Figure 2F). Collectively, knockdown of lncRNA-MIR210HG inhibits EMT in ovarian cancers under hypoxic conditions.




Figure 2 | lncRNA-MIR210HG promotes EMT in ovarian cancer. (A, B) qPCR analysis of lncRNA-MIR210HG expression in A2780-shNC, A2780-shMIR210HG, SKOV3-shNC and SKOV3-shMIR210HG cells under hypoxia condition (n = 3, **p < 0.01). (C, D) A2780-shNC, A2780-shMIR210HG, SKOV3-shNC and SKOV3-shMIR210HG cells were used for Matrigel-based migration assay under hypoxia condition. The number of migrated cells in per frame was analyzed (n = 4, **p < 0.01, Scale bar = 100 μm). (E) Detection of E-cadherin and N-cadherin expression in A2780-shNC, A2780-shMIR210HG, SKOV3-shNC and SKOV3-shMIR210HG cells that were cultured under hypoxia condition by western blotting. GAPDH was used as a loading control. (F) Detection of E-cadherin and N-cadherin expression in A2780-shNC and A2780-shMIR210HG cells that were cultured under hypoxia condition by immunofluorescent staining (Scale bar = 10 μm).





LncRNA-MIR210HG Promotes Angiogenesis in Ovarian Cancer

To determine the potential function of lncRNA-MIR210HG in tumor angiogenesis, the conditional culture medium from A2780 and SKOV3 cells under hypoxic conditions were collected for HUVEC (human umbilical vein endothelial cell)-based tube formation and migration assays. As shown in Figures 3A, B, fewer tubes were observed in HUVECs treated with conditional culture medium from A2780-shMIR210HG and SKOV3-shMIR210HG cells. Analysis of branch points per frame confirmed the significant inhibition of tube formation in the lncRNA-MIR210HG knockdown group (Figures 3A, B). Further results also suggested that the conditional culture medium from the lncRNA-MIR210HG knockdown group dramatically inhibited the migration of HUVECs (Figures 3C, D). ELISA was employed to determine VEGF expression in conditional culture medium and demonstrated that knockdown of lncRNA-MIR210HG significantly inhibited VEGF secretion in both A2780 and SKOV3 cells (Figure 3E). A similar reduction in VEGF mRNA was also observed in A2780-shMIR210HG and SKOV3-shMIR210HG cells (Figure 3F). These results indicated that knockdown of lncRNA-MIR210HG inhibits tumor angiogenesis in ovarian cancer.




Figure 3 | lncRNA-MIR210HG promotes angiogenesis in ovarian cancer. (A, B) The conditional culture medium from A2780-shNC, A2780-shMIR210HG, SKOV3-shNC and SKOV3-shMIR210HG cells that were cultured under hypoxia condition were collected for HUVECs tube formation assay. The number of branch points formed in each frame was counted and analyzed (n = 4, **p < 0.01, Scale bar = 100 μm). (C, D) The conditional culture medium from A2780-shNC, A2780-shMIR210HG, SKOV3-shNC and SKOV3-shMIR210HG cells that were cultured under hypoxia condition were collected for HUVECs migration assay. The number of migrated cells in each frame was counted and analyzed (n = 4, **p < 0.01, Scale bar = 100 μm). (E) ELISA detection of VEGF expression in conditional culture medium from A2780-shNC, A2780-shMIR210HG, SKOV3-shNC and SKOV3-shMIR210HG cells that were cultured under hypoxia condition (n = 3, **p < 0.01). (F) qPCR analysis of VEGF mRNA expression in A2780-shNC, A2780-shMIR210HG, SKOV3-shNC and SKOV3-shMIR210HG cells that were cultured under hypoxia condition (n = 3, **p < 0.01).





LncRNA-MIR210HG Inhibits HIF-1α Degradation in Ovarian Cancer

To determine the direct target of lncRNA-MIR210HG in ovarian cancer, RNA pull-down was performed with a CHIRP probe targeting lncRNA-MIR210HG. Our results indicated that lncRNA-MIR210HG could be efficiently pulled down by the CHIRP probe (Figure 4A). We tried to detect HIF-1α expression in the products of RNA pull-down experiments by western blotting and was surprised to detect HIF-1α in the production of RNA pull-down of the CHIRP-MIR210HG probe (Figure 4B). Further results indicated that knockdown of lncRNA-MIR210HG inhibited HIF-1α expression in both A2780 and SKOV3 cells (Figure 4C). Blocking of protease activity by MG132 efficiently attenuated the reduction of HIF-1α expression in A2780-shMIR210HG cells, suggesting that lncRNA-MIR210HG regulated HIF-1α expression was protease dependent (Figure 4D). VHL was the crucial protease in promoting HIF-1α degradation. Thus, we determined the expression of VHL in A2780 and SKOV3 cells and found that lncRNA-MIR210HG had little effect on VHL expression in ovarian cancer cells (Figure 4E). Furthermore, knockdown of VHL by siVHL transfection also efficiently blocked shMIR210HG-mediated HIF-1α reduction in ovarian cancer cells (Figures 4F, G). These results demonstrated that lncRNA-MIR210HG directly targets and regulates HIF-1α expression in a VHL-dependent manner.




Figure 4 | lncRNA-MIR210HG inhibits HIF-1α degradation in ovarian cancer. (A) A2780 cells that were cultured under hypoxia condition were collected for RNA pull down experiments with CHIRP probe targeting lncRNA-MIR210HG and negative control. qPCR analysis of lncRNA-MIR210HG expression in A2780 cells (Input) and products of RNA pull down (n = 3, **p < 0.01). (B) Detection of HIF-1α expression in A2780 cells (Input) and products of RNA pull down. (C) Detection of HIF-1α expression in A2780 and SKOV3 cells (under hypoxia condition) stably infected with lentivirus-shRNA targeting lncRNA-MIR210HG and negative control by western blotting. GAPDH was used as a loading control. (D) Detection of HIF-1α expression in A2780-shNC and A2780-shMIR210HG cells (under hypoxia condition) treated with DMSO or MG132 by western blotting. GAPDH was used as a loading control. (E) Detection of VHL expression in A2780-shNC, A2780-shMIR210HG, SKOV3-shNC and SKOV3-shMIR210HG cells (under hypoxia condition) by western blotting. GAPDH was used as a loading control. (F) Detection of VHL expression in A2780 cells (under hypoxia condition) transfected with siRNA targeting VHL and negative control by western blotting. GAPDH was used as a loading control. (G) Detection of HIF-1α expression in A2780-shNC and A2780-shMIR210HG cells (under hypoxia condition) transfected with siRNA targeting VHL and negative control. GAPDH was used as a loading control.





Knockdown of LncRNA-MIR210HG Inhibits Tumor Growth in Mice

To determine the potential role of lncRNA-MIR210HG in tumor growth in mice, ovarian cancer cells were injected to establish a subcutaneous tumor model. As shown in Figures 5A, B, knockdown of lncRNA-MIR210HG significantly inhibited A2780 tumor growth with a 76.7% and 67.1% reduction in tumor volume (A2780-shNC group: 1302.5 ± 261.9 mm3 vs. shMIR210HG-1 group: 303.6 ± 46.5 mm3 vs. shMIR210HG-2 group: 428.6 ± 102.0 mm3). A similar reduction in tumor weight was also observed in A2780-shMIR210HG-1 (73.9% reduction) and A2780-shMIR210HG-2 (68.9% reduction) tumors (Figure 5B). qPCR analysis confirmed the significant downregulation of lncRNA-MIR210HG in A2780-shMIR210HG-1 and A2780-shMIR210HG-2 tumors (Figure 5C). We also observed a significant inhibition of tumor growth in SKOV3-shMIR210HG-1 (55.0% reduction in tumor volume and 59.7% reduction in tumor weight) and SKOV3-shMIR210HG-2 (55.4% reduction in tumor volume and 56.1% reduction in tumor weight) tumors (Figures 5D, E). qPCR analysis confirmed the significant downregulation of lncRNA-MIR210HG in SKOV3-shMIR210HG-1 and SKOV3-shMIR210HG-2 tumors (Figure 5F). Further staining indicated that knockdown of lncRNA-MIR210HG significantly inhibited tumor angiogenesis in A2780 tumors (Figure 5G). Less HIF-1α positive and VEGF positive cells were also detected in A2780-shMIR210HG-1 and A2780-shMIR210HG-2 tumors (Figures 5H, I). Collectively, knockdown of lncRNA-MIR210HG impairs tumor growth in mice by inhibiting tumor angiogenesis and HIF-1α/VEGF expression.




Figure 5 | Knockdown of lncRNA-MIR210HG inhibits tumor growth in mice. (A) A2780-shNC and A2780-shMIR210HG cells were injected into nude mice to establish subcutaneous tumor model. Tumor volume was measured every 5 days and the tumor growth curve was performed (n = 5, **p < 0.01). (B) Tumor weight of A2780-shNC and A2780-shMIR210HG tumors (n = 5, **p < 0.01). (C) qPCR analysis of lncRNA-MIR210HG expression in A2780-shNC and A2780-shMIR210HG tumors (n = 3, **p < 0.01). (D) SKOV3-shNC and SKOV3-shMIR210HG cells were injected into nude mice to establish subcutaneous tumor model. Tumor volume was measured every 5 days and the tumor growth curve was performed (n = 5, **p < 0.01). (E) Tumor weight of SKOV3-shNC and SKOV3-shMIR210HG tumors (n = 5, **p < 0.01). (F) qPCR analysis of lncRNA-MIR210HG expression in SKOV3-shNC and SKOV3-shMIR210HG tumors (n = 3, **p < 0.01). (G) Detection of tumor angiogenesis in A2780-shNC and A2780-shMIR210HG tumors by CD31 staining. Cell nucleus was stained with DAPI. The number of tumor vessels was analyzed (n = 3, **p < 0.01, Scale bar = 100 μm). (H) Detection of HIF-1α in A2780-shNC and A2780-shMIR210HG tumors by immunofluorescent staining. Cell nucleus was stained with DAPI. The percent of HIF-1α positive cells was analyzed (n = 3, **p < 0.01, Scale bar = 100 μm). (I) Detection of VEGF in A2780-shNC and A2780-shMIR210HG tumors by IHC staining. The percent of VEGF positive cells was analyzed (n = 3, **p < 0.01, Scale bar = 100 μm).





Upregulation of LncRNA-MIR210HG Predicts Poor Prognosis of Ovarian Cancer Patients

To determine the potential clinical correlation of lncRNA-MIR210HG in ovarian cancer, qPCR was employed to detect lncRNA-MIR210HG expression in 75 malignant tissues (Table 1) and 25 adjacent normal tissues. Our results suggested that lncRNA-MIR210HG was significantly upregulated in ovarian cancer tissues compared with adjacent normal tissues (Figure 6A). Further analysis indicated that malignant tissues from stage II/III ovarian cancer patients had higher lncRNA-MIR210HG expression than stage I ovarian cancer patients (Figure 6B). Next, the 75 ovarian cancer patients were divided into lncRNA-MIR210HG high and low expression groups based on the median lncRNA-MIR210HG expression in malignant tissues. Patients with low lncRNA-MIR210HG expression had a longer disease-free survival (Figure 6C) and overall survival (Figure 6D). These results suggest that upregulation of lncRNA-MIR210HG in ovarian cancer tissues is correlated with cancer progression and poor prognosis of patients.


Table 1 | Baseline characteristics of patients (N = 75).






Figure 6 | Upregulation of lncRNA-MIR210HG predicts poor prognosis of ovarian cancer patients. (A) qPCR analysis of lncRNA-MIR210HG expression in adjacent normal and malignant tissues of ovarian cancer patients. (B) qPCR analysis of lncRNA-MIR210HG expression in malignant tissues from stage I or stage II/III ovarian cancer patients. (C, D) Ovarian cancer patients were dived into lncRNA-MIR210HG high and low expression group based on the median expression of lncRNA-MIR210HG expression in 75 malignant tissues. Analysis of disease-free survival (DFS) and overall survival (OS) time in the lncRNA-MIR210HG high and low group.






Discussion

Here, we demonstrated that MIR210HG was induced by hypoxia, which is HIF-1α dependent and is mainly located in the cytosol of ovarian cancer cells. Knockdown of MIR210HG significantly inhibited EMT and tumor angiogenesis in vitro and impaired tumor growth in mice. Molecular investigations indicated that MIR210HG directly targets HIF-1α and inhibits VHL-dependent HIF-1α degradation in ovarian cancer. Further results demonstrated that MIR210HG was upregulated in ovarian cancer tissues and correlated with tumor progression and poor prognosis of ovarian cancer patients. Our study suggests that hypoxia-induced MIR210HG promotes cancer progression by inhibiting HIF-1α degradation in ovarian cancer, which could be a therapeutic target for ovarian cancer.

MIR210HG is a de-expressed lncRNA in diverse cancers. In hepatocellular carcinoma, MIR210HG expression was increased in malignant tissues and cancer cells compared with that in paired adjacent normal liver tissue samples and normal liver cell lines, respectively (26). High MIR210HG expression was correlated with advanced clinical stage, large tumor size, present vascular invasion, and unfavorable histological differentiation of hepatocellular carcinoma (26). MIR210HG is highly expressed in NSCLC tissues and its expression is correlated with tumor stage and lymph node metastasis in NSCLC patients (21). Furthermore, MIR210HG expression level was significantly upregulated in osteosarcoma tissue samples, invasive breast cancer cells, colorectal cancer cells, and the aberrantly enhanced MIR210HG expression predicted poor prognosis and low survival rate of cancer patients (19, 22–25, 28). Here, we first demonstrated that the upregulation of MIR210HG in malignant tissues of ovarian cancer patients and MIR210HG high expression was correlated with tumor progression and poor prognosis of ovarian cancer patients, which suggested that MIR210HG is a potential prognostic predictor for ovarian cancer patients. Our results also indicated that MIR210HG was a hypoxia-induced lncRNA, which is consistent with previous studies (29). However, we demonstrated that MIR210HG induction under hypoxic conditions is HIF-1α dependent. Further investigations are needed to clarify the underlying mechanism by which HIF-1α induces MIR210HG expression in ovarian cancer.

The amount of lncRNAs contributed to the progression of ovarian cancer. LncRNA-pro-transition associated RNA (PTAR) promotes EMT, invasion-metastasis, and tumorigenicity in serous ovarian cancer (30). LncRNA-plasmacytoma variant translocation I (PVT1), metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), and LINC00319 were demonstrated to be involved in ovarian cancer cell proliferation, migration, and invasion by acting as a ceRNA (31–33). MIR210HG was also an important regulator of cell proliferation and invasion in diverse cancers (19, 20, 22, 23). Our study first determined the function of MIR210HG in ovarian cancer and confirmed the promoting role of MIR210HG in EMT and tumor angiogenesis in ovarian cancer. In vivo results also provided solid evidence for clarifying the tumor growth inhibition in MIR210HG knockdown ovarian cancer cells, accompanied by inhibition of tumor angiogenesis. All of the results first clarified the function of MIR210HG in ovarian cancer and provided a therapeutic target for ovarian and other cancers.

Previous studies indicated that MIR210HG is a competing endogenous RNA (ceRNA) of miR-503-5p, miR-874, miR-503, miR-1226-3p in cervical cancer (18), NSCLC (20), osteosarcoma cell (22), and breast cancer (19). MIR210HG could recruit DNMT1, thereby promoting methylation of the CACNA2D2 promoter region in NSCLC (21). In triple-negative breast cancer, MIR210HG potentiated the metabolic transcription factor HIF-1α translation via directly binding to the 5’-UTR of HIF-1α mRNA, leading to increased HIF-1a protein level (34). Here, RNA pull-down results demonstrated that MIR210HG directly targets HIF-1α protein in ovarian cancer cells under hypoxic conditions. Knockdown of MIR210HG inhibited HIF-1α protein expression in a protease dependent manner. Knockdown of VHL also efficiently blocked shMIR210HG-mediated HIF-1α reduction in ovarian cancer cells, which suggested that MIR210HG regulates HIF-1α expression in a VHL-dependent manner. These results clarified the binding protein of MIR210HG, but further investigations are needed to clarify the binding site between MIR210HG and HIF-1α protein.



Conclusion

Collectively, the present study provides solid evidence for understanding the expression and function of MIR210HG in ovarian cancer, which may be a potential therapeutic target for ovarian cancer. However, further investigations are needed to clarify the underlying mechanism by which HIF-1α induces MIR210HG expression in ovarian cancer.
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Ovarian cancer is the 4th largest cause of cancer death in women. Approximately 10–15% of women of childbearing age suffer from endometriosis. Endometriosis is defined by the growth and presence of endometrial tissue (lesions) outside of the uterus. The women with endometriosis also have an increased presence of peritoneal fluid (PF) that comprises of inflammatory cells, growth factors, cytokines/chemokines, etc. Epidemiological studies have shown that >3% of women with endometriosis develop ovarian cancer (low-grade serous or endometrioid types). Our hypothesis is that the PF from women with endometriosis induces transformative changes in the ovarian cells, leading to ovarian cancer development. PF from women with and without endometriosis was collected after IRB approval and patient consent. IOSE (human normal ovarian epithelial cells) and TOV-21G cells (human ovarian clear cell carcinoma cell line) were treated with various volumes of PF (no endometriosis or endometriosis) for 48 or 96 h and proliferation measured. Expression levels of epigenetic regulators and FoxP3, an inflammatory tumor suppressor, were determined. A Human Cancer Inflammation and Immunity Crosstalk RT2 Profiler PCR array was used to measure changes in cancer related genes in treated cells. Results showed increased growth of TOV-21G cells treated with PF from women with endometriosis versus without endometriosis and compared to IOSE cells. Endo PF treatment induced EZH2, H3K27me3, and FoxP3. The RT2 PCR array of TOV-21G cells treated with endo PF showed upregulation of various inflammatory genes (TLRs, Myd88, etc.). These studies indicate that PF from women with endometriosis can both proliferate and transform ovarian cells and hence this microenvironment plays a major mechanistic role in the progression of endometriosis to ovarian cancer.




Keywords: peritoneal fluid, FoxP3, EZH2, endometriosis, ovarian cancer



Introduction

Epithelial ovarian cancer (EOC), which is the leading cause of death in women with gynecological malignancies, is very difficult to diagnose and treat due to its asymptomatic presentation and insufficient knowledge on factors that initiate tumorigenesis (1–3). It comprises over 95% of existing ovarian cancers (4) and women have a one in 78 chance of developing EOC (5). Women with EOC have poor prognosis with 61% of cases being detected at advanced stages with a 5-year survival rate of only 27% (1, 2). EOC includes a high-grade serous, low-grade serous, mucinous, an endometrioid, and a clear-cell subtype (6). The endometrioid or clear cell carcinoma represents the main types of endometriosis-associated ovarian cancer (EAOC) that may develop from precursor endometriotic lesions in the ovary. EAOC has an odds ratio of 1.42 for the progression to ovarian cancer in the presence of endometriosis (7, 8). This odds ratio greater than one clearly demonstrates that exposure to endometriosis is a major risk factor for developing EOC. However, the reason for this increased risk of developing ovarian cancer from the progression of endometriosis currently remains unclear.

Endometriosis is an estrogen-dependent chronic inflammatory gynecological disorder that often leads to debilitating symptoms including chronic pelvic pain, menstrual irregularities, dysmenorrhea, and dyspareunia. Approximately 10% of women of childbearing age suffer from endometriosis (9). Similar to EOC, 20–25% of patients remain asymptomatic which contributes to a delay in diagnosis and treatment (10). There are various theories for the etiology and pathogenesis of endometriosis with the most widely accepted hypothesis being Sampson’s retrograde menstruation which is characterized by the development of ectopic endometrial cell implants in the peritoneum (11, 12). Endometrial cells can also escape from immune clearance, attach and invade the peritoneal epithelium, and play a role in angiogenesis (13). While endometriosis is often considered a benign condition, endometrial implants exhibit several molecular and histopathological characteristics similar to those demonstrated by neoplastic cells (14). These characteristics include metastasis to distant sites, invasion and migration, and the establishment of neurovascularity. In addition to this pathogenesis, researchers have found increased levels of inflammatory peritoneal fluid in women suffering from endometriosis (13) which we propose is a main contributor for malignant transformation to EOC.

The peritoneal fluid of women with endometriosis is characterized by increased levels of cytokines, chemokines, growth factors, pain-inducing molecules, and inflammatory cells. Increased amounts of prostaglandins, activated macrophages, IL-1, IL-6, IL-10, and tumor necrosis factor alpha (TNF-α) have been found in the PF of patients with endometriosis when compared to the PF of control groups (15–17). Other studies have shown that the increased levels of PF contribute to sustained peritoneal inflammation which regulates both the growth and proliferation of endometrial lesions (18). In patients with endometriosis, the NK cells present in the PF has a defect in its cytotoxic function, hence these cells are unable to remove the endometriotic implants leading to endometriosis. There is also a proposed lack of tissue clearance due to an increase in immunosuppressive regulatory T cells (Tregs) present in the endometrial PF (18). These increased levels of FoxP3+ Tregs decrease immune recognition and clearance of endometrial antigens leading to increased endometrial implants at ectopic sites (19, 20). The escape of endometrial antigens from immune surveillance and increased implantation is important as some of these endometriotic implants may navigate towards the ovaries where they can undergo malignant transformation under the environment of the endometriotic milieu or remain in the peritoneal environment and undergo transformation. In ovarian cancer, increased expression of FoxP3 has been shown to correlate with reduced survival time and disease progression (21). However, some other studies have shown that when FoxP3 is upregulated, this inhibited disease progression for EOC (22). Hence, a better understanding of this pathway in EOAC is essential.

Dissemination of EOC follows a non-traditional invasion–migration cascade by forming loosely attached outgrowths that transit through the peritoneal fluid and attach to new sites. Studies have suggested that the metastasis of ovarian carcinoma is less complicated compared to other types of malignancies as the cancer cells break off individually or in clusters from the original site and passively disseminate to other locations in the peritoneum (23). The ovarian cancer cells invade the mesothelium covering all structures in the peritoneum as its primary microenvironment (23). This invasion migration cascade is very similar to the one seen in endometriosis representing common features present in both conditions.

Endometriosis and EOC may have some relation since they both pertain to pelvic tissues that grow uncontrollably. We propose that this connection between endometriosis and its malignant progression to EOC may be the result of these PF microenvironmental changes which induce cancer-related genetic alterations. Recently, our laboratory has shown that in endometriosis, the PF regulates epigenetic pathways to induce the growth of these lesions (24). We showed that when PF from women with endometriosis was added to endometrial cells, there was an increase in the PRC2 complex, specifically EZH2, and its target H3K27me3. Additionally, there was an increase in miR-155/FoxP3 expression which may be working in coordination with the PRC2 complex to drive the progression of endometriosis. While we believe that these mechanisms may also be behind the transformation of endometriosis to EOC, there is insufficient knowledge that the PF milieu in EOC has similar properties as  the PF milieu in endometriosis. Based on these findings, we hypothesize that the endometriotic PF microenvironment would induce inflammatory and epigenetic pathways resulting in transformative changes in the ovarian or endometrial cells leading to the development of  EAOC. In our present study, we used a human ovarian clear cell carcinoma line, TOV-21G, treated with PF from women with endometriosis compared to women without endometriosis to discover the effects of the endometrial PF milieu on ovarian cell growth and proliferation.



Materials and Methods


Human Subject Participants

Women ages 21 to 60 years, undergoing tubal ligation or having non-endometriosis disorders (controls) or patients with endometriosis (“endo”, laparoscopically diagnosed followed by pathological confirmation and/or patients with symptoms) were recruited from the Obstetrics-Gynecology clinic at the Cabell Huntington Hospital, Joan C Edwards School of Medicine, Marshall University, in Huntington, WV. In this study, endo patients were diagnosed with stage I/II and pathologically confirmed to exhibit peritoneal endometriosis. This HIPAA compliant study was approved by the Institutional Review Board of the Marshall University School of Medicine and was carried out per the principles of the Declaration of Helsinki. All patients were consented prior to the study. All women completed a gynecologic/infertility history form, a pre-operative quality of life questionnaire and assessment of pain using a visual analog scale for assessment of endometriosis associated pain (dysmenorrhea, non-menstrual pelvic pain, dyspareunia, and dyschesia) (adapted from the validated International Pelvic Pain Society’s Pelvic Assessment Form). Date of their last menstrual period was used to assess their cycle time. The inclusion criteria included women ages 21–60 years old, with normal menstrual cycles and otherwise in normal health (except for pain and endometriosis) who have not been on any hormonal medication for at least one month before sample collection. Exclusion criteria included subjects with current medical illnesses such as diabetes, cardiovascular disease, hyperlipedemia, hypertension, systemic lupus erythematosis or rheumatologic disease, positive HIV/AIDS, active infection. Subjects were asked to stop multivitamins that contain high levels of antioxidants and anti-inflammatory medications one month prior to sample collection. Peritoneal fluid (PF) from both women with and without endometriosis were collected during the surgery through the aspiration from the peritoneal/abdominal cavity and without the use of saline. Prior to use, PF (devoid of blood contamination) was spun at 2000 x g to remove any cellular debris. The supernatant, cell-free PF was used immediately for studies or stored at -80 C for future use.



Cell Culture

TOV-21G, human ovarian clear cell carcinoma cell line (CRL-11730, ATCC, Manassas, MA), and IOSE364, human normal ovarian epithelial cells (25, 26) (gift from Dr. Charlie Chen, Aldous-Broadus College), were cultured in T75 flasks in complete media (MCDB 105, Medium 199 (1:1), 15% FBS, 1% Pen/Strep, 1% glutamine). When cells were approximately 80% confluent, media was changed to 1.5% charcoal-stripped FBS containing media before being treated with 1% or 10% peritoneal fluid from women with and without endometriosis (endo and control PF respectively) for 48 h.



xCELLigence Cell Proliferation Studies

TOV-21G cells were used to test cell proliferation under various conditions using xCELLigence technology (Cat No: 05469759001, Agilent, Santa Clara, CA). This technology uses modified 16-well plates (E-plates, Cat No: 5469813001, Agilent, Santa Clara, CA) in which microelectrodes are attached at the bottom of the wells in which cell impedance or cell index (CI) can be measured. For cell proliferation studies, 10,000 cells per well were plated in 100 μl of complete media in E-Plates and placed on the xCELLigence reader for 24 h. After 24 h, media was removed in all wells and 1.5% charcoal-filtered FBS containing media added before treating with 1 or 10% of PF (endometriosis or control) and followed in the xCELLigence reader for another 96 h. Readings were taken once every hour throughout the whole experiment for 96 h. All treatments were performed in triplicate and change in CI averages with PF treatments were compared to media only treated cells and represented as CI averages or percentage of growth. The more number of cells present in the wells (due to proliferation or growth) the higher the CI measurement.



Expression of EZH2 and H3K27me3

IOSE364 cells and TOV-21G cells treated with peritoneal fluid alone (1 or 10%) for 48 h were suspended in TRI reagent before extraction of the RNA from the cells. The quantity and quality of the mRNA, was measured using the NanoDrop 2000 spectrophotometer. cDNA synthesis of 1 μg of mRNA was done using the iScript cDNA synthesis Kit (1708890-Biorad, Hercules, CA). mRNA expression was analyzed from the freshly created cDNA samples using SYBR Green (1725270-Biorad, Hercules, CA) for EZH2 (F:AAGGAGTTTGCTGCTGCTCT;R: ATTAATGGTGGGGGTGCTGG) and 18S as housekeeping gene (F: GCAATTATTCCCCATGAACG; R: GGCCTCACTAAACCATCCAA). H3k27me3 was determined using the EpiQuik Histone modification multiplex assay (Epigentek, P-3100, Farmingdale, NY).



RT2 Profiler PCR Cancer Array

TOV-21G cells that have been treated with 1 or 10% control or endometrial PF were used to measure the fold-changes of human cancer genes present in the Human Cancer Inflammation and Immunity Crosstalk RT2 Profiler PCR Array (PAHS-181Z, Qiagen). IOSE364 (normal ovarian epithelial cells) were also treated with control or endometriotic PF and ran for comparison.




Results


Proliferation and Migration of Ovarian Cancer Cells Using Cell Impedance Method

In this experiment, we tested the ability of PF (from patients with-EPF or without endometriosis-CPF) to increase the proliferation of ovarian cells (TOV-21G) using the xCELLigence technology (RTCA DP). This is a technology based on cell impedance changes that allows for more accurate, real-time measurements of cell growth without using a reagent such as Reliablue (27). This system uses specific plates that have gold microelectrodes attached to the bottom that produce electrons, which interact with the solution as they complete their circuit. As the number of adhered cells in the plate increases, they interfere with the flow of electrons. This allows for the proliferation of the cells to be measured over time. The impedance read out is measured as cell index (CI). Figure 1 shows that human ovarian clear cell carcinoma cells (TOV-21G) cells when exposed to 1 or 10% PF (CPF or EPF = n = 6–8) had increased proliferation with increasing concentrations. The significance (one-way ANOVA) was reached with 10% PF concentration (p = 0.0012). These observations suggest that PF could increase proliferation of TOV-21G ovarian clear-cell cancer cells.




Figure 1 | Peritoneal fluid increases proliferation of TOV-21G cells as determined by increase in Cell Index.  **p < 005.





PF Mediated Induction of EZH2-H3k27me3 in Ovarian Cells

We recently showed the PF can modulate the EZH2/H3k27me3 axis in endometriosis (24). Figure 2 shows that 1% Ctrl or endo PF (n = 6–8) at 48 h, also induced EZH2 and H2K27me3 in IOSE and TOV-21G cells (Figure 2). EZH2 was measured using real time PCR and H3K27me3 protein was measured using ELISA kit (Epigentek). One-way ANOVA showed an increase in both EZH2 (p = 0.0341) and H3k27me3 expression in endo PF treated TOV-21G cells.




Figure 2 | Peritoneal fluid modulates the expression of EZH2/H3k27me3 in IOSE and TOV-21G cells. *p < 0.05.





Increase in FoxP3 and TLR Pathway Gene Expression in PF Treated Ovarian Cells

IOSE364 cells (immortalized normal ovarian epithelial cells) and TOV-21G (clear cell ovarian carcinoma cell line) exposed to 1% PF from women with or without endometriosis (n = 6–8) at 48 h showed increased expression of FoxP3, which was induced significantly (t-test) by EPF (p = 0.016) and a trend in increased expression of Treg markers IL-10 and TGFb. There was also induction in FoxP3 downstream genes that are related to the TLR pathway (MyD88) (p = 0.02) and TLR4 (p = 0.0009) in endo PF treated TOV-21G cells compared to IOSE-CPF treated cells (Figure 3).




Figure 3 | Peritoneal fluid induces FoxP3 and TLR pathway genes in TOV-21G cells.  *p < 05; **p < 0.005.



RT2 Profiler PCR array for cancer related genes also showed upregulation of several other inflammatory genes including IL-6, CCL4, MCP-1, etc. (Table 1). The induction was more prominent in 1% endo PF treated cells compared to 10% PF treated cells and higher in TOV-21G treated cells compared to IOSE cells.


Table 1 | Significantly regulated cancer related genes in PF treated IOSE or TOV-21G cells.






Discussion

Through these studies presented here, we provided evidence that endometriotic PF increases proliferation, induces inflammatory genes (including FoxP3 mediated signaling) and modulates EZH2/H3K27me3 in human clear-cell ovarian carcinoma cell lines (TOV-21G) compared to normal ovarian epithelial cells (IOSE). This provides insights into the possible mechanisms by which endometriotic peritoneal milieu by modulating epigenetic pathways may promote endometriosis associated cancers.

Inflammation is a key player in both endometriosis (28–30) and ovarian cancer (31–33). Patients with endometriosis, have an impaired endometrium and an inflamed peritoneal microenvironment. In endometriosis, peritoneal fluid (PF) is a highly dynamic microenvironment that is in a constant state of inflammation (34–37). There is a similar increase in PF accumulation in patients with ovarian cancer. Cytologic examinations of peritoneal washings are a common prognostic (as well as epigenetic) tool in ovarian cancer (38, 39). An increased presence of immune cells including monocyte-macrophages, and Tregs is quite common in the peritoneal microenvironment (40–43). We have earlier shown increased presence of inflammatory and redox markers in the PF of women with endometriosis compared to control women (44–50). We also showed that endometrial cells treated with PF from women with endometriosis induced colony stimulatory factor-1 (44) and monocyte chemotactic protein-1 (47).

Forkhead box protein P3 (FoxP3 Tregs) cells are essential for maintenance of immune tolerance (51, 52). However, the expression and function of FoxP3 in cancer cells is contradictory, since in pancreatic cancer and melanoma it is expressed in the tumor cells whereas it is present in the normal epithelial cells in human breast and prostate cancer (53–56). Furthermore, FoxP3 can act both as a tumor suppressor as seen in breast cancer (57) but also enables cancer cells to prevent T-cell responses directed towards them and hence results in tumor progression and poor prognosis (58, 59). A higher percentage of FoxP3 Tregs, and immunosuppressive cytokines, interleukin-10 (IL-10), transforming growth factor beta (TGF-β) levels are present in the PF and increased expression in endometriotic tissue of patients with endometriosis compared to control women (43, 60). In endometriosis, increased FoxP3 Treg response is suggested to lead to cancer progression (61). A recent study showed that endometriotic PF increased the recruitment of FoxP3-Tregs in the peritoneal microenvironment (19) We observed an induction of FoxP3 levels in ovarian cells treated with endometriotic PF, thus, it is plausible that though it is an important component of Treg cells and essential in immune homeostasis, it may also enable cancer cells to escape T cell responses thus resulting in tumor progression and poor prognosis. There are suggestions in the literature that in endometriosis, increased FoxP3 Treg response may lead to cancer progression (19, 61, 62).

Our interest in FoxP3 is also related to its ability to associate with the polycomb proteins EZH2/PRC2 complex and play a role in epigenetic regulation (63–67) and modulating the expression of tumor associated genes The polycomb group of proteins (PRC1 and PRC2) plays important roles in cell growth and proliferation (68, 69). EZH2/PRC2 complex catalyzes trimethylation of lysine 27 of histone H3 (H3K27me3) which then interacts with the chromatin complex resulting in gene repression (70–72). EZH2 is overexpressed in patients with EOC (68, 73–76) and promotes proliferation, inhibits apoptosis, and enhances angiogenesis in ovarian cancer (77). Inhibition of EZH2, inhibits the growth of ovarian cancer (77–80). In most cancers, there is a reduction in FoxP3 and increased EZH2, however, we recently showed that endometriotic PF promoted a cross-talk between EZH2 and FoxP3 (24). We found that endo PF increased the expression of EZH2/H3K27me3 in TOV-21G cells, suggesting a plausible interaction with the inflammatory modulators such as FoxP3.

Toll like receptors (TLR2 and TLR4), signal through the adaptor molecule, myeloid differentiation primary response gene 88 (MyD88) leading to nuclear translocation of NF-kB and upregulation of pro-inflammatory genes such as IL-6, CCL4 (Treg released cytokine) and CCL2 (MCP-1). The TLR pathway interacts with FoxP3-Treg in immune response (81, 82) and plays a role in chemoresistance (83, 84). Our study showed endometriotic PF induced several of these inflammatory genes involved in cancer pathways, including the TLR pathway (63, 64, 67). Figure 4 highlights some of the mechanistic pathways (TLR pathway, NFkB activation, and Cox-2 activated prostaglandin mediated proliferation) that are possible targets of FoxP3-EZH2 crosstalk and that may be at play in endometriosis associated ovarian cancer. More studies are needed to understand the importance of these pathways in the etiology of EAOC, in order to develop early diagnostic or treatment options for this condition.




Figure 4 | Schematic representation of the plausible mechanisms involved in the role of endometriotic PF in EAOC.
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Ovarian cancer (OC) is the most lethal gynecologic malignancy, affecting approximately 1 in 70 women with only 45% surviving 5 years after diagnosis. This disease typically presents at an advanced stage, and optimal debulking with platinum-based chemotherapy remains the cornerstone of management. Although most ovarian cancer patients will respond effectively to current management, 70% of them will eventually develop recurrence and novel therapeutic strategies are needed. There is a rationale for immune-oncological treatments (IO) in the managements of patients with OC. Many OC tumors demonstrate tumor infiltrating lymphocytes (TILs) and the degree of TIL infiltration is strongly and reproducibly correlated with survival. Unfortunately, results to date have been disappointing in relapsed OC. Trials have reported very modest single activity with various antibodies targeting PD-1 or PD-L1 resulting in response rate ranging from 4% to 15%. This may be due to the highly immunosuppressive TME of the disease, a low tumor mutational burden and low PD-L1 expression. There is an urgent need to improve our understanding of the immune microenvironment in OC in order to develop effective therapies. This review will discuss immune subpopulations in OC microenvironment, current immunotherapy modalities targeting these immune subsets and data from clinical trials testing IO treatments in OC and its combination with other therapeutic agents.
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Introduction

Ovarian cancer (OC) is the most frequent cause of death among gynecological malignancies, with a 36% increase in OC incidence being expected by 2040 (source Global Cancer Observatory 2020). Optimal debulking followed by platinum-based chemotherapy remains the cornerstone of management (1). For patients with bulky stage III-IV tumors where complete resection cannot be achieved, neo-adjuvant chemotherapy followed by interval debulking surgery and adjuvant chemotherapy is a suitable alternative associated with lower morbidity (2, 3). Unfortunately, despite a response rate of 80% to first line chemotherapy, most patients subsequently relapse resulting in a five year survival rate of 45% (4). To enhance long-term disease remission, new treatment approaches are under investigation.

Immunotherapy has demonstrated great potential in treating a variety of cancers, in particular immune checkpoint inhibitors (ICI) targeting cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) or Programmed death-ligand 1 (PD-L1)/Programmed cell death protein 1(PD-1) (5, 6). There is a rationale for immune-oncology (IO) treatments in OC. Many OC tumors demonstrate tumor infiltrating lymphocytes (TILs) and the degree of TIL infiltration is strongly and reproducibly correlated with survival (7, 8). A meta-analysis including 21 studies and almost 3000 patients with OC confirmed that high levels of intra-epithelial CD3+ or CD8+ T-cells were most strongly associated with both improved progression-free and overall survival (PFS and OS) (9). This positive correlation suggests that using ICIs, such as anti-PD-L1/PD-1 therapies, could be effective. Contrary to expectations, early clinical trials showed that their efficacy in OC remains limited with response rate of 10-15% and no current FDA or EMA approval (Table 1). PD-L1 expression has emerged as one of the biomarkers that could predict sensitivity to ICIs (15). Unfortunately expression remains rare in OC. PD-1 is mainly expressed by CD4+ and CD8+ T lymphocytes whereas its ligand, PD-L1 is widely expressed in various cell types including activated lymphocytes, fibroblasts, tumor-associated macrophages, and tumor cells. A study showed that almost two thirds of ovarian tumors demonstrated a modest expression of PD-L1 which was associated with worst prognosis, mainly on immune cells rather than tumor cells. In the IMAGYN050 trial, less than 25% of patients demonstrated >5% PD-L1+ immune cells (16). In contrast, in tumors known to be immune responsive, such as non-small cell lung cancer, PD-L1 expression ranges from 24% to 60% (17). The low response rate to PD-L1 inhibition in OC could be in part explained by the low expression level of PD-L1 on tumor cells.


Table 1 | Results from trials exploring efficacy and safety of single-agent ICIs in OC.



Several studies have confirmed the relevance of using mutational and tumor antigen burden as a predictive biomarker of response to immunotherapy (18–21). However, OC is known to harbor a low neoantigen load and mutational burden (22–24). There is some data to suggest that BRCA mutated, or homologous recombination deficient OC may harbor higher levels of ‘personal’ neoantigens presumably due to their defective DNA repair machinery (25). In addition, OC have been reported to demonstrate cancer associated antigens such as NY-ESO-1, mutated p53, Mesothelin, MUC-16, SCP-1…which could drive immunogenecity (26). In this review we will discuss the ongoing strategies which are being explored to enhance the antitumor immune response in OC beyond PD-1/PD-L1 inhibition including: (i) combining anti PD-1/PD-L1 agents with other agents, and (ii) targeting other relevant immune subsets.



Combination Approaches


Poly (ADP-Ribose) Polymerase (PARP) Inhibitors and ICIs

Approximately 25% of high grade serous ovarian cancer harbor a germline or somatic mutations in the tumor suppressor genes BRCA1 or BRCA2 (27, 28). BRCA1/2 mutated OC are associated with a higher lymphocyte infiltration (25, 29). BRCA1/2 are involved in DNA damage response via the homologous recombination (HR) pathway. HR participates in genome stability by repairing complex DNA damage such as DNA double-stranded breaks. Several studies have highlighted that BRCA1/2 mutated OC harbor a higher number of tumor specific neo-antigenes and demonstrate increased expression of the immune checkpoint modulators, PD-1 and PD-L1, which indicated that BRCA1/2 mutated OC may be more sensitive to PD-1/PD-L1 inhibitors (25). Unfortunately, the JAVELIN 100 trial assessing the efficacy of avelumab (anti-PD-L1) in patients with previously treated recurrent of refractory OC showed that BRCA status was not associated with clinical response (30).

Recently, increasing evidence has suggested the importance of the link between DNA damage and innate immunity (31). PARP inhibition in Brca1-deficient mouses elicits strong antitumor immunity via Stimulator of Interferon Genes (STING) pathway activation (32). PARPi induced STING activation occurs mainly in tumor cells. This pathway results in release of interferon related cytokines which in turn increase NK and other cell mediated cell killing via upregulation in NKG2D ligand for example. The MEDIOLA trial evaluated the combination of Olaparib (PARPi) and Durvalumab (anti-PD-L1) in BRCA mutated platinum-sensitive relapsed OC (33). The objective response rate was high at 71,9% but should be interpreted with caution as this response rate could be expected with a PARPi alone in BRCA altered OC. It is therefore difficult to conclude that there was synergistic or even additive benefit to this combination.

Combination of PARPi and anti-PD-L1 has also been tested in BRCA wild type OC. The combination of the PARPi niraparib and pembrolizumab (anti-PD-1) resulted in an encouraging 25% RR among patients with mainly platinum resistant BRCAwt recurrent OC (34).



Anti-Angiogenic Agents and ICIs

Vascular endothelial growth factor (VEGF) is a key regulator of physiological and pathological angiogenesis and plays a major role in tumorigenesis (35). VEGF is highly expressed in OC microenvironment (36). It promotes tumor angiogenesis, enhances vascular permeability and favors peritoneal dissemination of OC through malignant ascites formation (37). In addition to its contribution to tumor angiogenesis, VEGF also has immunosuppressive properties. VEGF inhibits T-cell function, contributes to the induction and maintenance of regulatory T cells (Tregs), inhibits functional maturation of DC, enhances expression of inhibitory immune checkpoint on CD8+ cells and promotes tumor-associated macrophages (38). Combining anti-angiogenic agents with ICIs could reverse immunosuppression mediated by VEGF and thus increase the efficacy of ICIs in OC. In vitro, VEGF inhibition has been shown to enhance cytotoxic T-lymphocytes activation and down-regulate inhibitory molecules associated with T cell exhaustion (PD-L1, TIM-3, LAG-3 and CTLA-4 (39, 40).

A single-arm phase 2 study of combined nivolumab and bevacizumab resulted in a 40% and 16% response rate in platinum-sensitive and -resistant relapsed OC (41). Combination of the VEGF tyrosine kinase, Lenvatinib with pembrolizumab resulted in response rate of 29% in relapsed OC (42). Despite a sound biological rational and hints of activity in early phase trials of combined PD-L1/VEGF inhibition, a large phase III randomized clinical trial of 1st line chemotherapy and maintenance bevacizumab alone or in combination with atezolizumab failed to demonstrate any benefit to the combination (16).



Chemotherapy and ICIs

Classical cytotoxic drugs have been shown to alter the local immune state which could modulate treatment efficacy by stimulating or inhibiting the host’s anti-tumor immune response (43–45). Conventional cytotoxics may induce « immunogenic cell death », increase DC maturation, potentiate macrophage cytotoxicity and abrogate Tregs or myeloid-derived suppressor cell activity (46, 47). Two phase III clinical trials evaluated the combination of avelumab (anti-PD-L1) to standard chemotherapy and failed to show any improvement of avelumab addition in the frontline (30) or in the platinum resistant setting (48).



Anti-CTLA-4 and ICIs

CTLA-4 is a receptor expressed on activated T cells that downregulate immune response. CTLA-4 is homologous to the T-cell co-stimulatory protein, CD28, and both molecules binds to CD80 and CD86, two co-stimulatory molecules expressed on antigen-presenting cells. Interactions of these ligands with CTLA-4 inhibits T-cell activation. Blockade of CTLA-4 with anti-CTLA-4 antibodies enhances priming and activation of naïve T-cells in lymph nodes and then migrate to tumors to cause tumor rejection. Emerging evidences suggested that combined PD-L1/PD-1 and CTLA-4 blockade could be relevant in OC. NRG GY003, a phase II trial evaluating nivolumab alone or in combination with ipilimumab, demonstrated a higher response rate (31.4%) with the combination compared to nivolumab alone (12.2%) (49). Various ongoing trials are evaluating the benefit of anti-PD-1/PD-L1 and CTLA-4 therapy including the IneOV (NCT03249142) trial which is evaluating the combination of neoadjuvant Durvalumab and chemotherapy +/- Tremelimubab (anti-CTLA-4) in 66 patients with inoperable OC. Preliminary results showed that the combination achieved an overall macroscopic complete resection rate of 58% and a rate of major pathological response (Chemotherapy Response Score 3) of 38%. However, addition of Tremelimumab did not increase CC0 or CRS3 rates (50).




Immunosuppression in Ovarian Cancer

PD-L1/PD-1 inhibition in ovarian cancer remains disappointing. CD8+ cells and PD-L1 may not be the only relevant immune targets in OC. Other immune subsets such as tumors-associated macrophages (TAMs), cancer-associated fibroblasts (CAFs) or regulatory T lymphocytes (Tregs) may be crucial in mediating immune tolerance and resistance (Figure 1) to PD-L1/PD-1 inhibition.




Figure 1 | Immunosuppressive tumor microenvironment mediated by Tregs, CAFs and TAMs. OC tumor microenvironment includes antitumor immune cells such as cytotoxic CD8+ T lymphocytes (CD8+ LT), natural killer cells (NK cells) and dendritic cells (DC), and immune tolerant cells such as tumor associated macrophages, cancer associated fibroblasts and regulatory T cells responsible for immune escape. TAMs, CAFs and Tregs express an array of effector molecules that inhibit the antitumor immune responses including cell surface receptors, cytokines, chemokines, and enzymes. Through the expression of immunosuppressive cytokines including TGF-β, IL-6, IL-10 and IL-35, TAMs, CAFs and Tregs inhibit CD8+ LT recruitment, activation and cytotoxicity, promote CD8⁺ LT exhaustion and impede DC maturation. CAFs also reduce antigen presentation function of DC via the secretion of TGF-β, which downregulate the expression of MHC II and co-stimulatory molecules on DC. CAFs can secrete IL-6 and thereby contribute to monocytes recruitment and macrophages differentiation to M2-like phenotype. TGF-β expression by CAFs negatively regulate NK cells activation and cytotoxic activity. FAPhigh CAFs increase differentiation of CD4⁺ cells into CD25+FoxP3+ Tregs and retain them at their surface by expression of OX-40. Tregs constitutively express the co-inhibitory molecule, CTLA-4 which inhibits antigen presentation by binding on CD80 and CD86, co-stimulatory molecules expresses on DC. Tregs also inhibit CD8+ LT activation via IL-2 consumption which is necessary to T-cells activation. The cytokine CCL22 produces by TAMs generate chemokine gradient that induces Treg accumulation in the TME. TAMs also express co-inhibitory molecules such as PD-L1 or B7-1/B7-2 and suppress CD8+ LT cytotoxic activity upon activation with their ligand, PD-1 and CTLA-4. TAMs also impair LT activity though metabolization of L-Arginine which is essential for T-cell function and TCR signaling.




Tumor-Associated Macrophages

Among the numerous factors that play a pivotal role in immunosuppressive TME of OC, TAMs are the most abundant infiltrating immune cells, particularly in malignant ascites (51–53). Due to their plastic nature, macrophages may polarize into two distinct forms depending on the local environment, the anti-tumorigenic (M1-like) and the pro-tumorigenic (M2-like).

In the OC microenvironment, TAMs generally exhibit the M2-like phenotype, with high expression of scavenger receptor class B (CD163), mannose receptor (CD206) and immunosuppressive factors, including interleukin-10 (IL-10), IL-6, TGF-β, as well as chemokines CCL18 and CCL22 to support immune escape and angiogenesis (54–56). A high density of CD163+ M2-macrophages is associated with poor prognosis in epithelial ovarian cancer whereas high ratio of M1/M2 was associated with extended survival in OC patients (57, 58).

TAMs induce an immunosuppressive environment that suppresses the function of T cells, DCs, and natural killer (NK) cells and activates the function of regulatory T cells (Tregs) (59–61). TAMs can suppress T-cell activity by the depletion of L-arginine in the tumor microenvironment. Indeed, the expression of Arginase 1 by TAMs leads to the depletion of L-arginine which is essential for T-cell functions and TCR signaling (62–64). Binding of SIRPα expressed on the surface of myeloid cells to its ligand CD47 on tumor cells acts as a « don’t eat me signal » (65). CD47 expression in patients with OC correlates with poor prognosis, potentially by inhibiting macrophage phagocytosis (66, 67).

Several strategies targeting TAMs are under investigation including: TAM depletion, TAM exclusion from the TME, TAM reprogramming from M2 to M1 and restoring phagocytic capacity.

The combination of PD0360324, a monoclonal antibody against macrophages colony-stimulating factor, with cyclophosphamide is under clinical investigation for patients with HGSOC in a phase II trial (NCT02948101).

CXCR4/CXCL12 contributes to the recruitment of the suppressive M2 macrophages and has been correlated with poor clinical outcome in OC (68–70). Pharmacological inhibition of this pathway with the CXCR4 inhibitor, AMD3100, alone or in combination with anti-PD-1 therapy have shown promising results in hepatocellular and ovarian preclinical models (71).

To restore the phagocytic capacity of TAMs, one of the most investigated strategy is the inhibition of CD47/SIRPα pathway. A number of therapeutics that target the CD47/SIRPα axis are under preclinical and clinical investigation (72). A phase I trial of an anti-CD47 antibody Hu5F9-G4 demonstrated encouraging results in OC, two patients with ovarian/fallopian tube cancers had partial remissions for 5.2 and 9.2 months (73). These results have led to an ongoing phase I trial testing Hu5F9-G4 in combination with avelumab in patients with OC (NCT03558139). BI 765063 is a SIRPα inhibitor tested in a phase I dose escalation as monotherapy or in combination with ezabenlimab (anti PD-1) in advanced solid tumors has showed promising clinical activity, including one partial response in monotherapy (hepatocellular carcinoma) and three partial response in combination (endometrial and colorectal cancer) (74).



Regulatory T Cells

Regulatory T-cells mediate a suppressive microenvironment though the inhibition of T-cell proliferation/recruitment, cytokine production (TGF-β, IL-10, IL-35) and suppression of antigen presentation in DC in a majority of cancers (75–77). Several studies have shown that high Foxp3 expression by Tregs is associated with poor prognosis in ovarian cancer in terms of overall survival and progression-free survival (78, 79).

Denileukin Difitox (Ontak) is a recombinant fusion protein product of diphtheria toxin and IL-2 that selectively binds to CD25 on Tregs and can cause their depletion. Ontak has sown promising results in melanoma and is currently being tested in OC. In a phase I clinical trial involving seven patients with advanced adenocarcinomas, including ovarian cancers, treatment with Ontak was associated with a reduction in peripheral blood CD3+/CD4+/CD25+ cells and an increase in the number of circulating IFN-γ-producing T cells (80). On this basis, a phase II trial of Ontak in OC was initiated (81).

Toll-like receptor agonist-8 (TLR8) can reverse the suppressive function of human CD25+ Treg (82–84). VTX-2337, a synthetic small-molecule agonist specific to TLR8 was investigated in two phase II trials in recurrent OC (85, 86). Unfortunately, the addition of VTX-2337 to pegylated lyposomal doxorubicin did not improve clinical outcomes compared with placebo. Another potent TLR8 agonist, DN052 inhibited tumor growth and enhanced efficacy of ICIs in vitro (87) and is currently advancing in phase 1 trials in patients with advanced solid tumors (NCT03934359).

Tumor necrosis factor receptor 2 is expressed by highly immunosuppressive Treg and thereby represents an attractive target protein. In vivo, inhibition of TNFR2 leads to OC cells death, Treg inhibition and T-cells effector expansion (88). A phase I/IIa of BI-1808, a monoclonal antibody against TNFR2, as a single agent and in combination with pembrolizumab is ongoing in patients with advanced malignancies including OC (NCT04752826).

The relevance of B cell population and in particular regulatory B cells is poorly described in OC, there are some loose correlations with outcome in retrospective studies. For example CD19+ B cell populations tend to predict poor survival while CD20+ B cells predict improved PFS. However therapeutic strategies targeting B cells are currently lacking in solid tumors, especially OC (89).



Cancer-Associated Fibroblasts

Cancer-associated fibroblasts have been implicated in tumor proliferation, invasion, metastasis, angionesis and resistance to cancer therapeutics (90, 91). More recently, some CAF subsets have been shown to dampen the anti-tumor immune response (92). CAFs secrete numerous cytokines including TGF-β, IL-6, IL-8, IL-10, and VEGF that contribute to the immunosuppressive TME by promoting monocyte recruitment or macrophages differentiation to M2-phenotype (93). Through the secretion of TGF-β, CAFs negatively regulate NK cells activation (94) and inhibit CD8+ T cell cytotoxic function by reducing the expression of perforin, granzyme and IFN-g (95, 96). CAFs also down-regulate the antigen presentation capacity of dendritic cells (97, 98) and increase differentiation of Tregs (98, 99). The capacity of CAFs to suppress anti-tumor immunity makes them another promising therapeutic target for cancer treatment. FAP (fibroblast associated protein) and α-Smooth Muscle Actine (α-SMA) are markers of a particularly immunosuppressive subpopulation of CAFs.

Numerous approaches have been investigated in pre-clinical and clinical models such as CAF depletion by targeting FAP with pharmacological inhibitors, monoclonal antibodies, DNA FAP vaccines and CAR-T cells specific for FAP (100–104).

Two types of bispecific antibody targeting FAP/IL-2(RO6874281) and FAP/4-1BB(RO7122290) are currently under investigation as CAF-targeting strategies. RO6874281 was shown to activate CD8+ T-cells and NK cells and to reduce Treg activity (105). The bispecific antibody targeting FAP/4-1BB enhanced T-cell stimulation in vivo and led to tumor remission in mouse models (106). An ongoing phase I trial is currently testing RO7122290 in monotherapy or in combination with atezolizumab in patients with advanced solid tumors (107).

Finally one last strategy is to target a ubiquitous immunosuppressive cytokine, such as TGF-β. Downregulation of TGF-β could inhibit TAMs, CAFs, Tregs as well many other immune tolerant subsets. Gemogenovatucel-T (Vigil) is an autologous tumor cell vaccine which specifically reduces expression of furin and downstream TGF-β1 and TGF-β2. Vigil was tested in a phase II trial as immunotherapy maintenance after 1st line chemotherapy for advanced newly diagnosed OC (108). VIGIL showed a trend for an improved recurrence-free survival vs placebo (11,5 vs. 8,4 months); intriguingly, the benefit was significant among the subset with HR proficient tumors (RFS:10,6 vs 5,7mo, p=0,007)versus 55% for placebo, p=). Combination of Vigil with atezolizumab or durvalumab is currently being tested (NCT03073525, NCT02725489).



Co-Regulatory Molecules

Immune cells express a variety of other co-regulatory molecules beyond PD-L1/PD-1 which could be targeted for the development of new immunotherapeutic strategies for patients with refractory tumors.


Co-Inhibitors

TIM-3 and LAG -3 act as negative regulators of activation and proliferation of T-cells. High expression of TIM-3 have been detected in OC and associated with poor prognosis (109, 110). In a study involving 98 patients with OC, TIM-3 was the most prevalent co-regulator with more than 75% of the samples being TIM-3 positive (111). Multiple Phase I clinical trials are currently testing anti-TIM-3 antibodies alone or in combination with anti PD-1 therapy for the treatment of cervical and ovarian cancer and advanced recurrent solid tumors (NCT03099109, NCT02608268, NCT03652077).

LAG-3 have been shown to play a important role in the development of OC (112). CD8+ lymphocytes co-expressing LAG-3 and PD-1 demonstrate impaired effector function and IFN production (113). Huang et al. found that LAG-3 and PD-1 inhibit T-cell signaling synergistically when they are co-expressed on TILs (114). The addition of the Anti-LAG-3 antibody, relatlimab significantly enhanced benefit from PD1 inhibition in a phase III trial in melanoma (115).

B7-H3 and B7-H4 are members of the immune regulatory ligand of the B7 family and both have been found to be overexpressed in OC (in 93% and 100% of the tumors, respectively) (116, 117). Three agents: MGD009, a dual-affinity re-targeting protein against B7-H3, DS-7300a FPA150, two antibodies targeting B7-H3 and B7-H4 respectively, are being investigated against solid tumors (NCT03406949, NCT04145622, NCT03514121).



Co-Stimulators

4-1BB (CD137) is a member of the TNF receptor family and mainly expressed by activated T-cells and APC. Signaling via 4-1BB upregulates survival genes, enhances cell division, induces cytokine production, and prevents activation-induced cell death in T cells. In OC, 4–1BB has been investigated in combination with other immune checkpoint agents such as PD-1 and TIM-3. Combination of CD137 stimulation with PD-1 inhibition in mouse ovarian cancer model induce synergistic antitumor immune response. Currently, no trial is specifically targeting 4–1BB specifically for gynecologic tumors although multiple phase I trials are under investigation in solid tumors.

OX40 (CD134), a member of the TNF superfamily, is mainly detected on active effector CD4+ T cell and NKT cells, as well as on Tregs. OX40 has dualistic and opposing functions depending on the cell type; it is agonist on cytotoxic T and NK cells but inhibitory on Tregs. Ramser et al. have evaluated the expression of OX40 in 47 samples of HGSOC and found that high expression of OX40 was associated with chemosensitivity and prognosis (118). Treatment with ATOR-1015, a bi-specific CTLA-4 antagonist and OX40 agonist antibody, induces T-cell activation and Treg depletion in vitro, reduces tumor growth and improves survival in syngeneic tumor models (119).

Glucocorticoid-induced tumor necrosis factor receptor (GITR) is predominately expressed on active B cells, NK cells, and T-cells. In a study conducted by M T Zhu et al., GITR expression in malignant cells was detected in 3.2% of OC (120). Combination of PD-1 blockade and GITR triggering showed promising results in murine ID8 OC, with 20% of the mice becoming tumor-free 90 days after tumor injection. Combined treatment with anti-PD-1/GITR antibody and chemotherapeutic drugs further increased the antitumor efficacy with 80% of mice achieving tumor-free long-term survival (121).





Conclusion

Immune checkpoint inhibitors are some of the most prominent agents that strengthens the activity of our adaptive immune system, and have demonstrated success in treating different types of cancer. With significant promises in melanoma and other solid tumors, ICIs have also been evaluated in OC. Contrary to expectations, their efficacy for treating OC is very low.

OC’s immunosuppressive TME may contribute to the limited activity of ICIs. Moreover, CD8+ cells and PD-L1 may not be the only relevant immune targets in OC. Targeting other immune subsets such as TAMs, Tregs or CAFs may be relevant to make progress in cancer immunotherapy. In addition to the PD-L1/PD-1 axis, other immunosuppressive molecules, such as CTLA-4, TIM-3 and LAG-3 should be taken into consideration for the development of new immunotherapeutic strategies. Finally, although not the subject of this review, other promising strategies include next generation approaches such as TCR engineering, CAR-T cells, dendritic vaccination, TILs based therapies or oncolytic viruses.
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Poly (ADP-ribose) polymerase (PARP) inhibitors constitute an important treatment option for ovarian cancer nowadays. The magnitude of benefit from PARP inhibitors is influenced by the homologous recombination status, with greater benefit observed in patients with BRCA mutated or BRCA wild-type homologous recombination deficient (HRD) tumors. Although some PARP inhibitor activity has been shown in homologous recombination proficient (HRP) ovarian tumors, its clinical relevance as a single agent is unsatisfactory in this population. Furthermore, even HRD tumors present primary or secondary resistance to PARP inhibitors. Strategies to overcome treatment resistance, as well as to enhance PARP inhibitors’ efficacy in HRP tumors, are highly warranted. Diverse combinations are being studied with this aim, including combinations with antiangiogenics, immunotherapy, and other targeted therapies. This review discusses the rationale for developing therapy combinations with PARP inhibitors, the current knowledge, and the future perspectives on this issue.
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Introduction

Almost 50% of ovarian carcinomas have homologous recombination deficiency (HRD) (1). The homologous recombination (HR) is a precise mechanism of double-strand breaks repair, which uses the sister chromatids as a template. Non-homologous end-joining (NHEJ) is another machinery of double-strand breaks repair that predominates when HR is reduced and is more error-prone. Considering this, homologous recombination deficiency compromises DNA repair, conferring a high sensitivity to platinum agents and Poly-ADP ribose polymerase (PARP) inhibitors. The PARP enzyme acts in the base excision repair (BER) mechanism that repairs single-strain breaks. When PARP inhibitors are used, unrepaired single-strain breaks lead to double-strain breaks during replication. With HRD, this results in the accumulation of DNA damage, leading to cell death, which is known as synthetic lethality.

Although germline BRCA mutations are the most well-known cause of HRD, they account for only a part of HRD in ovarian cancer. The highest BRCA mutations frequency occurs in high-grade serous ovarian carcinoma, in which they are identified in 14 – 20% of the cases (1). Germline BRCA mutations are also common in some particular scenarios of other malignancies, such as triple-negative breast cancer and metastatic castration resistance prostate cancer. In the latter one, germline BRCA mutations occur in 11-33% of the cases, which is considerably higher than the occurrence in localized disease (2).

Other causes of HRD include somatic BRCA mutations, germline or somatic mutations in other homologous recombination genes, and possibly methylation of the BRCA promoter. Unfortunately, since mutations of selected genes other than BRCA are rare, accessing its implication on HRD and PARP sensitivity is challenging. On the other hand, HR status can be accessed through the evaluation of the genomic instability that occurs as a consequence of HRD. The HRD-related genomic scar involves three genomic alterations: the loss of heterozygosity (LOH), the telomeric allelic imbalance, and large-scale state transitions. Thus, HRD can be identified by tests that show a LOH ≥ 16% (Foundation Medicine LOH) (3) or an HRD score ≥ 42 (4), which is a score provided by the evaluation of the three genomic alterations (MyChoice ® HRD test – Myriad Genetics).

Currently, PARP inhibitors hold an important role in ovarian cancer treatment, especially as maintenance therapy for platinum-sensitive disease after chemotherapy in the first-line setting or after recurrence (3–8). Four drugs (olaparib, rucaparib, niraparib, and veliparib) had their efficacy as maintenance therapy shown in phase III trials. Talazoparib is another PARP inhibitor with an activity demonstrated in several malignancies, including ovarian cancer. The pharmacokinetics and pharmacodynamics differ between the PARP inhibitors, which may influence their efficacy and tolerability. Talazoparib has an enhanced PARP trapping capability, contributing for its highest potency (9). On the other hand, veliparib has a lower PARP trapping capability, but can be combined with cytotoxic chemotherapy with acceptable tolerability (8).

For three of these drugs (rucaparib, niraparib, and veliparib), patients were included in the phase III trials regardless of BRCA or HRD status. Results showed that platinum-sensitive patients might benefit from PARP inhibitors even if they are BRCA-wild type and homologous recombination proficient (3, 4, 7). Nevertheless, the magnitude of benefit is largely influenced by BRCA and HR status. Undeniably, the benefit with higher clinical relevance is observed in BRCA-mutated or HRD cohorts. For instance, in the PRIMA trial of niraparib maintenance in newly diagnosed ovarian cancer, the improvement in median progression-free survival was 11.2 months in patients with BRCA mutations (HR 0.40, 95% CI 0.27 - 0.62), 11.4 months in those with HRD without BRCA mutation (HR 0.50, 95% CI 0.31 - 0.83), and 2.7 months in those HR proficient (HR 0.68, 95% CI 0.49 - 0.94) (7).

Considering this, enhancing PARP inhibitor activity in HR proficient tumors is warranted. As previously exposed, half of the ovarian carcinoma patients are HR proficient, deriving limited benefit from PARP inhibitors. One rationale is to combine PARP inhibitors with drugs that could lead to a contextual synthetic lethality. With this aim, drugs that interfere directly or indirectly in the HR mechanism are a possibility. Another important potential for PARP inhibitors combinations is to overcome primary or acquired resistance to PARP inhibitors among HRD tumors. Resistance may occur due to diverse reasons as will be discussed here. In this review, we will discuss the rationale for PARP inhibitor combinations, and review published and ongoing studies of PARP inhibitor combinations in ovarian cancer.



PARP Inhibitor Resistance Mechanisms and Rationale for Combinations


BRCA Reversion Mutation and HR Restoration

The HR function restoration is one of the main mechanisms implied in resistance to PARP inhibitors. Secondary somatic reverse mutations in BRCA1/2 genes that restore HR have been identified as a mechanism of resistance for both platinum agents and PARP inhibitors (10).

BRCA sequencing showed that reverse mutations restored the gene open reading frame (11). In germline BRCA-mutated high-grade serous ovarian cancer, secondary mutations were identified in 3% of the primary tumors, 28% of the recurrent tumors, and 46% of the platinum-resistant tumors (10).

In a recent meta-analysis by Tobalina et al. 327 patients with BRCA1/2 mutated tumors were evaluated, with reversion mutations identified in 26.3%. The secondary mutations may be due to deletions, insertions, or single-nucleotide variants. Deletions accounted for most of the cases (58.1% in BRCA1 and 77.6% in BRCA2), which may occur as a consequence of DNA end-joining repair mechanisms as suggested by the identification of mutational signatures related to end-joining repair (12).

BRCA1 alternative splice isoforms are another explanation for at least a partial HR restoration. The BRCA1-Δ11q splice variant result in an hypomorphic BRCA1 isoform that lacks most of the exon 11. This isoform can activate RAD51 expression and decrease the sensitivity to PARP inhibitors (13, 14). Finally, epigenetic mechanisms also influence HR restoration. The hypermethylation of the BRAC1 promoter silence the gene expression, while the reversion of the hypermethylation allows proper BRCA1 expression and HR proficiency (15).



Loss of 53BP1 Expression and NHEJ Impairment

Alterations in NHEJ have been implied themselves as resistance mechanisms. The 53BP1–RIF1–REV7–Shieldin axis antagonizes BRCA1 and is involved in NHEJ repair. Decreased 53BP1 or REV7 expression enhances HR and has been associated with poor response to PARP inhibitors (16, 17). Double-strand breaks are recognized by the heterodimers Ku70 and Ku80 to initiate NHEJ. They recruit the DNA-dependent protein kinase catalytic subunit (DNA-PKcs) to form the DNA-PK complex, activating its catalytic activity. Other enzyme implied in NHEJ is the DNA ligase IV (LIG4) that mediates the ligation of the broken ends and is stimulated by the X-Ray Repair Cross Complementing 4 (XRCC4) protein (18). Loss of these core NHEJ factors (Ku70, Ku80, DNA-PKcs, LIG4, XRCC4) may impair the NHEJ pathway and favor HR, representing other possible causes of PARP inhibitor resistance (19). These findings highlight the possibility of exploiting new therapies that targets DNA end-joining repair mechanisms to enhance the durability of PARP inhibitors treatment (12).

Another DNA repair mechanism possibly involved in PARP inhibitor resistance involves the BRCA1-A complex. Although BRCA1 is recognized for its major role in HR, this protein has multiple functions regulated by the formation of complexes depending on the cellular context. The BRCA1-A complex includes factors such as RAP80 and Abraxas and acts restricting the end resection, which is an essential initial step for HR repair of double-strand breaks. On the other hand, BRCA1-B and -C complexes counterbalance the BRCA1-A complex and promote end resection (20). Ataxia-telangiectasia mutated (ATM) protein acts initiating HR and, in a preclinical model of ATM-mutant cells, disruption of BRCA1-A complex through loss of specific components led to increased HR activity (21).



Stabilization of Stalled Fork and Cell Cycle Regulation

HR is a complex DNA repair mechanism and several alterations influence its function. The re-establishment of replication fork stability may also lead to PARP inhibitor resistance. During the DNA repair, HR effectors slow the replication fork and facilitate repair. Proteins such as Pax2 transactivation domain-interacting protein (PTIP) and enhancer of zeste homolog 2 (EZH2) participate in the degradation of replication forks. RAD51-antagonist on X-chromosome (RADX) is another protein that inhibits RAD51 and modulates stalled fork protection, with RADX silencing resulting in fork protection. Thus, decreases in PTIP, EZH2 and RADX prevent the degradation and stabilizes the replication fork, facilitating the DNA repair, which may also result in PARP inhibitor resistance (22, 23). Otherwise, the Fanconi anemia (FANC) family of proteins has a role in the fork stabilization to maintain genomic integrity. In BRCA1/2-deficient cells, FANCD2 promotes fork protection and restart, and this protein overexpression is another mechanism associated with resistance to PARP inhibitors (24).

Similar to what is observed with fork stability, modifications in cell cycle regulation may also influence HR, since cell cycles arrest is required to allow DNA repair. For instance, WEE1 is a serine/threonine kinase that causes G2-M cell cycle arrest in response to single or double DNA strand brakes. An increased WEE1 expression is associated with PARP inhibitor resistance (25). In the same way, cyclin-dependent kinase 1 (CDK1) participates in cell cycle progression and interacts with BRCA1. CDK1 inhibition alters BRCA1 function and impairs HR (26, 27). A synergy of the inhibition of PARP and CDK4/6 has also been suggested. In cancer cell lines, the CDK4/6 inhibitor palbociclib induced downregulation of HR genes regulated by MYC resulting in a contextual synthetic lethality when combined with olaparib (28).

Thus, strategies that increase DNA damage, compromise DNA repair, or modify the cell cycle regulation are under investigation to ameliorate PARP sensitivity.



PI3K/AKT and Other Pathogenic Pathways Activation

Another potential resistance mechanism is the activation of oncogenic pathways that cross-talk with HR. c-MET/HGFR and PI3K/AKT are pathways known to participate in carcinogenesis, and their upregulation may contribute to PARP resistance (29, 30). Preclinical models showed that c-Met-mediated PARP phosphorylation is associated with PARP inhibitor resistance, while c-Met inhibition diminishes HR activity (29, 31).

Similarly, inhibition of PI3K has also been implied in the reduction of HR and the development of a “BRCAness” state (32). PI3K/AKT pathway has a delicate interaction with BRCA1/2. In-vitro studies suggest that BRCA1 suppresses AKT and ERK, while defects in BRCA1 might increase the activation of the oncogenic PI3K/AKT pathway (33). PI3K inhibition confers HR impairment, represented by downregulation of BRCA1/2, decreased expression of RAD51, and increased expression of the markers of DNA damage, poly-ADPribosylation and γH2AX (32, 34). Phosphatase and tensin homologue (PTEN) gene is a tumor suppressor gene with an inhibitory effect in the PI3K/AKT pathway. Although PTEN loss has been correlated with BRCA1 disfunction, the impact of the PTEN loss in HR repair is still controverse (35). In addition to its role in suppressing PI3K/AKT pathway, PTEN has been linked to an activity in G2/M checkpoint, which is important for proper HR repair (36). Therefore, PTEN loss alters the checkpoint normal function, compromising the time for proper double-strand break repair. Nevertheless, several studies show discrepant data regarding the association of PTEN loss with the expression of RAD51, an important marker of HR activity (36–38).

Clinical trials of PARP inhibitors plus PI3K/AKT inhibitors for ovarian cancer are currently underway. On the other hand, although PARP inhibitor and c-MET inhibitors have a synergic inhibitory effect on ovarian cancer cells (39), these combinations are still on early study phases, and characterization of the safety profile is needed. Thus, for HR proficient tumors and for those that restore HR function as a resistance mechanism, promising combination strategies involve additional blockade of the HR pathway or of these other oncogenic pathways that cross-talk with HR. In HR proficient tumors, these combinations may achieve the goal of a contextual HRD.



Multidrug Resistance Protein 1 (MDR1) Overexpression

Other potential PARP inhibitor resistance mechanism include increased drug efflux from tumor cells. As with other systemic drugs, drug efflux through increased activity of p-glycoproteins (MDR1) may limit the intracellular concentration of PARP inhibitors (40).



PARP1 Mutation or Loss of Expression

Finally, modifications of the drug target may impair its activity. In vivo and in vitro studies showed that PARP1 mutations alter PARP1 trapping and result in resistance to the highly potent PARP inhibitor talazoparib (13). Preclinical models also showed that loss of PARP1 protein expression causes PARP inhibitor resistance (13, 41). The impact of PARP1 mutation or loss of expression in clinical practice still need to be clarified.

All these possibilities highlight the importance of understanding the underlying mechanism of resistance in the choice of subsequent therapies. For instance, some of the mechanisms may also result in resistance to platinum agents, while others may not. Figure 1 illustrates PARP inhibitor resistance mechanisms and rationale for therapy combinations exploiting these mechanisms. Figure 2 illustrates the rationale for combining PARP inhibitors with DNA damaging agents (Figure 2A) and immunotherapy (Figure 2B). Tables 1 and 2 summarizes published and ongoing phase II-III studies of PARP combinations for ovarian cancer. The following topic will focus on PARP inhibitor combinations with currently published or ongoing phase II-III trials.




Figure 1 | PARP inhibitor resistant mechanism and rationale for combinations. Although homologous recombination restoration due to secondary somatic reverse mutations is well-described as a possible resistance mechanism to PARP inhibitors, many other alterations are also possibly implied. The figure illustrates PARP inhibitor resistant mechanisms and the rationale for combinations currently under investigation in ovarian cancer. Additional blockade of DNA repair may be achieved through targeting other proteins involved in DNA repair, modifying cross-talking pathways to result in a contextual homologous recombination deficiency, and impairing the cell cycle. The following resistant mechanisms are represented: 1) BRCA reversion mutations and homologous recombination restoration; 2) Loss of 53BP1 expression and non-homologous end-joining impairment; 3) Stabilization of stalled fork and cell cycle regulation; 4) PI3K/AKT and other pathogenic pathways activation; 5) MDR1 overexpression; 6) PARP1 mutation or loss of expression. HR, homologous recombination; NHEJ, non-homologous end-joining; PARP, poly (ADP-ribose) polymerase; MDR1, multidrug resistance protein 1.






Figure 2 | PARP inhibitor combination with cytotoxic agents and immunotherapy. The figure illustrates the rationale for combining PARP inhibitors with DNA damaging agents (A) and immunotherapy (B). DNA damaging agents such as cytotoxic chemotherapy and radiotherapy increase DNA damage, when DNA repair is impaired by the PARP inhibitor. The addition of immune checkpoint inhibitors to the PARP inhibitor can potentially optimize anti-tumor immune response. PARP, poly (ADP-ribose) polymerase; PD-L1, programmed death-ligand 1; PD-1, programmed cell death protein 1; CTLA4, cytotoxic T-lymphocyte associated protein 4.




Table 1 | Published phase II-III studies of PARP inhibitor combinations.




Table 2 | Ongoing phase II-III studies of PARP inhibitor combinations.






PARP Inhibitors Combinations


PARP Inhibitors Plus ATM/ATR/CHK1 Inhibitors

The ATM protein is activated by the presence of double-strand DNA breaks and has a crucial role in initiating HR by signaling to downstream effectors. Ataxia-telangiectasia and Rad3-related (ATR) protein, on the other hand, is activated by single-strand DNA breaks and stressed replication forks. ATR activates downstream effectors, including CHK1 and WEE1, leading to suppression of replication stress and cell cycle arrest. Hence, ATM and ATR are two important DNA repair proteins, which cross talks with each other. Inhibition of ATM, ATR, or CHK1 in combination with PARP inhibitors may therefore improve PARP sensitivity in both HR-proficient and HRD cells (60). Indeed, the combined inhibition of ATR and PARP was able to overcome platinum and PARP inhibitor resistance in patient-derived xenografts models of ovarian cancer (61).

Currently, phase II clinical trials are evaluating these combinations. The CAPRI trial is evaluating the ATR inhibitor, ceralasertib (AZD6738), in combination with olaparib, for platinum-sensitive or platinum-resistant recurrent ovarian cancer (NCT03462342). Preliminary results of CAPRI trial from a cohort of patients with HRD and acquired PARP inhibitor-resistance were recently presented. Results showed an overall response rate of 48% (n=6/13), suggesting that the addition of ATR inhibitor may overcome PARP inhibitor resistance (42). The same combination is also being studied for ovarian cancer patients in OLAPCO (NCT02576444) and ATARI (NCT04065269) trials.

The CHK1 inhibitor, prexasertib, has activity as monotherapy for high-grade BRCA wild-type ovarian cancer, with an overall response rate of 29% (n=8/28) in a phase II trial (62). Interestingly, most patients in the analysis were platinum-resistant. The safety of the combination of prexasertib and olaparib has been shown in a phase I trial (63), but additional studies are still needed to evaluate the efficacy of the combination.



PARP Inhibitors Plus WEE1 Inhibitors

While WEE1 increased expression may reduce sensitivity to PARP inhibitors, WEE1 inhibition will allow DNA-damaged cells to enter the S-phase, favoring apoptosis and increasing PARP inhibitors efficacy. The WEE1 inhibitor, adavosertib, was studied as a single-agent or combined with olaparib in women with PARP-inhibitor resistant ovarian cancer in the phase II non-comparative EFFORT trial. The study results were recently presented and suggested the efficacy of adavosertib alone and combined with olaparib. Among the 70 patients evaluable for response (35 in each arm), overall response rates were 23% with adavosertib alone and 29% with the combination. Median progression-free survival was 5.5 months and 6.8 months, respectively (43).

One of the cohorts of the multi-arm phase II OLAPCO trial is evaluating the combination of adavosertib and olaparib for tumors harboring TP53 or KRAS mutations (NCT02576444). Patients with p53 loss have the G1/S checkpoint regulation impaired, which may turn them particularly sensitive to WEE1 inhibitors since WEE1 regulates G2/M transition. In a phase II trial, the combination of adavosertib with carboplatin for TP53-mutated ovarian cancer after progression to first-line platinum-based therapy had encouraging results, with an overall response rate of 43% (64).



PARP Inhibitors Plus PI3K/AKT Inhibitors

As previously mentioned, PI3K/AKT inhibition may lead to a “BRCAness” state, downregulating the expression of BRCA and RAD51. Phase I trials have shown the safety of the combination of olaparib with PI3K inhibitors (buparlisib and alperlisib), and preliminary evidence for activity was suggested, with response rates ranging from 29 to 36% in ovarian cancer patients (65, 66). Safety has also been shown in a phase I trial of olaparib plus the AKT inhibitor capivasertib (67). This combination is currently being evaluated in one arm of the phase II OLAPCO trial for tumors with PTEN, PIK3CA, AKT, or ARID1A mutations or other molecular alterations associated with PI3K/AKT pathway dysregulation (NCT02576444). Another phase I/II study is also ongoing of the combination of olaparib with capivasertib or vistusertib (an mTOR inhibitor) for recurrent endometrial and ovarian cancer (NCT02208375).



PARP Inhibitors Plus Antiangiogenics

Preclinical studies have shown that hypoxia is associated with downregulation of BRCA1 and RAD51, leading to a contextual HRD (68, 69). Decreased expression of BRCA1 and BRCA 2 is also induced by VEGFR3 inhibition (70). These results create the rationale for exploring the combination of PARP inhibitors plus antiangiogenics.

Exciting results were initially presented by a phase II trial that evaluated olaparib plus cediranib, a VEGFR inhibitor, versus olaparib alone for platinum-sensitive recurrent ovarian cancer. The trial showed an improvement in progression-free survival with the addition of cediranib, which was especially relevant in BRCA wild-type tumors (median progression-free survival of 16.5 months with the olaparib plus cediranib vs. 5.7 months with olaparib alone, P = 0.008). Patients with germline BRCA mutations had a median progression-free survival of 19.4 vs. 16.5 months, respectively (P = 0.16) (44). Updated results also suggested an overall survival benefit with cediranib (median 37.8 vs. 23.0 months, P = 0.047) for the BRCA wild-type cohort (71). Hence, the study initially reinforced the hypothesis that the addition of cediranib induced contextual HRD in HR-proficient tumors. In a similar scenario (platinum-sensitive recurrent ovarian cancer), another phase II trial (AVANOVA2) suggested the benefit of adding the VEGF inhibitor bevacizumab to niraparib irrespective of HRD status (median progression-free survival of 11.9 months vs. 5.5 months with niraparib alone for the intention-to-treat population; P < 0.001). Interestingly, once again, the greatest magnitude of benefit with the combination was seen in BRCA wild-type (HR 0.33) and HR-proficient tumors (HR 0.36) compared to BRCA-mutated (HR 0.53) and HRD tumors (HR 0.47) (46).

Subsequently, the phase III GY004 trial compared the combination of cediranib and olaparib versus standard of care platinum-based chemotherapy for platinum-sensitive recurrent ovarian cancer, with negative results (median progression-free survival 10.3 vs. 10.4 months, HR 0.85, 95% CI 0.66 – 1.11). The study also contained an olaparib alone arm, which had a median progression-free survival of 8.2 months. Nevertheless, cediranib plus olaparib and olaparib alone arms were not statistically compared due to hierarchical testing established by the study (50).

Bevacizumab is considered a standard of care option for ovarian cancer in multiple scenarios, including first-line therapy, platinum-sensitive recurrence, and platinum-resistant recurrence. Understanding the role of combining bevacizumab and PARP inhibitors is therefore essential. In the phase III PAOLA trial, the addition of olaparib to bevacizumab was compared with bevacizumab alone as maintenance after first-line therapy. The study was positive, with a significant benefit of the addition of olaparib for the BRCA-mutated and HRD cohorts. Nevertheless, the role of PARP inhibitors is well-established for these subgroups, and the study lacked an olaparib alone arm to clarify if the combination improves outcomes compared to olaparib alone. Moreover, results were disappointing for HR-proficient patients (median progression-free survival 16.6 vs. 16.2 months, HR 1.00, 95% CI 0.75–1.35), the subgroup for which the expectancies for the combination were higher (48).

Currently, several trials are ongoing evaluating PARP inhibitors plus antiangiogenics in different scenarios (Table 2). The phase III ICON9 trial is evaluating maintenance with olaparib plus cediranib versus olaparib alone after first-line therapy and may clarify the role of the combination (NCT03278717).



PARP Inhibitors Plus Chemotherapy

Cytotoxic chemotherapy acts in diverse ways, and their synergy with PARP inhibitors may depend on the mechanism of action of the particular chemotherapeutic agent. Drugs that result in DNA damage, such as platinum and alkylating agents, are interesting options when DNA repair is compromised (72). HRD cells are known to have a high sensitivity to platinum agents. On the other hand, the synergist effect between DNA-damaging agents and PARP inhibitors still needs to be further investigated in clinical trials.

Another possible combination with chemotherapeutic agents is with topoisomerase inhibitors, such as temozolomide and anthracyclines. The topoisomerases I and II participate in DNA replication and repair, controlling DNA topological state. Inhibition of topoisomerase results in replicative stress, jeopardizing DNA repair, which may enhance PARP inhibitor efficacy (73). Through a different mechanism, agents that decrease nucleotides also cause replicative stress. This is the case of the pyrimidine nucleoside analog gemcitabine that inhibits the ribonucleotide reductase, representing another possibility of a combination strategy (74).

Unfortunately, a challenge when using the combination of chemotherapy plus PARP inhibitors is the overlapping toxicities, especially myelosuppression. This limits these combinations or leads to the necessity of substantial dose reductions. In a randomized phase II trial with 162 patients, olaparib combined with carboplatin and paclitaxel, followed by olaparib maintenance, was compared with chemotherapy alone for recurrent platinum-sensitive ovarian cancer. During the combination phase, the olaparib capsule dose was reduced to 200 mg twice daily, instead of 400 mg twice daily as commonly used as maintenance. Although the study showed an improvement in progression-free survival with olaparib, the lack of an olaparib maintenance-only arm precludes conclusions on the role of the combination phase. Additionally, 43% of the patients had grade 3-4 neutropenia in the olaparib plus chemotherapy group (52).

The PARP inhibitor veliparib has a lower PARP trapping activity. Although its potency may be decreased, the drug may be better tolerated, facilitating combination therapies. In the phase III VELIA trial, veliparib was added to carboplatin and paclitaxel as first-line therapy for high-grade serous ovarian carcinoma in a three-arm study. The veliparib-throughout arm received chemotherapy plus veliparib followed by veliparib maintenance, the veliparib combination-only arm received chemotherapy plus veliparib followed by placebo maintenance, and the control arm received chemotherapy plus placebo (concurrent and maintenance). Results showed a benefit in progression-free survival for the veliparib-throughout arm (median 34.7 months vs. 22 months in the control arm; HR 0.44, 95% CI 0.28 – 0.68). On the other hand, the veliparib combination-only arm did not differ from the control arm, and further clarification of the combination role is needed (8).

Regarding other combinations, a phase I/II of veliparib plus topotecan for platinum-resistant or partially platinum-sensitive non-BRCA mutated recurrent ovarian cancer showed disappointing results. No patient had a radiological response, and median progression-free survival was 2.8 months in this poor prognosis population (54). Results were also disappointing in a phase II trial of veliparib plus the alkylating agent cyclophosphamide for previously treated BRCA-mutated ovarian cancer, with an overall response rate of 12% with the combination and 19% with cyclophosphamide alone (53). Another phase I/II study of the veliparib plus topotecan for ovarian cancer is ongoing (NCT01012817). Phase II studies of veliparib plus the alkylating agent temozolomide (NCT01113957) and olaparib plus pegylated liposomal doxorubicin (NCT03161132) for platinum-resistant ovarian cancer are also underway.



PARP Inhibitors Plus Immune Checkpoint Inhibitors

Initially, the accumulation of neoantigens due to decreased DNA repair in HRD tumors was postulated as the rationale for using immunotherapy in ovarian cancer. Tumors enriched in neoantigens or with a high tumor mutational burden are sensitive to immune checkpoint inhibitors (ICIs). These characteristics are indeed observed when DNA repair is compromised due to deficient mismatch repair, a DNA repair mechanism that corrects mismatched base pairs, insertions, and deletions. However, different from what is observed with deficient mismatch repair/microsatellite instability, alterations in HR do not result in a considerable neoantigen load or high tumor burden (63). Genomic analysis shows that ovarian cancer usually exhibits less than 10 mutations per megabase (75). As previously mentioned, other genomic alterations occur when HRD is present, such as loss of heterozygosity, large-scale state transitions, and telomeric allele imbalance. Facing this, phase II-III studies that evaluated single-agent ICIs have not shown a good efficacy of these drugs in ovarian cancer so far (76–79). Nevertheless, combination therapies may contribute to improving ICIs activity.

Preclinical studies have shown that DNA damage and PARP inhibition stimulate PD-L1 expression (80, 81). High PD-L1 expression is a biomarker that predicts ICIs efficacy in some tumors (82). Another interesting rationale for combining PARP inhibitors and ICIs involves the STING pathway activation. The infiltration of the tumor microenvironment by CD8+ T-cell infiltration seems to be important to the antitumor efficacy of PARP inhibitors. A model of BRCA-mutated triple-negative breast cancer showed that the T-cell recruitment is mediated by cGAS/STING pathway, which is more activated in HRD cells and is enhanced by the addition of PD-L1 blockade. In this model, the function of the STING pathway was required for the efficacy of olaparib alone or combined with ICI (83). Therefore, these data suggest that some synergy might occur with the combination of PARP inhibitors and ICIs.

Phase II trials have already evaluated these combinations for recurrent ovarian cancer. Among platinum-resistant ovarian cancer, overall response rates ranged from 11% to 18% with the combination of olaparib plus durvalumab, olaparib plus dostarlimab plus bevacizumab, and niraparib plus pembrolizumab (55, 58, 59). In a smaller cohort of platinum-resistant recurrent ovarian cancer patients with HRD (n=14), the overall response rate was 35.7% with olaparib plus durvalumab in the multi-arm phase II AMBITION trial (51).

More exciting results were reported for platinum-sensitive ovarian cancer in the MEDIOLA phase II trial. The overall response rate was 71.9% with olaparib plus durvalumab for recurrent platinum-sensitive germline BRCA-mutated ovarian cancer, with a median progression-free survival of 11.1 months (56). For the germline BRCA wild-type population with platinum-sensitive ovarian cancer, olaparib and durvalumab were evaluated with or without bevacizumab. Overall response rates were 34.4% with the doublet regimen and 87.1% with the triplet regimen. Median progression-free survival was 5.5 and 14.7 months, respectively (57).

Nevertheless, these efficacy outcomes still need confirmation in phase III randomized trials, requiring comparison with a PARP inhibitor alone control arm. In that regard, several phase II and III trials evaluating combinations of PARP inhibitor plus ICI are ongoing, especially in the scenarios of maintenance after first-line therapy and platinum-sensitive recurrence (Table 2). Results of such trials are eagerly awaited for a better comprehension of the activity of these combinations for ovarian cancer.




Conclusions

Although PARP inhibitors changed importantly ovarian cancer treatment landscape, some challenges are still faced, especially in the way of improving PARP inhibitor efficacy in HR-proficient tumors and overcoming PARP resistance in HRD tumors. The comprehension of PARP inhibitor resistance mechanisms allows a rationale development of PARP combinations targeting homologous recombination itself, other cross-talking pathways, and cell cycle checkpoints. Some favorable results have been observed in early phase trials of PARP inhibitors combined with drugs targeting ATR, WEE1, and VEGF/VEGFR. Combinations with DNA damaging agents, such as cytotoxic chemotherapy and radiation therapy, are also ongoing, with challenges related to cumulative toxicities. Finally, several trials are investigating if the combination of PARP inhibitors and immunotherapy can improve anti-tumor immune response and enhance treatments’ efficacy. In conclusion, considering all the rationale combinations under evaluation, an optimized and broadened use of PARP inhibitors is expected for the following years.
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Epithelial ovarian cancer (EOC) is the main pathological type of ovarian cancer. In this study, we found that ependymin-related 1 (EPDR1) was remarkably downregulated in EOC tissues, and low EPDR1 expression was associated with International Federation of Gynecology and Obstetrics (FIGO) stage, metastasis, and poor prognosis. We confirmed that EPDR1 overexpression dramatically suppressed EOC cell proliferation, migration, and invasion in vitro and in vivo. Mechanistically, EPDR1 inhibited EOC tumorigenesis and progression, at least in part, through the repression of the PI3K (Phosphoinositide 3-kinase)/AKT (AKT Serine/Threonine Kinase 1) signaling pathway. Furthermore, the expression and function of EPDR1 were regulated by miR-429, as demonstrated by luciferase reporter assays and rescue experiments. In conclusion, our study validated that EPDR1, negatively regulated by miR-429, played an important role as a tumor-suppressor gene in EOC development via inhibition of the PI3K/AKT pathway. The miR-429/EPDR1 axis might provide novel therapeutic targets for individualized treatment of EOC patients in the future.
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Introduction

Ovarian cancer, one of the most common gynecological malignancies in women worldwide (1), has a high incidence and high mortality rate and is especially difficult to discover during the early stages. Epithelial ovarian cancer (EOC) accounts for >95% of the ovarian malignancies and is the leading cause of gynecologic cancer deaths with a 5-year survival of 35% (2). The prognosis of EOC patients is extremely poor mainly for the following reasons. On one hand, owing to the small size of the ovary, which is located deep in the pelvic cavity, patients may not show any symptoms or may only vaguely show symptoms when tumor cells invade or spread to other parts of the body (3). On the other hand, the majority of women with advanced ovarian cancer will relapse after first-line treatment with platinum-based chemotherapy (4), and recurrent ovarian cancer is considered incurable (5). Therefore, it is important to find new therapeutic strategies and new biomarkers to ameliorate the clinical diagnosis and prognosis of EOC patients.

Ependymin-related 1 (EPDR1) is a member of mammalian ependymin-related proteins (MERPs). EPDR1, which is also known as EPDR, UCC1, and MEPR1, shares a conserved key amino acid and primary structure with piscine ependymin, which is a type II transmembrane protein and plays a crucial role in cell adhesion (6, 7). Human EPDR1 gene was first identified in two colorectal cancer (CRC) cell lines in 2001 (8). Although the function of EPDR1 has not been completely characterized, accumulating evidence suggests that EPDR1 is associated with various human diseases, particularly the initiation and progression of various human cancers (9, 10). At present, EPDR1 has been reported to be differentially expressed in a variety of tumors and exerts an oncogenic role in colorectal cancer (11) and a tumor-suppressive role in breast cancer (12). However, the characterization of EPDR1 gene in EOC has not been reported.

In this study, based on database mining of The Cancer Genome Atlas (TCGA), Gene Expression Omnibus (GEO), and Clinical Proteomic Tumor Analysis Consortium (CPTAC), RT-PCR, Western blot, and immunohistochemistry (IHC) were further performed to verify that EPDR1 was expressed at a low level in EOC tissues compared to that in normal ovary. More importantly, EPDR1 was also demonstrated to be a predictor of prognosis in EOC patients. Overexpression of EPDR1 inhibited the proliferation, migration, and invasion of EOC cells both in vitro and in vivo. Furthermore, we confirmed that EPDR1 expression was correlated with PI3K/AKT pathway and epithelial–mesenchymal transition (EMT) through Western blot, RT-PCR, and other experiments. To elucidate the regulatory mechanism underlying the expression of EPDR1 in EOC development, we focused on miRNA regulation mechanism and finally demonstrated that EPDR1 was directly targeted and regulated by miR-429 through a luciferase reporter assay and a series of rescue experiments. In conclusion, our findings might provide a promising therapeutic strategy for targeting EPDR1 in EOC.



Materials and Methods


Patients and Tissue Specimens

A total of 184 human EOC tissues and 84 normal ovary tissues samples were collected from the Department of Pathology, Qilu Hospital, between January 2012 and December 2015. Histopathologic and clinical characteristics of patients are shown in Supplementary Table S1. None of these patients had received previous radiotherapy or chemotherapy. The clinical diagnosis, International Federation of Gynecology and Obstetrics (FIGO) stage, and subtype of these samples were confirmed by three independent pathologists. The study was approved by the Research Ethics Committee of Shandong University Qilu Hospital.



Immunohistochemistry

Paraffin-embedded tissues were cut into 4-μm sections and transferred to glass slides. After the sections were dried, dewaxed, hydrated, and underwent microwave antigen repairing, 3% hydrogen peroxide was used to blocked endogenous peroxidase activity for 10 min at room temperature. Sections were blocked with normal goat serum for 30 min at 37°C. Next, the samples were incubated with primary antibody against EPDR1 at a dilution of 1:500 (Origene, TA349935) at 4°C overnight. The slides were washed three times in phosphate buffered saline (PBS) buffer, followed by incubation for 1 h at room temperature with anti-rabbit horseradish peroxidase (HRP)-linked secondary antibody working solution (Zhongshan Golden Bridge, SAP-9100). Finally, the sections were visualized with the 3,3'-diaminobenzidine (DAB) chromogen. The EOC tissues were observed under a light microscope and scored by three senior pathologists. The final score was calculated by multiplying the staining intensity score by the staining area score, with a range between 0 and 12. Cases with greater or equal to 6 and less than 6 score value of EPDR1 immunostaining were regarded as high expression and low expression, respectively.



RNA Extraction and Real-Time PCR

Total RNA from all clinical specimens and cells were harvested by TRIzol (Invitrogen, CA, USA) according to the manufacturer’s recommendations. After the determination of RNA concentration, PrimeScript RT reagent Kit With gDNA Eraser (Toyobo, Japan) was used to reverse-transcribe total RNA. RT-PCR was conducted by the SYBR Green Real-time PCR Master Mix (Toyobo, Japan). Primer sequences are listed in Supplementary Table S2. Data in this study were analyzed by 2-ΔΔct with U6 small nuclear RNA (U6) and Glyceraldehyde-3-phosphate dehydrogenase (GADPH) as endogenous controls.



Cell Lines

A2780, HEY, SKOV3, and HEK293T cells were obtained from the Key Laboratory of Gynecologic Oncology of Shandong Province, and all cell lines were authenticated and regularly tested for mycoplasma. All of these cell lines were cultured by high-glucose Dulbecco's Modified Eagle Medium (DMEM) (Gibco, USA) supplemented with 10% fetal bovine serum (FBS) (Biological Industries, USA) and 1% penicillin/streptomycin (Hyclone SV30010). Cell lines were transfected with siRNAs, mimics, or inhibitors of miRNA by Lipo8000 Transfection Reagent (Beyotime Biotechnology, China). siRNA, mimics, and inhibitors were synthesized by GenePharma (China) (sequences are shown in Supplementary Table S3). After 48–72-h transfection, cells were collected and lysed to examine the transfection efficiency. EPDR1 overexpression lentivirus was purchased from Shanghai Jikai Gene Chemical Technology Co., Ltd. A2780 and HEY stable cell lines overexpressing EPDR1 were infected with lentivirus [multiplicity of infection (MOI): 50 and 10, respectively] and selected with 0.4 mg/ml and 0.8 mg/mg puromycin for about 1 week.



Cell Proliferation Assays

The cell proliferation ability was determined using Cell Counting Kit-8 (CCK8, Dojindo, Japan). A2780 and HEY, which were transfected with EPDR1 lentiviral plasmid or siRNA, were seeded into 96-well plates (1,000 cells per well). At the harvest time, 10 µl of CCK8 was added into each well, and after 1-h incubation, cellular viability was determined by measuring the absorbance of the converted dye at 450 nm. For colony formation assay, cells were inoculated into six-well plates with 1,000 cells per well. After 2 weeks, the colonies were then fixed with 4% formaldehyde and stained with 0.5% crystal violet. Photos of stained colonies were taken and counted with ImageJ software. 5-ethynyl-2'-deoxyuridine (EdU) staining was performed to evaluate DNA synthesis in proliferating cells with an EdU assay kit (Ribobio, Guangzhou, China) following the manufacturer’s instructions. Images were photographed with a microscope (Olympus, Tokyo, Japan) and analyzed by ImageJ software. The ratio of EdU-stained cells to Hoechst-stained cells was used to evaluate proliferation.



Wound Healing and Transwell Invasion Assay

A2780, HEY, and SKOV3 cells were seeded in a six-well plate and allowed to become confluent up to 100% until the next day. Next, a 200-µl pipette tip was used to scratch a straight line in the cell monolayer and replaced with serum-free medium. Images were captured by bright-field microscopy at time points 0 and 24 h. Photos were analyzed by ImageJ software to calculate the area of the scratch and represented as the percentage of wound closure. Cell invasion assays were performed in transwell chambers (BD Falcon, USA) precoated with Matrigel (BD Biosciences, USA). A2780, HEY, and SKOV3 cells were seeded at 100,000 cells/well on Matrigel-coated chambers with serum-free DMEM. The lower chamber was filled with 600 μl DMEM containing 20% FBS as chemoattractants. After 16 h, the invading cells on the underside of the transwell were fixed with 4% formaldehyde and stained with crystal violet. Five visual fields were randomly selected for each chamber.



Western Blot

A total of protein from tissues and cells were extracted with radioimmunoprecipitation assay (RIPA) lysate buffer (Beyotime, Shanghai, China). After being lysed by sonication, the lysates were obtained by centrifugation at 13,000 rpm for 30 min. Then, the protein concentration was determined with bicinchoninic acid (BCA) assay kit (Beyotime, Shanghai, China). Protein of each sample was loaded and separated by electrophoresis with sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to polyvinylidene difluoride (PVDF) membranes. Here, 12% SDS-PAGE was used to verify the protein whose molecular weight was less than 50 kDa, and other proteins were resolved by 10% SDS-PAGE gel. After being blocked for 2 h at room temperature with 5% skimmed milk in Tris Buffered Saline with Tween (TBST), the membranes were incubated with primary antibodies against EPDR1 (Origene, #TA349935), β-actin (Cell Signaling Technology, #3700), E-cadherin (Cell Signaling Technology, #14472), N-cadherin (Cell Signaling Technology, #13116), vimentin (Abcam, #ab92547), PI3K (Cell Signaling Technology, #4249), AKT (Cell Signaling Technology, 34691), P-AKT (Cell Signaling Technology, #4046), mammalian target of rapamycin (mTOR) (Cell Signaling Technology, #2983S), and P-mTOR (Cell Signaling Technology, #5536S) at 4°C overnight. The membranes were washed three times with TBST and incubated with a second antibody at a dilution of 1:5,000 (Beyotime, A0208) for 1 h at room temperature. Finally, the membranes were washed and visualized using chemiluminescence detection reagents (Thermo Scientific, A38555). Here, β-actin was used as a loading control to ensure equal loading. Protein expression levels were quantified using ImageJ software.



Immunofluorescence Staining

A2780 and HEY, which were transfected with EPDR1 lentiviral plasmid or vector, were seeded into a 96-well plate at a density of 50,000 cells per well. After the cells adhered to the wall, cells were fixed with 4% formaldehyde and permeabilized with 0.1% Triton X-100. After being blocked with 10% normal goat serum for 30 min, cells were incubated with primary antibody against N-cadherin at a dilution of 1:200 (Cell Signaling Technology, #13116) and E-cadherin at a dilution of 1:200 (Cell Signaling Technology, #14472) at 4°C overnight. After being washed with PBS three times for 15 min, the cells were incubated with the respective fluorophore-conjugated secondary antibodies for 1 h at room temperature. Cell nuclei were stained with 4',6- diamidino-2-phenylindole (DAPI) (Boster Biological Technology Co. Ltd., Wuhan, China) for 10 min. Pictures were taken by a fluorescent microscope.



Luciferase Activity Assay

HEK293T and HEY cells were seeded in a 24-well plate (30,000 cells/well). After being transfected with the indicated plasmid and miRNA mimics, cells were harvested and subjected to luciferase reporter assay using the dual luciferase assay kit (Beyotime, Shanghai, China). The relative luciferase activity was calculated by dividing the firefly luciferase activity by the Renilla luciferase activity.



Transcriptome Sequencing and Bioinformatic Analysis

Genome-wide transcriptional sequencing was conducted by Sinotech Genomics Co., Ltd. (Shanghai, China). Transcriptome sequencing (NEB, USA) was used to identify mRNA transcripts with differential expression between EPDR1 overexpression A2780 cells and control A2780 cells. The genes with Log fold change (LogFC) >1.2 were thought to be differential genes. RNA sequencing data have been deposited to GEO database (GEO accession: GSE188918).

The gene expression data of EOC patients from TCGA and The Genotype-Tissue Expression (GTEx) were downloaded from UCSC Xena Browser (https://xenabrowser.net/). The protein expression profile of EOC patients was downloaded from CPTAC (https://cptac-data-portal.georgetown.edu/). The gene expression data of EOC patients from GEO datasets were obtained using GSE 14407 and GSE 18520 (https://www.ncbi.nlm.nih.gov/gds). Gene set enrichment analysis (GSEA) was performed using GSEA software (http://software.broadinstitute.org/gsea/index.jsp).



Animal Experiment

All the animal experiment protocols were approved by the Medical Ethics Committee of Shandong University. BALB/c nude mice (immunodeficient, female, 4–6 weeks of age) were housed under standard conditions. Mice were randomly grouped for tumor cell injection. All analyses of animal experiments were performed by a blinded observer without knowledge of the experimental group. For subcutaneous xenograft experiments (n = 5), single-cell suspensions of HEY cell lines were prepared in PBS, and 5 million cells per 200-µl volume were injected in one subcutaneous site per mouse. Tumor volumes were measured with Vernier calipers every 5 days. The tumor volume was calculated by the formula: tumor volume = length × (width)2/2. After 4 weeks, the mice were sacrificed and the tumors were removed.

For peritoneal metastatic model, luciferase-labeled tumor cells (1 × 106) in 1 ml PBS were intraperitoneally injected to the nude mice. HEY-Luciferase cells were acquired through transfection of lentivirus overexpressing the luciferase reporter gene into HEY cells. Luciferase reporter gene overexpression lentivirus was purchased from Shanghai Jikai Gene Chemical Technology Co., Ltd. After intraperitoneal administration of luciferase substrate (150 mg/kg; Biosynth International, Naperville, IL, USA), the anesthetized mice were imaged using an in vivo imaging system (PerkinElmer, Waltham, MA, USA) every 5 days.



Statistical Analysis

All statistical analyses and graphical figures were done by GraphPad Prism v7 for Windows and R software v3.6.1. All experiments were repeated independently at least three times with at least three replicates. An unpaired t-test was used when comparing the different expressions of EPDR1 and miR-429 between normal tissue and tumor tissue and the abilities of proliferation, metastasis, and invasion between control group and EPDR1 overexpression group. One-way ANOVA was used for the comparison of multiple groups in rescue experiments and luciferase reporter experiments and when comparing the EPDR1 expression and abilities of proliferation, metastasis, and invasion between control group and two si-EPDR1 groups. Survival analysis was performed using Kaplan–Meier (K-M). The Pearson’s chi-square test was used as a test of significance for comparison of clinicopathological features. Correlation between EPDR1 and miR-429 expression was assessed by the use of Spearman’s correlation. Data are presented as bars with whiskers, showing means and standard deviation (SD). Also, error bars in bar graphs indicate SD.




Results


EPDR1 Expression Is Frequently Downregulated in EOC Tissues and Predicts Overall Survival Time in Epithelial Ovarian Cancer Patients

Firstly, we used bioinformatic methods to explore the expression of EPDR1 in EOC. We analyzed GEO database (GES14407, GSE18520), TCGA, GTEx, and CPTAC database. As a result, we found that the expression of EPDR1 mRNA and protein was downregulated in EOC tissues compared to fallopian tube tissues and normal ovary tissues (Figures 1A–D). In order to validate these bioinformatic analysis results, EPDR1 mRNA level was assessed in EOC tissues and normal ovary tissues by RT-PCR. We also performed IHC and Western blot to explore the expression of EPDR1 protein between EOC tissues and normal ovary tissues. Consistent with the results from databases shown above, the expressions of EPDR1 mRNA and protein were significantly decreased in EOC tissues in contrast to normal tissues (Figures 1E–H).




Figure 1 | Expression and prognostic value of EPDR1 in EOC. (A–D) Expression analysis of EPDR1 in EOC and non-tumor tissues in GEO [GSE14407 (A) and GSE18520 (B)], TCGA, and GTEx datasets (C, D) and CPTAC datasets. Unpaired t test was conducted. Data are presented as mean ± SD. (E, F) IHC analysis (E) and score (F) of EPDR1 expression in EOC tissues and normal tissue in ×200 magnification (scale bar, 100 μm) and ×400 magnification (scale bar, 100 μm). Unpaired t test was conducted. Data are presented as mean ± SD. (G, H) RT-PCR and Western blot showing the differences of EPDR1 mRNA and protein levels in EOC tissues and normal tissues. N and T represent normal and tumor tissues, respectively. Unpaired t test was conducted. Data are presented as mean ± SD. (I, J) K-M survival curve analysis showing the correlation between the EPDR1 IHC score and OS in EOC patients (I) and patients in FIGO III–IV stage (J) **P < 0.01, ***P < 0.001, ****P < 0.0001.



We then analyzed the relationship between the clinicopathological parameters and EPDR1 expression in EOC patients. The results showed that 89 (48.4%) and 95 (51.6%) patients had low and high EPDR1 expression, respectively (Table 1). Meanwhile, EPDR1 low expression was significantly related to FIGO stage (P = 0.0021, Table 1), lymph node status (P = 0.0041, Table 1), and distant metastasis (P = 0.002, Table 1) but not to age, tumor size, or histological type (Table 1). Furthermore, K-M survival analysis indicated that patients with lower EPDR1 expression appeared to have a shorter overall survival (OS) (Figure 1I). This finding also coincided with the results from K-M plotter database (Supplementary Figure S1A). Remarkably, FIGO stage was one of the most critical independent risk factors for a poor prognosis in EOC (13). Then, we further probed the differential prognosis between EOC patients with high and low EPDR1 expression in a poor-prognosis subgroup, FIGO III–IV stage disease. Interestingly, in this subgroup, the patients with high expression levels of EPDR1 could also achieve longer OS than that in the low-expression cohort (Figure 1J).


Table 1 | Correlation between EPDR1 expression and clinicopathological features in EOC.





EPDR1 Inhibits EOC Cell Proliferation, Migration, and Invasion In Vitro

We first detected the expression of EPDR1 in various ovarian cancer cell lines. Among these cell lines, SKOV3 cells showed the highest EPDR1 expression, while A2780 and HEY cells exhibited low EPDR1 expression (Supplementary Figures S1B, C). To further explore the role of EPDR1 in EOC development and progression, we selected A2780 and HEY with stable EPDR1 upregulation via transfection with lentiviral plasmids and SKOV3 with EPDR1 downregulation by transfection of EPDR1 small interfering RNA (siRNA). Overexpression and knockdown of EPDR1 were verified by RT-PCR and Western blotting (Figures 2A, 3A). Cell Count Kit 8 assay (CCK-8), colony formation, and EdU assays showed that EPDR1 overexpression suppressed the cell proliferation, colony formation, and DNA synthesis (Figures 2B–D). The capabilities of migration and invasion were accessed in terms of scratch assay and transwell, respectively. As shown in Figures 2E, F, the abilities of cell migration and invasion were significantly decreased after EPDR1 overexpression.




Figure 2 | Overexpression of EPDR1 inhibits EOC cell proliferation and metastasis in vitro. (A) RT-PCR and Western blot were performed to detect the overexpression efficiency in A2780 and HEY. The amount of loading protein was 15 μg. Unpaired t test was conducted. Data are presented as mean ± SD. (B–D) Cell proliferation and DNA synthesis were analyzed by CCK-8 assay, colony formation assay, and EdU staining, respectively. Unpaired t test was conducted. Data are presented as mean ± SD. (E) A scratch assay was performed to examine the migration ability of A2780 and HEY cells after EPDR1 overexpression (magnification, ×40; scale bar, 100 μm). Unpaired t test was conducted. Data are presented as mean ± SD. (F) Transwell invasion experiment to detect the changes of invasion ability between the overexpression group and the control group (magnification, ×200; scale bar, 100 μm). Unpaired t test was conducted. Data are presented as mean ± SD. **P < 0.01, ***P < 0.001, ****P < 0.0001.






Figure 3 | Knocking down EPDR1 expression promotes SKOV3 cell proliferation, migration, and invasion. (A) EPDR1 knockdown efficiency confirmed by RT-PCR and Western blot. The amount of loading protein was 30 μg. Results were analyzed with one-way ANOVA. Data are presented as mean ± SD. (B, C) Abilities of cell proliferation and DNA synthesis were determined by CCK-8 assay and EdU staining (magnification, ×200; scale bar, 100 μm). Results were analyzed with one-way ANOVA. Data are presented as mean ± SD. (D, E) Wound-healing assay (magnification, ×40; scale bar, 100 μm) and transwell invasion experiment (magnification, ×200; scale bars, 100 μm) were conducted to evaluate the migration and invasion capability between si-EPDR1 groups and control group in SKOV3 cells. Results were analyzed with one-way ANOVA. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.



In addition, we found that the knockdown of EPDR1 promoted the proliferation potential of SKOV3 cells, as demonstrated by CCK-8 assay and EdU assay (Figures 3B, C). The capabilities of migration and invasion were also enhanced in cells transfected with si-EPDR1 (Figures 3D, E). The gain-of-function and the loss-of-function data revealed that EPDR1 suppressed EOC growth and invasion.



EPDR1 Inhibits EOC Development In Vivo

To further address the role of EPDR1 in EOC progression, we generated subcutaneous xenograft tumor mouse models of EOC. HEY cells with stable EPDR1 overexpression or not were subcutaneously injected into nude mice (n = 5). As expected, overexpression of EPDR1 remarkedly reduced the tumor volume and weight (Figure 4A). Next, to access the effects of EPDR1 on EOC metastasis in vivo, we conducted intraperitoneal injection. Luciferase-expressing HEY cells were intraperitoneally injected into nude mice (n = 4). The results of living-imaging showed that EPDR1 overexpression caused a significant reduction in tumor burden (Figure 4B). Taken together, these findings supported the notion that EPDR1 played a role of tumor suppressor in EOC progression.




Figure 4 | EPDR1 inhibits tumorigenesis and progression of ovarian cancer in vivo. (A) Representative images of tumor from EPDR1 overexpression group and control group after subcutaneous injection with HEY cells (n = 5 mice per group). The volumes and weights were lower for xenograft tumors with EPDR1 overexpression than that with vector. Unpaired t test was conducted. Data are presented as mean ± SD. (B) The relative luciferase activity and the representative photo flux in immunodeficient mice 4 weeks after intraperitoneal injection of luciferase-expressing HEY cells with EPDR1 overexpression or not. Unpaired t test was conducted. Data are presented as mean ± SD. **P < 0.01, ***P < 0.001.





EPDR1 Inhibits EOC Progression Through PI3K/AKT/mTOR Pathway

To gain insight into the molecular mechanism of EPDR1 in EOC progression, transcriptome sequencing was performed by using EPDR1-overexpressing A2780 cells and control cells. Then, we conducted comprehensive bioinformatic methods to analyze the transcriptome sequencing results. The results of Gene Ontology (GO) enrichment analysis exhibited a positive correlation between high EPDR1 expression and transmembrane receptor protein tyrosine kinase signaling pathway, regulation of nucleic acid-templated transcription, regulation of gene expression and differentiation, and many other functions (Supplementary Figures S1D, E). The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis showed that EPDR1 was closely associated with PI3K/AKT signaling pathway (Figure 5A). We further confirmed the expression of PI3K/AKT pathway-related proteins (PI3K, AKT, P-AKT, mTOR, and P-mTOR). The results revealed that overexpressing EPDR1 suppressed the protein level of PI3K, P-AKT, and P-mTOR in both A2780 and HEY cell lines. Besides, EPDR1 also altered the expression of EMT-related key factors, including upregulation of E-cadherin, downregulation of N-cadherin and vimentin (Figures 5B, C). Thereafter, we verified the differential expression of E-cadherin and N-cadherin by immunofluorescence (Figure 5D). In addition,12 markers in EMT were further validated by subsequent RT-PCR. As a result, the epithelial-associated transcription factor expression (such as CLDN1 and OCLN) was upregulated in EPDR1-overexpressing cells while mesenchymal-associated transcription factors were downregulated (Figure 5E).




Figure 5 | EPDR1 overexpression inhibits PI3K/AKT pathway and EMT progression. (A) KEGG pathway analysis was performed in EPDR1-overexpressing A2780 cells compared to negative control cells. (B, C) Different expression and analysis of PI3K/AKT pathway-related proteins and EMT-associated markers between EPDR1 overexpression group and control group. The amount of loading protein was 15 μg. Unpaired t test was conducted. Data are presented as mean ± SD. (D) Immunofluorescence staining showed that N-cadherin was downregulated and E-cadherin was upregulated after EPDR1 overexpression in A2780 and HEY (magnification, ×200; scale bar, 100 μm). (E) Mesenchymal-associated transcription factors (such as ZEB1, CDH2, SNAI2, SNIA1, VIM, and TWIST1) were downregulated, and epithelial-associated transcription factors (such as CLDN1, OVOL2, CLDN2, OVOL1, OCLN, and CDH1) were upregulated in EPDR1 overexpression group in A2780 and HEY by RT-PCR assay. Unpaired t test was conducted. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.





miR-429 Directly Targets EPDR1, Whose Expression Is Significantly Upregulated in EOC Patients

To investigate the underlying molecular mechanism that was involved in the tumor suppressor role of EPDR1, we examined whether miRNAs could regulate EPDR1 levels in EOC patients. We screened potential miRNAs that could interact with EPDR1 based on the bioinformatic algorithms of Starbase (http://starbase.sysu.edu.cn/). A total of 119 miRNAs were predicted to bind to the 3′-untranslated region (UTR) of EPDR1. Next, we selected the intersections of candidate miRNAs from Starbase and miRNAs that were upregulated in dataset GSE47841 according to miRNA–mRNA regulation mechanism (Figure 6A). Finally, three miRNAs meeting these requirements were tested, including miR-429, miR-422a, and miR-421. The comprehensive list of the identified miRNAs is provided in Supplementary Table S4. RT-PCR was conducted to test the mRNA expression after being transfected by their mimics. We found that only miR-429 could significantly decrease EPDR1 expression in both A2780 and HEY cell lines (Figures 6B, C). Furthermore, we performed Western blot to confirm that the protein level of EPDR1 was downregulated by miR-429. After being transfected by miR-429 inhibitor, the expression of EPDR1 was reversed (Figures 6D–G). The transfection efficiency was shown in Figures 6H, I. Next, to verify the expression of miR-429 in EOC patients, we fetched expression values of miR-429 in GSE47841. Besides, the relative expression level of miR-429 was also assessed by RT-PCR in EOC tissues and normal ovary tissues. Results showed that compared to normal tissue, miR-429 was overexpressed in EOC tissues (Figures 6J, K).




Figure 6 | miR-419 directly targets EPDR1 whose expression is significantly upregulated in EOC patients. (A) Schematic illustration displaying the overlapped upstream miRNA of EPDR1 predicted by Starbase and GEO dataset (GSE47841). (B, C) The mRNA expression of EPDR1 was tested by RT-PCR in A2780 and HEY after transfection with mimics of top 3 candidate miRNAs. Unpaired t test was conducted. Data are presented as mean ± SD. (D–G) RT-PCR and Western blot were performed to detect the expression of EPDR1 after transfection with mimic and inhibitor of miR-429 in A2780 and HEY. The amount of loading protein was 50 μg. Unpaired t test was conducted. Data are presented as mean ± SD. (H, I) Transfection efficiencies of miR-429 mimic and inhibitor were evaluated by RT-PCR in A2780 and HEY. Results were analyzed with one-way ANOVA. Data are presented as mean ± SD. (J) The expression of miR-429 in EOC tissue sample and normal tissue sample from GSE47841 dataset. Unpaired t test was conducted. Data are presented as mean ± SD. (K) RT-PCR result showed that miR-429 was upregulated in EOC patients. Unpaired t test was conducted. Data are presented as mean ± SD. (L) The sequence of binding targets of miR-429 in WT or mutant EPDR1 3′-UTR. (M) After transfection with miR-NC or miR-429 in HEK293T cells, the relative luciferase activity of mutant or wild-type EPDR1 3′-UTR was detected. Results were analyzed with one-way ANOVA. Data are presented as mean ± SD. (N) The correlation between the expression levels of miR-429 and EPDR1 in EOC patients as determined by RT-PCR. Statistical analysis was performed using a Spearman correlation. *P < 0.05, **P < 0.01, ***P < 0.001.



Furthermore, to identify the relationship between miR-429 and the 3′-UTR of EPDR1, a luciferase reporter assay was performed. We cloned the sequence of EPDR1 3′-UTR flanked wild-type (WT) or mutant binding target of miR-429 into pmiRGLO vector, respectively (Figure 6L). We confirmed that a miR-429 mimic efficiently decreased the luciferase activity of an EPDR1-3′-UTR-WT reporter in HEK293T cells but not that of a 3′-UTR-mutated EPDR1 reporter (Figure 6M). This result was also verified in HEY cells (Supplementary Figure S1F). Moreover, the relative expression levels of miR-429 and EPDR1 in EOC samples and their relationship were further verified in EOC tissue samples by RT-PCR (Figure 6N; Spearman R = -0.4739, P = 0.0082). In conclusion, EPDR1 was a direct target of miR-429 in EOC.



The Role of EPDR1 on Tumor Progression Is Regulated by miR-429

To further verify whether miR-429 was involved in EPDR1-mediated proliferation and metastasis effects in EOC cells, we conducted a rescue experiment. A2780 and HEY cells were co-transfected with miR-429 mimic or normal control (NC) mimic and EPDR1 overexpression lentiviral plasmid or vector. As shown in Figures 7A–D, cell line capabilities of proliferation, migration, and invasion were specially increased after upregulating miR-429, while the promoting effect could be partially reversed by EPDR1 overexpression. To further understand the potential mechanism of EPDR1-mediated effect by miR-429, we detected the key protein in PI3K/AKT signal pathway and EMT-related protein. As a result, PI3K/AKT pathway was significantly activated after miR-429 overexpression, which was rescued by co-transfection with EPDR1 lentiviral plasmid. Meanwhile, EMT process was promoted by miR-429, which could be partially blunted by EPDR1 (Figure 7E). In summary, these results demonstrate that the inhibition effect of EPDR1 on tumor progression is regulated by miR-429 through PI3K/AKT pathway (Figure 7F).




Figure 7 | The functional roles of EPDR1 in EOC are regulated by miR-429 expression levels. (A, B) Proliferation of EOC cells after cotransfection with miR-429 mimic or NC mimic with either EPDR1 overexpression or not was analyzed by CCK-8 assay and colony formation assay. Results were analyzed with one-way ANOVA. Data are presented as mean ± SD. (C, D) Wound healing (C) and invasion assay (D) of the rescue experiment in A2780 and HEY cells (scale bar, 100 μm). Results were analyzed with one-way ANOVA. Data are presented as mean ± SD. (E) Western blot analysis of PI3K/AKT signaling pathway and EMT-related markers of rescue experiment in A2780 and HEY cells. The amount of loading protein was 15 μg. (F) A proposed mechanism scheme for EPDR1 regulated by miR-429 suppressed epithelial ovarian cancer proliferation and metastasis through the PI3K/AKT pathway. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.






Discussion

The mortality rate of ovarian cancer is the highest of the gynecological cancers, and the overall 5-year survival rate of EOC is below 50% (2). Hence, it is essential to identify the novel molecular targets and investigate the potential mechanism. In our study, we found that EPDR1 was downregulated in EOC tissue samples, and low EPDR1 was associated with tumor progression and poor prognosis in EOC patients by analysis of TCGA, GTEx, GEO and CPTAC dataset, RT-PCR, Western blot, and IHC. Furthermore, we confirmed that EPDR1 overexpression remarkedly suppressed EOC cell proliferation, migration, and invasion. Activation of PI3K/AKT signaling pathway was significantly inhibited after overexpression of EPDR1. In addition, EPDR1 was demonstrated to be the direct target of miR-429 and was regulated by miR-429 during EOC progression through PI3K/AKT pathway.

EPDR1, located on chromosome 7p14.1 (8), is conserved across species (14). The orthologs of EPDR1 in mouse and human are expressed in various normal tissues and in cancerous cell lines (15). Through sequence alignment, Gregorio-King et al. (16) found that EPDR1 had significant homology to the cytoplasmic domains of members of the protocadherin family of Type I transmembrane glycoproteins, which was postulated to function in cell adhesion and cellular signaling. In recent years, a growing number of studies have been performed to demonstrate the association of EPDR1 and cancers. In 2016, Riffo-Campos et al. reported that EPDR1 and its spliced isoforms are differentially expressed in human colorectal cancer cell lines. The expression of EPDR1 was underexpressed in the Caco2, RKO, and SW48 cell lines, while the HCT116, DLD1, and D-Mut1 cells overexpressed EPDR1 (9). Gimeno-Valiente et al. (11) found that upregulation of EPDR1 in DLD1 and HCT116 cell lines was related to human colorectal cancer stage, and knockdown of EPDR1 could inhibit cell proliferation, migration, invasiveness, and adhesion to type I collagen fibers. Similar results were observed in human bladder cancer (17). However, it has been proven that EPDR1 exhibited a lower expression level in breast cancer tissues compared to adjacent normal tissues and functioned as a tumor suppressor in breast cancer cells (12). The different roles of EPDR1 gene in diverse cancers could be attributed to the epigenetic silence due to DNA methylation (10). Consistent with the results observed in breast cancer, our data indicated that EPDR1 was downregulated in EOC tissues and low expression of EPDR1 was associated with poor prognosis. Furthermore, in vitro and in vivo functional studies confirmed that overexpression of EPDR1 inhibited cell proliferation, migration, and invasion. These results implied that EPDR1 played an important role in EOC progression.

Next, we focused on the underlying mechanism by which EPDR1 inhibits tumor progression. We conducted bioinformatic analysis based on transcriptome sequencing and TCGA dataset. EPDR1 expression was closely correlated with the expression of PI3K/AKT pathway. PI3K/AKT signaling pathway, which is one of the most frequently altered pathways in human cancer, plays a critical role in driving tumor initiation and progression (18). AKT could induce nuclear entry of Mdm2, which leads to inhibition of p53-regulated processes, resulting in increasing insensitivity to antiproliferative signals (19). AKT-mediated phosphorylation negatively regulated numerous proapoptotic factors, including Bad 28 and procaspase-9, thus increasing resistance to apoptosis of tumor cells (20). In addition, a previous study has reported that activation of PI3K/AKT signaling pathway could suppress GSK-3β and increase the level of Snail correspondingly, which led to the downregulation of E-cadherin and the subsequent EMT progression (21). Clinically, PI3K/AKT signaling is highly activated in ovarian cancer, and vast preclinical studies and clinical data suggested that inhibitors of PI3K/AKT pathway exerted an antitumor efficiency in the treatment of ovarian cancer (22). In the current study, we demonstrated that EPDR1 inhibited proliferation, invasion, and migration via suppressing the PI3K/AKT pathway. We also proved that EPDR1 attenuated the EMT process through a series of experiments. Our data were not sufficient to prove the interaction between EPDR1 and PI3K/AKT pathway. To probe the mechanism of interaction between EPDR1 and PI3K/AKT signaling pathway, the cBioPortal (http://www.cBioportal.org) was used to identify the genes co-expressed with EPDR1. We found that there was a significant inverse correlation between EPDR1 and SNCG. SNCG is also known as synuclein γ. The C-terminal tail region of SNCG was enriched with highly charged residues, which was reported to be able to make interaction with the residues of αC helix and β4 sheet of the AKT kinase domain, thus stimulating the activation of AKT (23). Meanwhile, SNCG could bind to transcription factor TWIST, and knockdown of SNCG inhibited TWIST-induced cell invasion and EMT (24). Therefore, we speculated that there was a negative regulatory relationship between EPDR1 and SNCG. EPDR1 inhibited PI3K/AKT pathway and EMT possibly through SNCG. Taken together, these results confirmed that EPDR1 played the role of a tumor suppressor gene in ovarian cancer through inhibiting the PI3K/AKT pathway and the process of EMT.

As mentioned above, in studies of the relationship between EPDR1 and tumors, EPDR1 played different roles in various tumors. To go further in the characterization of the regulatory mechanisms that are influencing EPDR1 expression phenotype, we assumed that EPDR1 was regulated by upstream miRNA. miRNA is a group of small endogenous noncoding single-strand RNAs (~21–25 nt), which negatively regulates gene expression at the posttranscriptional level (25). miRNA plays an important role in the detection, diagnosis, treatment, and prognosis in gynecological tumors (26–28). miRNA could serve as an oncogene and play an important role in tumorigenesis ang tumor development (29). In the present study, we confirmed the direct interaction between EPDR1 and miR-429. Previous studies have been reported that miR-429 participated in carcinogenesis. In breast cancer, oncogenic miR-429 was able to regulate hypoxia inducible factor-1α (HIF1α) pathway by directly targeting von-Hippel Lindau (VHL) mRNA, which caused increased proliferation and migration of breast cancer cells (30). Li et al. (31) found that miR-429 expression was upregulated in human colorectal cancer tissues, and high miR-429 expression was significantly associated with tumor size, lymph node metastasis, and poor prognosis. In addition, previous studies have proven that miR-429 unregulated in serous ovarian cancer and endometrial cancer (32, 33). In our study, we confirmed that miR-429 promoted cell proliferation and metastasis in EOC cells. Moreover, we identified that the roles of EPDR1 could be regulated by miR-429 expression levels in EOC by rescue experiments. After overexpressing EPDR1, the cancer-promoting effect of miR-429 was partially repressed, which suggested the presence of additional targets of miR-429 in EOC (34, 35). Large tumor suppressor kinase 2 (LAST2) was reported to inhibit the proliferation and invasion as well as dictate senescence in ovarian cancer. In colorectal cancer, LAST2 is the direct target for miR-429. Overexpression of LAST2 could downregulate the cancer-promoting effect (36). Thus, we presume that LAST2 is the other target of miR-429 in EOC. To summarize, our findings demonstrated that miR-429 was the direct upstream molecule of EPDR1 and regulated expression and functions of EPDR1. Thus, miR-429/EPDR1 may be a potential therapeutic target for the antitumor therapy in EOC and remains to be further explored.

We acknowledge that limitations exist in regard to this study. Firstly, the detailed molecular mechanism remains to be further elucidated such as interaction of PI3K/AKT and EMT signaling pathway inhibition induced by EPDR1 overexpression. Secondly, few studies investigated the role of EPDR1 in EOC progression, which limited our further investigation of the molecular mechanism. Our results lay the groundwork for further studies to explore downstream mechanisms of EPDR1 downregulation in EOC progression.

All in all, we demonstrated that EPDR1 was downregulated in EOC tissues, and low EPDR1 expression was correlated with tumor stage, lymph node and distant metastasis, and poor prognosis. This study is the first demonstration of the prognostic specificity of EPDR1 in EOC patients. Moreover, EPDR1 overexpression could significantly suppress the proliferation and metastasis of EOC cells, which was mediated through the PI3K/AKT pathway. Furthermore, miR-429 was verified as the upstream molecule that directly targeted EPDR1 and regulated the function of EPDR1 in EOC. The newly identified miR-429/EPDR1 axis may provide promising new therapeutic targets and prognostic biomarkers for patients with EOC.
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While PARP inhibitor (PARPi) therapies have shown promising results in the treatment of high-grade serous ovarian cancer (HGSOC) harboring homologous recombination deficiencies, primary resistance to PARPi frequently occurs and even initial responders may eventually become resistant. Therefore, the development of novel effective combinatorial strategies to treat HGSOC is urgently needed. Here, we report that H2O2-induced oxidative stress sensitized HGSOC cells to PARPi BMN 673. Furthermore, Phenethyl isothiocyanate (PEITC) as a ROS-inducing agent significantly enhanced the cytotoxic effects of BMN 673. Mechanistically, combined use of PEITC and BMN 673 resulted in ROS overproduction and accumulation, enhanced DNA damage, G2/M arrest and apoptosis, all of which were significantly reversed by the ROS scavenger N-Acetyl-L-cysteine. We also showed that while PEITC did not further enhance the ability of BMN 673 on PARP1 trapping in HGSOC cells, the therapeutic effects of the PEITC/BMN 673 combination were at least in part dependent on the presence of PARP1. Importantly, the PEITC/BMN 673 combination potently abrogated the growth of HGSOC tumor spheroids and patient-derived organoid models of HGSOC and cervical cancer. Our findings provide a basis for further investigation of the utility of PARPi combination regimen in HGSOC and cervical cancer through ROS-mediated mechanisms.
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Introduction

High-grade serous ovarian cancer (HGSOC) is among the most common and aggressive histologic subtypes and is associated with poor survival (1, 2). Approximately 50% of HGSOC harbor defects in the homologous recombination repair (HRR) pathways (3). Poly (ADP-ribose) polymerase 1/2 (PARP1/2) is required to repair DNA single-strand breaks, and PARP1 also involved in the repair of DNA replication fork damage and double-strand breaks (4). A substantial body of preclinical and clinical studies have demonstrated that inhibition of PARP1 induces synthetic lethality in HGSOC with HRR deficiencies caused by deleterious BRCA1/2 mutations or BRCAness (5–7). PARP inhibitor (PARPi)-based therapies are now a standard of care for HGSOC patients. Despite PARPi therapies have shown encouraging results, HGSOC tumors frequently become resistant. Therefore, the development of effective combinatorial strategies to treat this hardly curable disease is urgently needed.

PARPis also cause cytotoxicity by trapping PARP1 at sites of DNA damage (4), another mechanism of action for PARP inhibitors. While all four PARPis including Olaparib, Rucaparib, Niraparib and Talazoparib that have been currently used in the clinic are PARP1/2 catalytic inhibitors, the single-agent cytotoxicity of different PARPi correlates with their effectiveness in trapping PARP1/2, with Talazoparib (BMN 673) exhibiting the superior potency (4). In addition to synthetic lethality of PARP inhibition and HRR deficiencies, additional cytotoxic mechanisms of action underlying PARPi-based combinations have also been reported, including PARP1 trapping (e.g. PARPi plus Temozolomide) alone or with concurrent catalytic inhibition of target enzymes (e.g. PARPi plus 5-azacytidine) (8–11).

Increased reactive oxygen species (ROS) production in cancer cells is often coupled to redox adaptation that promotes cell growth and survival (12, 13). As excessive amounts of ROS may cause oxidative damage and cell death, cancer cells with increased oxidative stress are likely to be more vulnerable to further ROS insults. Targeting cancer cells with pharmacological agents with pro-oxidant activities by increasing ROS generation or disabling the anti-oxidation system might be an effective strategy to improve therapeutic response and/or overcome drug resistance (12). PARP1 plays an important role in the repair of ROS-induced oxidative DNA damage (14–16). It has been shown that inhibition of PARP1 sensitizes cancer cells to oxidative stress, suggesting a potential therapeutic strategy to kill cancer cells by combining PARPis and pro-oxidant agents. The current study aims to investigate whether phenethyl isothiocyanate (PEITC), a known ROS-generating agent (17–19), enhances the cytotoxic effects of PARPis in HGSOC and cervical cancer. Our findings may provide a basis for further exploration of the utility of PARPi combination regimen in HGSOC and cervical cancer through ROS-mediated mechanisms.



Material and Methods


Cell Culture and Plasmids

High-grade serous ovarian cancer (HGSOC) cell lines OVSAHO (RRID: CVCL_3114), SNU119 (RRID: CVCL_5014) and COV362 (RRID: CVCL_2420) were acquired from Otwo Biotech (China). OVCAR4 (RRID: CVCL_1627) was provided by Beijing Zhongke Quality Inspection Biotechnology Co., Ltd. Mall Branch. Cervical cancer cell lines CaSki (RRID: CVCL_1100) and ME180 (RRID: CVCL_1401) were obtained from the American Type Culture Collection (ATCC). Cells were maintained in culture media (OVSAHO in Dulbecco’s Modified Eagle Medium; SNU119, COV362, OVCAR4 and CaSki in RPMI-1640 Medium; ME180 in mcCoy’s 5A (modified) medium) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C and 5% CO2. Lentiviral shRNA vector system against PARP1 was purchased from Dhamarcon (USA). PARP inhibitors Talazoparib (BMN 673), Olaparib (AZD2281) and Veliparib (ABT-888) were purchased from Chemexpress (China). Hydrogen peroxide (H2O2), Phenethyl isothiocyanate (PEITC) and N-Acetyl-L-cysteine (NAC) were obtained from Sigma (USA).



Patient Information

We present the cases of a 67-year-old patient with newly diagnosed primary high-grade serous ovarian cancer without family history (OVC_13) and a 41-year-old patient with newly diagnosed primary cervical squamous cell carcinoma (CC_4). Tumor tissue and drainage of ascites acquisition were performed under Institutional Review Board protocols approved by the Second Hospital of Dalian Medical University. Consents were obtained from all patients participating in this project and subjected to withdrawal at any time. The study methodologies conformed to the standards set by the Declaration of Helsinki.



Clonogenic Assay and Determination of Drug Synergy

HGSOC cells (OVSAHO, SNU119 and COV362: 2000 cells/well; OVCAR4: 1000 cells/well) were seeded on plates and cultured for 24 hours before exposure to drug treatment. Fresh media with or without drugs were replaced every 3 days. At the end point, cells were washed with phosphate-buffered saline and subsequently stained with 0.5% crystal violet. The optical absorbance of the bound crystal violet dissolved in 50% acetic acid was measured at 590 nm by xMark Microplate Spectrophotometer (Bio-Rad Laboratories, USA). The synergy effect was calculated by the Chou-Talalay method to calculate the combination index (CI) (20).



Flow Cytometry Analysis

For cell apoptosis assay, the Annexin V/PI Apoptosis Detection kit (AD-10, Dojindo Molecular Technologies, Japan) was used according to the manufacturer’s protocol.

For intracellular ROS detection, Reactive Oxygen Species (ROS) Detection Reagents (Invitrogen, #D399) was used according to the manufacturer’s protocol.

For cell cycle analysis, harvested cells were fixed with 75% ethanol overnight followed by staining with a phosphate-buffered saline (PBS) solution containing propidium iodide (50 μg/ml, Sigma) and 100 μg/ml DNase-free RNase A (Sigma). After 30 minutes of incubation, the samples were washed and resuspended in PBS with 0.5% FBS. FACS analyses were performed on a BD FACSCanto™ II (BD Biosciences, USA).



Western Blot Analysis

Western blot experiments were conducted as described previously (21). Cell lysates were prepared using ice-cold lysis buffer supplemented with protease/phosphatase inhibitors (Roche, Switzerland). The blots were probed with primary antibodies were used: Cleaved PARP (Cell signaling technology, CST, #9541), PARP (CST, #9542), γH2AX (CST, #2577), Poly/Mono-ADP Ribose (CST, #83732), Histone H3 (Proteintech, #17168-1-AP) and Vinculin (Sigma Aldrich, V9131). Western blots were imaged using Odyssey Infrared Imaging System (Li-COR Biosciences, USA).



Cellular Trapping Assays

Chromatin extraction was performed as described previously (22). Samples were normalized for concentration. Protein binding in the chromatin fraction was assessed by Western blot.



Three-Dimensional Sphere Assay

The three-dimensional sphere culture experiment was carried out as described previously (23). Briefly, cells were seeded on plates pre-coated with Matrigel (BD Biosciences, USA) and grown in culture medium supplemented with 2% FBS and 2% Matrigel and allowed to grow for 1 day before drug exposure. Fresh medium containing 2% FBS and Matrigel was replaced every 3 days. The 3D structures were imaged by an inverted phase-contrast microscope (Leica Microsystems, Germany) and scored according to 3D structure integrity. Over 100 structures were scored for each condition.



Organoid Culture and Viability Assay

Organoids were cultured as previously described (24). Briefly, surgically removed cervical tumors were cut into small pieces of tumor tissue. Fresh ascites from ovarian cancer patients was centrifuged to obtain cell pellets. Tumor tissues or cell pellets were then digested with Collagenase Type II (Gibco, USA) followed by the treatment with RBC Lysis Buffer (Bio-Legend, USA). After centrifugation, tissues/cell pellets were suspended in AdDF+++ [Advanced DMEM/F12 containing 1% HEPES (Gibco, USA), 1 x GlutaMAX (Gibco, USA) and antibiotics] and pipetted repeatedly with a syringe, filtered through a 100 μm filter. The isolated cells were mixed with Growth Factor-reduced Matrigel (BD Biosciences, USA) and dropped on 24-well plates. On Matrigel stabilization, the organoid culture medium [AdDF+++ containing 10 ng/ml Noggin (PeproTech, USA), 10 ng/ml Rspo1 (PeproTech, USA), 1.25 mM N-Acetylcysteine (Sigma, USA), 10 mM Nicotinamide (Sigma, USA), 0.5 μM TGFβ Receptor inhibitor A83-01 (Sigma, USA), 10 ng/ml FGF10 (PeproTech, USA), 37.5 ng/ml Heregulin β-1 (PeproTech, USA), 5 μM RhoK inhibitor Y-27632 (AbMole Bioscience, USA), 5 ng/ml EGF (PeproTech, USA), 10 μM Forskolin (Bio-Techne, USA), 500 ng/ml Hydrocortisone (Sigma, USA), 100 nM β-Estradiol (Sigma, USA), 2% B27 supplement (Gibco, USA), and 0.2% Primocin (In vivoGen, USA)] was added and the plates were transferred to humidified 37°C/5% CO2 incubators. For passaging, organoids were digested with TrypLE Express Enzyme (Thermo Fisher Scientific, USA) and re-inoculated to form new organoids. The organoid culture medium was changed every 3 days and passaged every 1 to 4 weeks. Organoid structures were imaged by an inverted phase-contrast microscope (Leica Microsystems, Germany).

For organoid viability assay, organoids were dissociated and cultured in 96-well plates followed exposure to the organoid culture medium containing PEITC and/or BMN 673. The organoid culture medium was changed every 3 days. The ATP levels were measured with CellTiter-Glo® 3D Reagent (Promega, USA) according to the manufacturer’s instructions. Luminescence signals were measured using a SpectraMax microplate reader (Molecular Devices, Austria).



Statistical Analysis

The statistical analyses of the data were performed using GraphPad Prism and specified in the Figure legends. p <0.05 was considered to be statistically significant.




Results


H2O2 Treatment Sensitizes HGSOC Cells to BMN 673

We first assessed whether the PARP inhibitor BMN 673 would affect the intracellular redox status in a panel of HGSOC cell lines, including OVASHO, SNU119, COV362 and OVCAR4. BMN 673-treated cells contained little to moderate increase in intracellular ROS levels when compared with the vehicle-treated cells (Figure 1A). Upon treatment with H2O2, BMN 673-treated cells exhibited a pronounced elevation of ROS levels across all four cell lines examined (Figure 1A). Strikingly, chronic exposure to H2O2 and BMN 673 in combination dramatically blocked the growth of HGSOC cells (Figure 1B). Furthermore, the combination treatment, but not either single-agent, led to a substantial increase in apoptosis as evidenced by FACS analysis of Annexin V/PI-stained cells and western blot analysis of cleaved PARP signals (Figures 1C, D). We also observed a substantial induction of DNA damage as indicated by γH2AX signals in the cells treated with H2O2 and BMN 673 in combination (Figure 1D). Together, these data indicate that oxidative stress may sensitize HGSOC cells to BMN 673 treatment.




Figure 1 | H2O2 enhanced the antitumor activity of BMN 673 in the HGSOC cells. (A) FACS analysis of ROS levels in the HGSOC cell lines treated with BMN 673 in the presence or absence of H2O2 for 48 hours. (B) Clonogenic survival assay of the HGSOC cells with drug treatments as indicated for 6-8 days. At the endpoint, the plates were fixed and stained with crystal violet. Representative images of the plates from each group are shown. (C) Apoptosis levels in the cells as in (B) were determined by Annexin V/PI staining and FACS analysis. Data are shown as mean ± S.D. *p < 0.05; **p < 0.01; ***p < 0.001 (Student’s t-test). (D) Western blot analysis of Cleaved PARP and γH2AX in the cells treated as in (B). Vinculin was used as a loading control.





PEITC Treatment Sensitized HGSOC Cells to BMN 673 via Induction of Excessive ROS Levels

We next investigated whether the ROS inducer PEITC may sensitize HGSOC cells to PARP inhibitors. In all four HGSOC cell lines examined, combined use of PEITC and BMN 673 demonstrated synergistic cytotoxic effects as assessed by the median-drug effect analysis (Figure S1). Concordantly, the long-term clonogenic survival assays revealed that PEITC treatment significantly enhanced the cytotoxic effect of PARP inhibitor BMN 673 (Figures 2A and S2). Similar observations were seen with the combined use of PEITC and Olaparib, another PARP inhibitor, in OVSAHO, SNU119 and COV362 but not OVCAR4 cells (Figure 2B). In contrast, PEITC sensitized two (SNU119 and COV362) but not the other HGSOC cell lines (OVSAHO and OVCAR4) to ABT-888 (Veliparib), an inhibitor with weak PARP1 trapping activity (4) (Figure 2C).




Figure 2 | Treatment with PEITC sensitized the HGSOC cells to PARP inhibitors. Representative images (left) and quantification (right) of long-term clonogenic assay with the HGSOC cells [(A), PEITC/BMN 673; (B), PEITC/Olaparib; (C), PEITC/ABT-888] treated as indicated. Data are shown as mean ± S.D. p values were shown as indicated (Two-way ANOVA).



Similar to the effects of oxidative stress induced by H2O2, treatment with the ROS inducer PEITC also led to a significant increase in apoptotic cell death as well as DNA damage in the cells simultaneously exposed to BMN 673 (Figures 3A, B). In addition, the cell cycle analysis showed that while BMN 673 induced G2/M arrest, the drug combination with PEITC led to a further substantial accumulation (Figure 3C). Together, these data suggest that PEITC may synergize with BMN 673 to induce DNA damage, leading to cell cycle arrest at G2/M and apoptotic cell death.




Figure 3 | The combination of PEITC and BMN 673 induced DNA damage, apoptosis and G2/M arrest in the HGSOC cells. (A) Apoptosis levels in the cells treated as indicated for 48 hours were determined by Annexin V/PI staining and FACS analysis. (B) Western blot analysis of Cleaved PARP and γH2AX in the cells. Vinculin was used as a loading control. (C) Cell cycle analysis of the HGSOC cells treated as indicated for 24 hours was determined by PI staining and FACS analysis. Data are shown as mean ± S.D. The statistical differences in the percentage of G2/M cells were indicated. *p < 0.05; **p < 0.01; ***p < 0.001 (Student’s t-test).



To further understand the mechanism underlying the synergistic action of PEITC and BMN 673, we used the ROS scavenger N-acetyl-L- cysteine (NAC) to assess whether the drug combination-induced cytotoxicity is ROS-dependent. While combined use of PEITC and BMN 673 yielded a marked ROS accumulation, NAC treatment significantly reduced ROS levels and negated the sensitivity of HGSOC cells to the drug combination (Figures 4A, B). Further analysis showed that treatment with NAC also led to attenuated effects on DNA damage, apoptosis and G2/M arrest induced by the PEITC/BMN 673 combination (Figures 4C, D). Nevertheless, as NAC treatment did not restore the PAR signal (a biomarker for PARP activity) reduced by the PEITC/BMN 673 combination (Figure 4C), we argued that ROS may not affect the inhibitory action of BMN 673 on PARP1 activity in these HGSOC cells. Together, these data suggest that PEITC may enhance the cytotoxic effect of PARP inhibitors through inducing excessive oxidative stress in HGSOC cells.




Figure 4 | Treatment with NAC significantly reversed the synergistic effects of the PEITC/BMN 673 combination in the HGSOC cells. (A) Clonogenic survival assay of the HGSOC cells with drug treatments as indicated for 6-8 days. Representative images of the plates from each group were shown. (B) FACS analysis of ROS levels in the HGSOC cell lines treated as indicated for 48 hours. (C) Western blot analysis of PAR, Cleaved PARP and γH2AX in the cells treated as indicated. Vinculin was used as a loading control. (D) Cell cycle analysis of the HGSOC cells treated as indicated for 24 hours was determined by PI staining and FACS analysis. Data are shown as mean ± S.D. The statistical differences in the percentage of G2/M cells were indicated. *p < 0.05; **p < 0.01; ***p < 0.001 (Student’s t-test).





The PEITC and BMN 673 Combination-Induced Cytotoxicity Is PARP1 Dependent

We next wondered whether PEITC-induced oxidative stress may promote PARP1-trapping in HGSOC cells treated with BMN 673. Treatment with the PEITC/BMN 673 combination yielded amplitudes of PARP1-trapping comparable to BMN 673 single-agent treatment in all four HGSOC cell lines examined (Figure 5A). As PEITC did not further enhance the chromatin-bound of PARP1, the synergistic action of PEITC and BMN 673 cannot be explained by elevated PARP1 trapping-induced cytotoxicity.




Figure 5 | The effects of the PEITC/BMN 673 combination were PARP1-dependent. (A) PARP-trapping assay. Western blot analysis of PARP1 in chromatin fractions in the HGSOC cell lines (OVSAHO, SNU119, COV362 and OVCAR4) treated as indicated. Histone 3 was used as a loading control. (B) Western blot analysis of PARP1 in the HGSOC cell lines (OVSAHO, SNU119 and COV362) with or without shRNA-mediated PARP1 knockdown. Vinculin was used as a loading control. (C) Clonogenic survival assay of the HGSOC cell lines treated with or without the PEITC/BMN 673 combination. (D) Cell cycle analysis of the HGSOC cells treated as indicated for 24 hours was determined by PI staining and FACS analysis. Data are shown as mean ± S.D. The statistical differences in the percentage of G2/M cells were indicated. n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001 (Student’s t-test).



To examine whether the cytotoxicity induced by the PEITC/BMN 673 combination depends on PARP1, we generated the HGSOC cells with shRNA-mediated knockdown of PARP1 (Figure 5B). In response to the drug combination, the cells with silenced PARP1 expression exhibited significantly reduced drug sensitivity and decreased G2/M arrest (Figures 5C, D). Together, these data indicate that while PEITC did not further enhance the ability of BMN 673 on PARP1 trapping in HGSOCs, the therapeutic effects of the PEITC/BMN 673 combination are at least in part dependent on the presence of PARP1.



The PEITC/PARPi Combination Abrogated the Growth of Tumor Spheroids and Patient-Derived Organoids

We next assessed the responses of HGSOC cells to PEITC and/or PARPi in conditions that mimic natural microenvironment in vivo. In a three-dimensional (3D) culture model, combined treatment with PEITC and BMN 673 induced massive disintegration of the tumor spheroids in all four HGSOC cell lines examined compared to each single treatment group (Figure 6A), suggesting the potential of the PEITC-PARPi combination in the treatment of HGSOC.




Figure 6 | The PEITC/BMN 673 combination significantly abrogated the growth of the 3D HGSOC tumor spheroids and organoids. (A) HGSOC cells were cultured in Matrigel and treated with PEITC and BMN 673, either alone or in combination. Representative images (left) and Quantification (right) of scored structures (intact, semi-disintegrated and disintegrated) are shown. Scale bars, 100 μm. (B) Representative phase-contrast images of OVC_13 organoid cultured on Day 9 and CC_4 organoid cultured on Day 7 were shown (passage P0). Scale bars, 100 μm. (C) ATP levels (Luminescence signal) of organoids treated with PEITC and BMN 673, alone or in combination, were shown. OVC_13: PEITC, 14 μM; BMN 673, 400 nM; 23-day drug treatment. CC_4: PEITC, 7 μM; BMN 673, 800 nM; 24-day drug treatment. Data are shown as mean ± S.D. *p < 0.05; **p < 0.01 (one-way ANOVA followed by Multiple comparisons test).



Organoid cultures of patient-derived tumors have been demonstrated useful for assessing specific agents for cancer patients (24–27). We have recently established organoid culture models of gynecological cancers. Tumor tissue obtained from consenting patients who underwent surgical removal or drainage of ascites was dissociated and the isolated tumor cells were then suspended in growth factor-reduced Matrigel and cultured in specific organoid culture medium. As shown in Figure 6B, we have established two organoid lines derived from the ascites of a high-grade serous ovarian cancer patient and the primary tumor of a cervical squamous cell carcinoma patient without prior treatments, named OVC_13 and CC_4, respectively.

To validate our in vitro findings, we employed organoid models to examine the therapeutic effect of the PEITC/BMN 673 combination. After 24 days of drug treatment, we performed a cell viability assay to evaluate organoid drug sensitivity. Indeed, combined use of PEITC and BMN 673 exerted potent therapeutic effects in OVC_13 and, to a lesser extent, CC_4 organoid line (Figure 6C). In line with these, the cervical cancer cell lines CaSki and ME180 showed significant response to the drug combination when compared to single-agent treatments in vitro (Figure S3A, B). Together, these data suggest the potential clinical utility of PEITC/BMN 673 combination in the treatment of HGSOC and cervical cancer.




Discussion

High-grade serous ovarian cancer is often associated with poor prognosis and high mortality (2). Despite the success of PARP inhibitors in the treatment of this disease, primary resistance frequently occurs and even initial responders may become resistant (6). Effective PARPi-based combinatorial strategies are thus urgently needed to treat this difficult disease. Numerous studies have pointed to targeting of non-oncogene addictions such as oxidative stress that are essential for cancer cell survival as attractive therapeutic approaches (28, 29). PARP1 plays an important role in the repair of oxidative DNA damage (15, 16). The current study aims to assess whether the ROS inducer PEITC may enhance the cell-killing effects of PARP inhibitors in HGSOC cells. Utilizing 2D and 3D culture models of cancer cell lines as well as patient-derived organoid models of HGSOC and cervical cancer, we show that PEITC synergizes with PARP inhibitors to confer cytotoxicity through inducing excessive ROS levels and DNA damage.

Recent studies reveal that PARP inhibitors exert antitumor effects by not only inducing DNA damage but also elevating oxidative stress (5, 14, 30–33). Several natural compounds or inhibitors with the capability to induce ROS levels have been shown to cause synthetic lethality with PARP inhibitors in cancer cells irrespective of BRCA or homologous recombination repair status. For example, Berberine, a compound found in many medicinal herbs, confers increased sensitivity to PARP inhibition through inducing oxidative stress and impairing homologous recombination repair in ovarian cancer cells (30). Additionally, induction of oxidative DNA damage by the natural compound Alantaolactone confers synergistic lethality with PARP inhibitor-mediated PARP-trapping activity in prostate cancer cells (31). APR-246, a first-in-class reactivator of mutant p53, synergizes with PARP inhibitors to induce ROS overproduction and apoptosis in p53 mutant non-small cell lung cancer cells (32). In the current study, we investigated the potential therapeutic value of combined use of the ROS inducer PEITC and PARP inhibitors in the treatment of HGSOC and cervical cancer cells.

PEITC, a natural product found in cruciferous vegetables, is capable of inducing ROS production and conferring cytotoxic effects specifically to cancer cells (17–19). Accumulating research articles on the anti-cancer activities of PEITC are available, and several dozens of cancer-related biological targets of PEITC have thus far been identified (18, 19, 34). It is worth noting that PEITC has been shown to inhibit drug transporter proteins such as P-glycoprotein 1 (PgP1), multi-drug resistance protein1 (MRP1) and breast cancer associated protein (BCRP), thus having the potential to improve drug bioavailability (35–38). Indeed, pre-clinical studies have reported the association of improved outcomes and drug combinations of PEITC and conventional chemotherapeutic agents such as docetaxel, doxorubicin and histone deacetylase (HDAC) inhibitors (39–41). PARP inhibitors including Olaparib, Rucaparib and BMN 673 are substrates for drug efflux pump proteins (4, 42, 43), making hyperactivation of drug transporters potential mechanisms of drug resistance to PARP inhibitors. PEITC-mediated inhibition of drug efflux pumps may thus prevent PARP inhibitors from pumping out of the cell and elevate local concentration of drugs. This scenario may account for, at least in part, the synergistic effect of PARPi and PEITC seen in the current study. Our future investigations will also evaluate the therapeutic tolerability of the drug combination using in vivo models. On the other hand, as HGSOC represents the most prevalent and aggressive subtype of ovarian cancers that are approved for clinical use of PARP inhibitors, our study purposedly chose ovarian cancer cell line models featuring genomic profiling of HGSOC, including SNU119, OVSAHO, COV362 and OVCAR4 (44). It has been reported that cancer cells with mutated p53 are relatively more sensitive to PEITC than those bearing wild type p53 (45–47). Of note, as majority of HGSOCs including all of the cell lines examined in our study are also p53 mutant (44), our data coincide with the previous reports on the association of PEITC efficacy with p53 mutant cancers.

Our work provides the first evidence that PEITC potentiates the cytotoxic effects of PARP inhibitor BMN 673 in HGSOC cells. Among the three PARP inhibitors used in this study, BMN 673 has the most potent and ABT-888 has the least PARPi activity towards HGSOC cells. Although PEITC treatment failed to yield further enhanced PARP-trapping caused by BMN 673, knockdown of PARP1 significantly attenuated the growth inhibitory effect of BMN 673 and PEITC, indicating that BMN 673-mediated PARP1 trapping activity may contribute, at least in part, to the synergistic lethality induced by the drug combination. Of note, not only Olaparib but also Veliparib (ABT-888) synergizes with PEITC to induce cytotoxicity in some of the HGSOC cell lines, suggesting that inhibition of PARP enzyme activity can be still important to induce synergistic cytotoxicity.

Unlike HGSOC, the pathogenesis of cervical cancer cannot be ascribed to defects in homologous recombination repair pathway (48–50). Nevertheless, the potential of PARPi-based monotherapy and combination therapy in cervical cancer has been under active clinical investigation (51, 52). In the current study, our data suggest that PEITC may enhance the cytotoxic effects of BMN 673 in not only ovarian cancer but also cervical cancer. Organoid models have provided a useful tool that enable patient-specific drug testing and the development of novel therapeutic regimens (24–27). More importantly, we demonstrate that the PEITC/BMN 673 combination exhibits potent therapeutic effect on the growth of HGSOC- and cervical tumor-derived organoids. Together, our work suggests a promising combinatorial strategy in which the ROS inducer PEITC synergizes with PARP inhibitors to induce cytotoxicity in HGSOC and cervical cancer.
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Objective

The status of homologous recombination repair (HRR) gene mutations and their impact on the survival of patients with Chinese epithelial ovarian cancer (EOC) are still unclear. In this study, we retrospectively analyzed the mutations of HRR genes in tumor tissues and evaluated their values for predicting the survival of Chinese EOC patients.



Methods

A total of 273 primary EOC patients from five different hospitals between 2015 and 2016 were recruited. All patients received staging surgeries or debulking surgeries combined with systemic platinum-based chemotherapy. DNA was extracted from formalin-fixed, paraffin-embedded sections and analyzed for mutations using a 21-gene panel (including 13 well-known HRR genes) by next-generation sequencing.



Results

High-grade serous carcinoma (HGSOC) accounted for 76.2% of the cohort. A total of 34.1% (93/273) cases had 99 deleterious mutations in 9 HRR genes, namely, BRCA1 (56/273, 20.5%), BRCA2 (20/273, 7.3%), ATM (5/273, 1.8%), RAD51C (5/273, 1.8%), RAD51D (5/273, 1.8%), BRIP1 (2/273, 1.8%), CHEK2 (2/273, 0.7%), FANCI (2/273, 0.7%), and RAD54L (1/273, 0.4%). There is a strong mutual exclusion between HRR genes. The mutation landscape revealed several unappreciated deleterious variants in BRCA1/2 and other HRR genes reported previously. Estimated according to the mutation allele frequency, about 4.8% of the patients had potential somatic HRR gene mutations, which might be underestimated. Moreover, HRR mutations mainly exist in HGSOC (83/208, 39.9%), clear cell (2/30, 6.7%), and endometroid subtypes (8/20, 40%), but not seen in other rare subtypes. BRCA1 mutations tend to be present in younger patients with family history or multiple primary foci. Patients with BRCA1/2 mutations tend to have a longer progression-free survival and overall survival, while other HRR mutation carriers tend to have a shorter progression-free survival, but no significant difference in overall survival.



Conclusion

This study revealed the distribution of HRR gene mutations in Chinese EOC tissues. BRCA1/2 account for the majority of HRR gene mutations and predict long prognosis in HGSOC. Non-BRCA HRR mutations also account for a very important proportion and might be associated with poor prognosis in HGSOC. It is suggested that HRR gene mutations need to be detected in EOC tissues and germline status be further clarified in clinical algorithm for potential targeted therapy, genetic screening, and prognosis prediction.





Keywords: homologous recombination repair gene, mutation, survival, next-generation sequencing, ovarian cancer



Introduction

Epithelial ovarian cancer (EOC) is the third most common gynecological cancer among women in the world (1, 2) and the fourth most common in China (3). It is estimated that there were 52,100 new EOC cases and 22,500 EOC-associated deaths in China in 2015 (4). About 80% of EOC patients are diagnosed at late stage (III and IV) and 5-year survival rates are less than 30% (5). The overall 5-year survival of EOC ranges between 30% and 40% worldwide and has slightly increased by 2%~4% over the last two decades (6). Moreover, 70% of patients with advanced epithelial EOC will relapse, and the survival for the relapsed EOC is extremely low.

Homologous recombination repair (HRR) is an important pathway that allows the repair of double-stranded DNA breaks. Accumulated data have demonstrated that deficiency in HRR genes BRCA1 and BRCA2 accounts for the majority of familial EOC (7, 8). Further investigation highlights that successful HRR repair also requires multiple other protein co-factors, including RAD51C, RAD51D, BRIP1, PALB2, and BARD1 (9, 10). Several publications have reported the presence of somatic BRCA1/2 mutations in EOC, highlighting that both germline and somatic mutations in HRR genes can result in EOC (11). The Cancer Genome Atlas (TCGA) reported that HRR gene mutations exist in 50% of high-grade serous EOC. What is more, the incidence of HRR germline mutations in men with metastatic castration-resistant prostate cancer is 11%–33%, and the most common mutant HRR genes include BRCA2, CDK12, ATM, CHEK2, BRCA1, MSH2, FANCA, MLH1, and RAD51 (12). Different histologic subtypes and races show different mutation rates in HRR genes in EOC (13); however, the distribution of HRR gene mutations and their correlation with clinicocharateristics in Chinese population are still not clear. It has been reported that BRCA1/2-associated EOC show improved overall survival (OS) and sensitivity to both platinum chemotherapy and PARPi (poly ADP-ribose polymerase inhibitors). PARPis such as niraparib, olaparib, and rucaparib have been approved by the Food and Drug Administration (FDA) and European Medicines Agency (EMA) in the maintenance setting for EOC patients who achieved a CR (complete response) or PR (Partial response) following platinum-based chemotherapy (14, 15). Several PARPis are at an early stage of clinical development and require more research, such as talazoparib (16). In-vitro studies have shown that defects in other HRR (non-BRCA HRR) genes (such as ATM, CHEK1, CHEK2, and RAD51D) also confer sensitivity to PARP inhibitors (17, 18). Furthermore, a subset of sporadic (BRCA wild-type) recurrent platinum-sensitive EOC showed sensitivity to PARP inhibitors (19), which might be attributable to the influence of undetected HRR gene alterations. PARP inhibitors as a treatment option for EOC and the possibility of genetic changes other than BRCA genes are currently under investigation (NCT-02476968, ORZORA study). However, other in-vitro studies suggest that no single HRR gene mutation shows perfect correlation with sensitivity to platinum and PARP inhibitor (20). In addition, it is well known that some HRR genes such as BRCA1/2, ATM, BRAD1, BRIP1, PALB2, RAD51C, and RAD51D are associated with high risk of ovarian cancers, and tissue detection might be a good way to learn the germline status.

There have been some prevalence studies on HRR genes in EOC. The mutation rates varied a lot in different study background, e.g., histological subtype, human race, and stage. Studies show that 5% to 29% of EOC patients harbored BRCA1/2 mutations. In China, a multicenter clinical study showed that 28.5% of EOC patients had BRCA1/2 germline mutation (21). A few studies reported that the prevalence of other HRR gene mutation ranges from 3% to 10% (22). These studies largely focused on patients from the white population and few from the Asian population. In China, the contribution of HRR gene mutation to EOC (especially tissue-derived EOC) has not yet been fully explored. Thus, it is important to understand the distribution of HRR gene mutations in EOC tissues and their association with clinical characteristics, and it will be very helpful for potential PARPi targeted therapy, further genetic screening, and prognosis prediction.

In this study, 273 unselected patients with EOC were enrolled from five different hospitals in China to comprehensively explore the HRR gene mutations in Chinese population. We applied targeted next-generation sequencing (NGS) with 21 genes (including 13 HRR genes and 8 non-HRR genes) using tissue formalin-fixed paraffin-embedded (FFPE) samples. The clinical characteristics of HRR mutation carriers were also assessed. The workflow diagram is shown in Figure 1. A multicenter study was conducted in order to better reflect EOC patients from different regions of China and to promote the detection ability of NGS at the Department of Pathology in the local hospital.




Figure 1 | The workflow diagram of this study. FUSCC, Fudan University Shanghai Cancer Center; NMUJPH, The First Affiliated Hospital of Nanjing Medical University; CHCAMS, National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College; GGH GAMS, Guangdong Provincial People’s Hospital, Guangdong Academy of Medical Sciences; SUZH, Southeast University, Zhongda Hospital.





Materials and Methods


Study Population and Clinical Data Collection

A total of 280 patients diagnosed with EOC in the years 2015–2016 were collected from five hospitals. After excluding 7 unqualified samples with tumor content less than 20%, 273 patients were included in this study from Fudan University Shanghai Cancer Center (FUSCC; 71 cases), The First Affiliated Hospital of Nanjing Medical University (NMUJPH; 55 cases), National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College (CHCAMS; 50 cases), Guangdong Provincial People’s Hospital, Guangdong Academy of Medical Sciences (GGH GAMS; 49 cases), and Southeast University, Zhongda Hospital (SUZH; 48 cases). Patients were enrolled at diagnosis and were not selected by age, familial cancer history, or histological subtype. The project was approved by the Institutional Review Board of the hospitals. Tumor histology was confirmed by two independent pathologists. Clinical and pathological information was extracted from the database of the institutional patient, including age at diagnosis, tumor histopathology, stage (International Federation of Gynecology and Obstetrics), and personal and family history of cancer when available. Hereditary breast and ovarian cancer (HBOC) syndrome-related tumors were defined as breast, ovarian, and pancreatic cancers in women and cancers of the breast and prostate in men. Samples with incomplete or undetermined information were described as “unknown”.



DNA Sequencing and Variants Calling

Genomic DNA (gDNA) was extracted from FFPE sections in area with a minimum neoplastic cellularity of 20%. DNA quantification, library construction, hybridization, and massively parallel sequencing were performed in each center using Burning Rock HRDv1 panel (Burning Rock Company, China). Firstly, gDNA was extracted and quantified using Qubit and NanoDrop. Then, gDNA was randomly fragmented by Covaris. After 2 rounds of bead purification, gDNA fragments were mainly distributed between 200 and 400 bp. AdA adaptor-ligase was used for ligation of DNA fragments with blunt and single base overhang, and the AdA adaptor-ligated fragments were amplified by polymerase chain reaction (PCR). Next, the PCR products were used for follow-up exon capture. The captured fragments were subsequently purified, amplified, ligated with AdB, and circularized. Finally, high-throughput sequencing of library products was performed by Illumina MISeq sequencing. All exons of each target gene were sequenced. A total of 21 genes were designed in this panel, including 13 well-known HRR-related genes (BRCA1, BRCA2, ATM, BRIP1, PALB2, RAD51C, BARD1, CHEK1, CHEK2, RAD51B, RAD51D, RAD54L, FANCI) and other 8 non-HRR genes (ATR, EMSY, FAM175A, FANCA, MRE11A, NBN, PTEN, RAD50) (23). All coding regions and exon–intron boundaries ( ± 20 bp) of HRR genes were screened. All reads from the prepared libraries that passed the Illumina Chastity filter were formatted into fastq files. The fastq files were aligned to the genome using BWA (v.0.7.10) (24) against the human genome build version 19. BAM files generated from alignment reads were preprocessed using GATK v.3.2 (25). Point mutation and small indels were identified by MuTect algorithm2 (http://www.broadinstitute.org/cancer/cga/MuTect) and Varscan2 v.2.4.3 (26). Large rearrangements and copy number variants were identified using VarDict and domestically developed suite software. Filtered point mutations and indels were annotated using SnpEff and ANNOVAR. Variants were named according to HGVS (Human Genome Variation Society; http://www.hgvs.org/) nomenclature and interpreted by two independent pathologists into five classes (benign, likely benign, uncertain significance, likely pathogenic, pathogenic) in accordance with the principles published in the ACMG guideline (27).



Statistical Analysis

Chi-square test was used to analyze contingency tables. The Kruskal–Wallis test was used to test the relationship between one nominal variable and one continuous variable. Patients with specific missing clinical data were not included in relevant specific clinical characteristic analyses. The observation time for OS ranged from the date of the first surgery to the date of death or the study end date/last follow-up date, whichever occurred first. The endpoint for progression-free survival (PFS) was either the date of first recurrence or the last follow-up, starting from the completion of frontline chemotherapy. Kaplan–Meier survival analysis was performed and statistical significance was assessed using the log-rank test. Cox analysis was used to adjust the p-value by age, family history/multiple primary-related malignancy information (multiple primary foci), and pathologic stage. A p-value <0.05 was considered statistically significant. All the calculations were conducted with functions provided in R (https://www.r-project.org/).

Mutual exclusion between HRR genes were compared using Fisher’s exact test. An estimate of the odds ratio (OR) >5 denotes a higher likelihood of co-occurrence, and OR <0.5 denotes a higher likelihood of mutual exclusivity. p <0.05 was considered as statistically significant.




Results


Patient Characteristics

After excluding 7 unqualified patients, 273 patients diagnosed as EOC were included in this study. Table 1 depicts the major clinicopathological characteristics of the study subjects. Median age at diagnosis in our cohort was 53 years old (ranging from 21 to 87). Patients over 50 years old accounted for 60.1%, and those below 50 years old accounted for 39.9%. High-grade serous carcinoma (HGSOC) accounted for the majority of our cohort (208, 76.2%), and there are 30 (11.0%) clear cell subtype, 20 (7.3%) endometroid subtype, and 15 (5.5%) other cases [including 2 low-grade serous subtype tumors (LGSOC), 4 sarcomatoid, and 2 serous borderline tumors]. Most cases (173; 63.4%) were stage III. A total of 48 (17.6%) cases have family history and 22 (8.1%) cases have multiple primary tumors.


Table 1 | The major clinicopathological characteristics, BRCA1/2, and other HRR gene mutations in epithelial ovarian cancers.





Overall Mutation Analysis of HRR Genes

Two hundred and seventy-three of 280 samples from five hospitals successfully passed the NGS quality control, with a median depth of 1,329 and median depth of 661 after reduplication. Variants were classified into five classes based on the ACMG guideline (27) and those pathogenic/likely pathogenic (deleterious variants, defined as mutation) were used for further analysis. A total of 34.1% (93/273) cases had 99 deleterious mutations in 9 HRR genes (Figure 2A). These 9 HRR genes are BRCA1, BRCA2, ATM, BRIP1, CHEK2, FANCI, RAD51C, RAD51D, and RAD54L. A total of 27.6% (75/273) cases had BRCA1/BRCA2 mutations and 6.6% of the cases (18/273) only had other HRR (non-BRCA1/2 HRR) mutations (Figure 2B). More specifically, BRCA1/2 mutations were observed most frequently: BRCA1 mutations occurred in 20.5% (56/273) of the cases, and BRCA2 occurred in 7.3% (20/273) of the cases, which was consistent with the previous observation (21, 28). ATM, RAD51C, and RAD51D had a mutation frequency of 1.8% (5/273). BRIP1, CHEK2, and FANCI had a mutation frequency of 0.7% (2/273) and RAD54L 0.4% (1/273). Among 273 cases, only 6 patients had more than one HRR mutations. Of these 6 patients, 4 harbored both BRCA1/2 and other HRR gene mutations, 1 harbored both BRCA1 and BRCA2 mutation, and 1 harbored two BRCA2 mutations. In non-HRR genes, PTEN mutations occurred with the highest frequencies (14/273; 5.1%) (Figure S1). The mutation rates in five hospitals were slightly but not significantly different (chi-square test; p = 0.368). The frequency of BRCA1/2 carriers ranged from 19% to 36%, while the frequency of HRR carriers ranged from 25% to 44% in the five hospitals. All variants found in this study could be found in Supplementary Table 1.




Figure 2 | (A) The mutation landscape of homologous recombination repair (HRR) gene in EOC. Seven of the 13 well-known HRR genes were mutated. (B) Pie plot of the distribution of carriers of HRR genes. (C) Strong mutual exclusion between HR genes. The closer the color is to green or the smaller the number is, the more mutually exclusive the gene mutations are. The closer the color is to red or the larger the number is, the more mutually exclusive the gene mutations are.



It is interesting to note that there was a strong mutual exclusion between HRR genes. To test this, exclusive score OR was used to depict this phenomenon: OR >5 tends to co-occur, and OR <0.5 tends to be mutually exclusive. As shown in Figure 2C, HRR genes exhibit universal mutual exclusion. For example, BRCA1 is significantly exclusive with BRCA2, RAD51C, and RAD51D (p < 0.05). We also noticed that non-HRR genes NBN, PTEN, and MRE11A always co-occurred with HRR mutations (Figure S1C).



Estimated Somatic and Germline HRR Mutations

Clinical trials showed that EOC patients with both gBRCA (germline BRCA1/2) and sBRCA (somatic BRCA1/2) could benefit from platinum-containing agents and PARP inhibitors (poly[ADP-ribose] polymerase) (29, 30). Tissue detection could identify tumor mutations including both gHRR (germline HRR) and sHRR (somatic HRR) mutations. So, we next assessed the potential proportion of sHRR mutations in 99 deleterious mutation carriers in tissues. Due to the lack of gHRR gene detection, a mutation with an allele frequency (AF) value less than 0.3 and a mutation with a CNV loss were estimated as potential sHRR mutations. Most cases (81/93; 87.1%) were detected as potential gHRR mutations (Table 2). BRCA1, BRCA2, ATM, RAD51C, and RAD51D were the most recurrent germline mutations, accounting for 53.5% (53/99), 17.2% (17/99), 2% (2/99), 5.1% (5/99), and 5.1% (5/99) in 99 HRR deleterious mutation carriers, respectively (Table 3). BRCA1/2 are the most recurrent somatic mutations, accounting for 7% in 99 HRR deleterious mutation carriers. More importantly, 13 cases with 14 mutations were estimated to have potential sHRR (Table 2), accounting for 13.1% (13/99) of the deleterious mutation carriers and 4.8% (13/273) of all EOC samples. Among them, 1 patient was inferred to have both germline (c.1185G>A p.Trp395*, AF = 40%) and somatic (c.2710G>T p.Gly904*, AF = 17%) BRCA2 mutation. When focusing on BRCA1/2, 2.6% (7/273) EOC and 2.8% (6/208) HGSOC samples had potential somatic mutations, which were much lower than those of a recent study (7.1%) (31) and our previous study (8.7%) (32).


Table 2 | Estimated proportion of germline/somatic HRR mutations.




Table 3 | Statistics on the prevalence of estimated germline/somatic mutations among 99 deleterious mutation in each HRR gene.





Deleterious Variants in BRCA1/2 and Other HRR Genes

All BRCA1/2 and other HRR gene mutations were scattered throughout the whole gene, without hotspot mutations. Figures 3A–E show the five most frequently mutated HRR genes. Of the 77 mutations identified in BRCA1/2, 53.8% had frameshift mutations, 30.8% had nonsense mutations, 9% had splice site mutation, 3.8% had missense mutations, and 2.6% had copy number loss (Figure 3G). Six mutations were observed in more than two cases in BRCA1 (c.183T>A C61*, c.3294del P1099fs, c.3700_3704del V1234fs, c.4041_4042del G1348fs, c.4065_4068del Asn1355fs, c.5470_5477del I1824fs). The most common BRCA1 mutation detected in this study was c.5470_5477del (p.Ile1824fs), which has been documented by ClinVar and seemed to be specific to Asian ethnicity (33). In addition, we also found four novel mutations that have not been reported by ClinVar (https://www.ncbi.nlm.nih.gov/clinvar) and the BRCA Exchange database (https://brcaexchange.org/), consisting of one nonsense mutation (c.3026C>G p.S1009*) and three frameshift mutations (c.5201_5202del p.F1734fs, c.471dupT p.N158fs, and c.1179dup p.G394fs). Of the 21 unique mutations identified in BRCA2, none of them was observed in more than one case. Four novel BRCA2 mutations that were not reported in ClinVar and BRCA Exchange may only exist in Chinese population (c.9439del p.S3147fs, c.6645C>A p.Y2215*, c.8922dupT p.V2975fs, and c.7477dupA p.M2493fs). In addition, two cases carried two deleterious BRCA mutations (AL1700132FFP: BRCA2 c.2710G>T p.G904*, AF = 17%, and BRCA2 c.1185G>A p.W395*, AF = 40%; RS1724106FFP: BRCA1 c.2071del p.R691fs, AF = 77%, and BRCA2 c.8954-5A>G, AF = 36%). Twenty-two (19 unique) non-BRCA HRR mutations were also detected in this study. ATM, RAD51C, and RAD51D are the most frequently mutated non-BRCA HRR genes with a mutation frequency of 1.8% (5/273) (Figures 3C, D). These mutations included eight nonsense mutations, nine frameshift mutations, four splice sites, and one missense mutation (Figure 3H). Of these mutations, only two variants were recurrent and they were both harbored in RAD51D (c.270_271dup p.Lys91fs and c.898C>T p.Arg300*) (Figure 3C). Eleven novel non-BRCA HRR variants that were not reported by ClinVar were also observed in this study, including RAD51C (c.584del p.Ala195fs, c.1027-1G>T and c.1000G>T p.Glu334*), ATM (c.1607+1G>T, c.6733G>T p.Glu2245*, and c.5320-2A>C), FANCI (c.3013C>T p.Gln1005* and c.37dupA p.Thr13fs), CHEK2 (c.1116del p.Lys373fs), BRIP1 (c.427C>T p.Gln143*), and RAD54L (c.1841del p.Lys614fs) (Figure 3F).




Figure 3 | Mutations landscape of BRCA1 (A), BRCA2 (B), RAD51D (C), RAD51C (D), and ATM (E) genes. The X-axis represents the amino acid residues of the proteins, and the Y-axis represents the frequencies of each type of mutations. (F) List of 11 novel non-BRCA HRR variants. Distribution of mutation types in BRCA1/2 (G) and non-BRCA HRR genes (H). The symbol * means the variant is a nonsense mutation in HGVS.





Association Between HRR Gene Mutations and Clinical Outcome

HGSOC, clear cell subtype, and endometroid subtype are the major histopathologic subtypes in our study, with 208, 30, and 20 cases, respectively. HRR gene mutation frequency was up to 39.9% (83/208) and 40% (8/20) in HGSOC and endometroid subtypes, respectively, while there was only 6.7% (2/30) in the clear cell subtype. Moreover, HGSOC had more BRCA1/2 mutations (34.1%, 71/208) than endometroid (20%, 4/20) (chi-square test; p = 0.225) and the clear cell subtype (0%) (chi-square test; p < 0.001), and 5.8% (12/208) of the HGSOC, 20% (4/20) of the endometroid, and 6.7% (2/30) of the clear cell subtype harbor non-BRCA HRR mutation. In addition, HRR mutations were not detected in two patients with LGSOC, four patients with sarcoma, and two patients with borderline serous tumors (Table 1 and Figure 4A). Since HGSOC accounts for the vast majority (n = 208) of the subjects, the following analysis is specific for this subtype. These 208 cases were divided into five groups based on age (Figure 4B). The ages in the BRCA2 carrier group are significantly greater than those in the BRCA1 carrier group (t-test; p = 0.006), non-BRCA HRR group (t-test; p = 0.146), and wild-type group (t-test; p = 0.204). Specially, one case with both BRCA1 and BRCA2 had the youngest age in all groups. The onset at younger age would indicate the higher detection rate of BRCA1 mutations. Patients with family history or multiple primary foci have a higher BRCA1 mutation rate (chi-square test; p = 0.0016) and HRR mutation rate (chi-square test; p = 0.009) (Figure 4C). If only based on family history or multiple tumor features for detection, 71 patients with HRR mutations might be missed, accounting for 85.5% (71/83) of the cases with HRR mutations. There was no significant difference in HRR gene mutation rate between early stage (I and II) and late stage (III, IV) groups (Figure 4D).




Figure 4 | Associations between HRR mutations and histopathologic (A) subtypes, (B) age, (C) family history and multiple primary foci (Y means cases with family history or multiple primary foci, and N means none; * means significant difference between mutation of that gene and multiple primary foci or family history), and (D) stage.



Patients with HGSOC who received platinum chemotherapy were followed up, and the median follow-up was 28.7 months (interquartile range: 16.3–36.4 months). BRCA1 carriers had better PFS than HRRwt (HRR gene wild type) cases and BRCA2 carriers (Figure 5A), while the PFS of other HRRm (HRR genes mutations) carriers (414 days) was significantly shorter than HRRwt cases (p = 0.025) (Figure 5A). Moreover, BRCA1/2 carriers had a trend of better OS than HRRwt and non-BRCA HRRm carriers (Figure 5B). More specifically, the PFS of BRCA1m (BRCA1 mutation) carriers was significantly longer than that of BRCA1wt (BRCA1 wild type) carriers (p-value = 0.030) (Figure 5C). BRCA1m carriers had a trend of better OS than BRCA1wt carriers (Figure 5D). However, non-BRCA HRRm carriers had a trend of poorer PFS than HRRwt carriers (Figure 5E). There were no significant differences between the OS of non-BRCA HRR mutation carriers and HRRwt carriers (Figure 5F).




Figure 5 | Progression-free survival (PFS) and overall survival (OS) in ovarian carcinoma patients by HRR mutation category. (A) PFS between deleterious BRCA1, BRCA2, non-BRCA HRR, and without HRR mutation carriers. (B) OS between deleterious BRCA1, BRCA2, non-BRCA HRR, and without HRR mutation carriers. (C) PFS with and without deleterious BRCA1 mutations. (D) OS with and without deleterious BRCA1 mutations. (E) PFS with and without non-BRCA HRR mutations. (F) OS with and without non-BRCA HRR mutations.






Discussion

This retrospective analysis is performed to investigate the mutation profiles and clinicopathological features of tissue HRR genes in EOC patients using NGS in five hospitals in China. Our data show that about 40% ovarian patients had HRR mutations including germline or somatic mutations in tumor tissues. The prevalence rates of BRCA1/2 and other HRR mutations are 27.6% and 6.6%, respectively. ATM, RAD51C, and RAD51D are the most frequently mutated genes among non-BRCA1/2 HRR genes. This suggests that BRCA1/2-only screening may miss ~6.6% of the cases. A clinical trial has suggested that patients with HRRm but without BRCAm tumors might gain more benefit from olaparib compared with patients with no detectable HRRm in EOC (34). Olaparib has been approved by the FDA for HRR gene-mutated metastatic castration-resistant prostate cancer (23). Therefore, the HRR panel is suggested in ovarian cancer to obtain comprehensive HRR mutation information. Clinical trials showed that both germline and somatic HRR mutations might benefit from platinum-containing agents and PARP inhibitor (29, 30). There were 4.8% of cases harboring potential somatic HRR gene mutations in our cohort, of which 53.8% (7/13) were BRCA1/2 somatic mutations. In addition, BRCA1/2, ATM, BRIP1, PALB2, RAD51C, and RAD51D gene mutations are reported to be associated with high risk of ovarian cancers, and from the results of tumor tissue, it is easy to further determine their genetic status. Based on all the above, we would recommend screening HRR gene alterations on tumor tissue and further verifying whether it is a germline variant or not through site-specific Sanger sequencing. From the study, we also found that HRR genes exhibit universal mutual exclusion with each other. This exclusive characteristic may be helpful in the annotation of variants. If a definitely pathogenic/likely pathogenic mutation is found in a patient, then other HRR gene variants are more likely to be non-pathogenic.

From the distribution of HRR mutation in EOC, the majority of HRR gene mutations occur in HGSOC (40%), endometroid subtype (39.9%), and clear cell subtype (6.70%). BRCA1/2 mutation occurs in HGSOC (34.30%), endometroid subtype (20%), and clear cell subtype (0%). On the other hand, these numbers in non-BRCA HRR mutation are slightly different, and they are 5%, 20%, and 6.7%, respectively. No HRR mutations were detected in LGSOC, sarcoma, and borderline serous tumors in this study; 2.7% (4/46) BRCA1 and 1.2% (1/46) other HRR variants were reported in LGSOC in the GOG 218 study (35), and RAD54L was recently reported in one of six LGSOC in a Japanese study (36). No HRR variants were found in our study, which might be due to a small cohort size. The incidence of sarcoma and borderline serous tumors is low and there are fewer studies about them, so more in-depth research might be needed. These results suggest that HRR mutation detection should be done in at least the endometroid subtype and clear cell subtype ovarian subtype and more attention should be paid to non-HGSOC subtypes for further precise treatment. Consistent with previous studies (21, 33, 37), BRCA1 mutations occur more likely in cases with a younger diagnosis age. This suggests that BRCA1 carriers should be followed up earlier than the BRCA2 carrier. Although there is only one patient carrying both BRCA1 and BRCA2 mutations, we found that the diagnostic age is the youngest. Patients with a family history or multiple-related malignances are more likely to have BRCA1 mutations. However, there are still a certain proportion of patients without family history or multiple-related malignances, but with HRR mutations. It is strongly recommended that patients with family history or multiple-related malignances should take HRR testing, but it is also recommended that all patients with ovarian cancer be tested.

Patients in this study were treated in earlier years with platinum-based therapy, and the prognosis in patients with different gene status would likely be different under the treatments. As expected, patients with BRCA1/2 mutations were associated with longer survival, and BRCA1 had a better outcome. It is unexpected that patients with other HRR gene mutations show the worse PFS and similar OS compared with those without HRR mutations. On the other hand, in two studies mainly based on the Western population, damaging mutations in BRCA1, BRCA2, or other non-BRCA HRR genes were all associated with longer PFS and OS relative to cases without mutations (13, 35). However, this trend is consistent with another cohort study in China (36), in which non-BRCA HRR mutations appeared to have an adverse effect on prognosis. The difference might be due to several reasons. Firstly, the population is different. Non-Hispanic White population accounted for more than 87% in the GOG 218 study (35), while the Asian population is less than 2.6%. However, our research population is all Chinese, and our result is almost consistent with the small study in China (38). Secondly, the sample size of this HRR study is the greatest for Chinese EOC so far. However, compared with two HRR gene-related studies based on the Western population (1,195 and 390 cases) (13, 35), 273 cases in this study are still relatively small. Thus, this conclusion should be claimed with caution and studies with a larger sample size should be considered in the future.

There are several limitations in present study. All tumor tissues were performed without germline confirmation. Although we preliminarily assessed whether they are somatic or germline mutations, this assessment might be inaccurate. Indeed, a mutation with an AF value less than 0.3 and a mutation with a CNV loss are more likely to be somatic mutations. However, due to high tumor content and the existence of LOH (loss of heterozygosity) in EOC, somatic mutation was most likely underestimated in this study. It will be much better if a method similar to Sun et al. (39), which considered copy number, LOH, and tumor purity, is utilized to determine whether a variant is somatic. However, the panel used by Sun et al. contained over 3,500 genome-wide SNPs; another study (40) also recommended that whole genome-wide SNPs are needed for the estimation of genomic ploidy, LOH, and tumor purity. Limited by the detection panel used in this study, there are not enough SNPs designed to perform this calculation. Nevertheless, tumor tissue detection is still considered to be more informative than germline detection. This crude estimation usually occurs in the clinic and has certain predictive value for further germline verification. At the same time, due to limitation of the panel, bi-allelic/LOH analysis could not be carried out to help us better understand the functional state of the HRR gene. Another limitation is the small size of the cases in this study. Non-BRCA HRR mutation carriers only account for about 7.98% (17/273) of EOC patients. A larger sample size would be better to analyze survival. Moreover, there are some variants with uncertain significance especially other HRR gene mutations, the annotations of these gene variants are seriously inadequate, and further functional experiments and pedigree analysis are required (41).

In summary, this study revealed the distribution of HRR gene mutations in Chinese EOC tissues. HRR gene mutations occurred in 34.1% of EOC tumor tissue, regardless of age, family history, and histology in Chinese population. BRCA1/2 account for the majority (27.6%) of HRR gene mutations, and non-BRCA HRR mutations also account for a very important proportion (6.6%). Compared with germline testing, at least 4.8% (even higher) potential somatic mutations might be detected in tumor tissue. Patients with BCRA1/2, other HRR gene, or no mutations presented different clinicopathological characteristics. BRCA1/2 mutation occurs more in HGSOC (34.30%), while other HRR mutations occurred more frequently in EOC (20%) and clear cell subtype (6.7%). Patients with BRCA1/2 mutations tend to have a longer PFS and OS, while other HRR mutation carriers tend to have a shorter PFS and no significant difference in OS in HGSOC. It is suggested that HRR gene mutations need to be detected in EOC tissues and germline status be further clarified in clinical algorithm for potential targeted therapy, genetic screening, and prognosis prediction. The survival outcomes of non-BRCA HRR mutations require further investigation in a larger population.
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ONC201 is a promising first-in-class small molecule that has been reported to have anti-neoplastic activity in various types of cancer through activation of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) as well as activation of mitochondrial caseinolytic protease P (ClpP). The present study was to explore the anti-tumor potential effect of ONC201 in ovarian cancer cell lines and in a transgenic mouse model of high grade serous ovarian cancer under obese (high fat diet) and lean (low fat diet) conditions. ONC201 significantly suppressed cell proliferation, induced arrest in G1 phase, and increased cellular stress and apoptosis, accompanied by dual inhibition of the AKT/mTOR/S6 and MAPK pathways in OC cells. ONC201 also resulted in inhibition of adhesion and invasion via epithelial–mesenchymal transition and reduction of VEGF expression. Pre-treatment with the anti-oxidant, N-acetylcysteine (NAC), reversed the ONC201-induced oxidative stress response, and prevented ONC201-reduced VEGF and cell invasion by regulating epithelial–mesenchymal transition protein expression. Knockdown of ClpP in ovarian cancer cells reduced ONC201 mediated the anti-tumor activity and cellular stress. Diet-induced obesity accelerated ovarian tumor growth in the KpB mouse model. ONC201 significantly suppressed tumor growth, and decreased serum VEGF production in obese and lean mice, leading to a decrease in tumoral expression of Ki-67, VEGF and phosphorylation of p42/44 and S6 and an increase in ClpP and DRD5, as assessed by immunohistochemistry. These results suggest that ONC201 may be a promising therapeutic agent to be explored in future clinical trials in high-grade serous ovarian cancer.




Keywords: ONC201, DRD2, ovarian cancer, invasion, proliferation



Introduction

Ovarian cancer (OC) is the second most common gynecological cancer and the most lethal gynecologic malignancy in the United States, with an estimated 21,410 new cancer cases and 13,770 cancer deaths in 2021 (1). At least 70% of patients are diagnosed at advanced stages, and no specific symptoms or diagnostic tools are currently available for early diagnosis (2). Despite treatment with aggressive debulking surgery and combination chemotherapy (carboplatin and paclitaxel), up to 75% of patients with advanced OC experience tumor progression or recurrence, with a dismal 5-year overall survival (OS) of 25%, largely due to the emergence of drug resistance (2, 3). Therefore, the identification of novel target molecules and the development of new therapeutic agents are desperately needed to improve outcomes for this highly lethal disease.

ONC201 is a selective competitive and noncompetitive antagonist of the G protein coupled receptor (GPCR) dopamine receptor D2 (DRD2) that was identified in a high-throughput phenotypic cell-based screen as an efficacious anti-tumorigenic therapeutic agent (4). Anti-tumorigenic mechanisms of ONC201 stems from stimulation of activating transcription factor 4 (ATF4) as well as the C/EBP homology protein (CHOP)-mediated integrated stress response (ISR), ultimately leading to induction of death receptor 5 (DR5) and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and inhibition of Akt/ERK signaling pathways (4, 5). Dopamine receptor D5 (DRD5) acts as a direct negative regulator of DRD2 signaling pathway to regulate the anti-tumor effects of ONC201 (6). More recent studies found that mitochondrial caseinolytic protease P (ClpP) is another critical target for ONC201, and activation of ClpP by ONC201 results in modulation of the ISR pathway, inhibition of protein synthesis and induction of mitochondrial dysfunction, which eventually leads to inhibition of tumor growth in vitro and in vivo (7, 8). Pre-clinical studies have shown that ONC201 presents anti-tumorigenic effects in dopamine pathway-dysregulated solid tumors and hematologic malignancies (5, 9, 10). We recently found that ONC201 exhibited anti-tumorigenic and anti-metastatic activity in uterine serous carcinoma (USC) in vitro and inhibited tumor growth in a transgenic mouse model of endometrial cancer under obese and lean conditions (11, 12). Phase I clinical trials revealed that ONC201 is clinically active and exceptionally well-tolerated with favorable pharmacokinetics and pharmacodynamics in a variety of cancers, including lymphoma, glioblastoma and endometrial cancer (4, 11, 13–16). Currently, multiple phase II clinical trials are underway to evaluate the single agent therapeutic efficacy of ONC201, including trials in endometrial and OC (4, 17).

Given that ONC201 has unique features including broad-spectrum activity independent of mutations or tumor type, oral administration and excellent safety profile, our objective was to evaluate the effect of ONC201 on cell proliferation, cellular stress, apoptosis, invasion and tumor growth in OC cell lines and a genetically engineered mouse model of high grade serous OC. Additionally, given that obesity may be associated with OC risk and adverse survival in patients with OC, and there is inter-relationship between mitochondrial dysfunction and obesity as well as the effect of ONC201 on the mitochondrial regulator ClpP, we also studied the anti-tumorigenic effects of ONC201 in both obese and lean mice with OC. Our results show that ONC201 demonstrates promise as a single targeted agent for OC, worthy of further evaluation in clinical trials.



Methods


Cell Culture and Reagents

Four ovarian cancer cell lines, OVCAR3, OVCAR5, IGROV-1 and SKOV3, were used in this study. The cells were grown in DMEM/F12(1:1) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100U/ml penicillin and 100 ug/ml streptomycin under 5% CO2. ONC201 was kindly provided by Oncoceutics, Inc. MTT, propidium iodide and RIPA buffer were purchased from Sigma (St. Louis, MO). Antibodies to PERK (#5683), ATF4 (#11815), CHOP (#2895), BCL-XL (#2764), MCL-1 (#5453), PARP (#9542), DR5 (#8074), β-actin (#3722), VEGF-C (#2445), Slug (#9585), Snail (#3879), CyclinD1 (#2978), CDK4 (#12790), and CDK6 (#3136) were obtained from Cell Signaling Technology (Beverly, MA). DRD2 (B-10, sc-5303) and DRD5 (E-12, sc-376088) were purchased from Santa Cruz Biotechnology. The TMRE (#22220) and JC-1 (#22200) probes were purchased from AAT bioquest (Sunnyvale, CA).



Cell Proliferation Assay

The four OC cell lines were incubated in 96-well plates (4000 cells/well) in the presence of varying concentrations of ONC201 for 72 hours. The control group received vehicle only (0.1% DMSO). 5ul MTT (5 mg/mL) was added in each well following by incubation for 1-2 hours at 37°C. MTT absorbance was measured at 575 nm after 100 ul DMSO was added to the plates. Effects of ONC201 on cell proliferation were assessed as a percentage of control cell proliferation obtained from 0.1% DMSO treated cells grown in the same 96-well plates followed by IC50 analysis.



Colony Formation Assay

The OVCAR5 and SKOV3 cells were plated at a density of 200 cells in 6-well plates in triplicated for each treatment group for 24 hours. The cells were treated with indicated concentrations of ONC201 or vehicle controls for 48 hours and then incubated at 37°C for 10-14 days. The culture medium was changed every third or fourth day. The cells were fixed in methanol and stained with 0.5% crystal violet. The colonies were counted utilizing Photoshop software.



Cell Cycle Analysis

The cells were grown in in 6-well plates overnight and then incubated with varying concentrations of ONC201 or vehicle control for 36 hours. Cells were harvested, washed with PBS, fixed in 2 ml of ice-cold 90% ethanol and stored overnight at -20°C until cell cycle analysis was performed. On the day of analysis, the cells were resuspended in 100 ul RNase A solution containing propidium iodide (2 mg/ml) for 30 min at room temperature in the dark. DNA content was determined by Cellometer (Nexcelom, Lawrence, MA). Cell cycle was analyzed using FCS4 express software (Molecular Devices, Sunnyvale, CA).



Annexin V Assay

Cell apoptosis was determined using Annexin-V FITC kit (BioVision, Mountain View, CA) following manufacture’ protocol. The cells were seeded into 6-well plates at a density of 2.5 × 105 cells/well and then treated with vehicle or varying concentrations of ONC201 for 30 hours. The cells were harvested and stained with 100 ul of Annexin-V and PI dual-stain solution for 15 min in the dark. Annexin V expression was determined by a Cellometer. Apoptosis cells were analyzed by FCS4 express software.



Caspase 3, 8 and 9 Assays

Caspase activity assays were performed with modifications as previously described (18). In brief, the OVCAR5 and SKOV3 cells were seeded in 6-well plates at a density of 2.5 × 105 cells/well overnight. The cells were treated with ONC201 at different concentrations for 8-12 hours. The controls cells are treated with cell culture media at DMSO concentration of 0.1%. 150-180 ul 1X caspase lysis buffer was added to each well. BCA protein assay was used for quantitation of protein concentration. 10-15 ug lysates in a black clear bottom 96-well plate were incubated with reaction buffer and 200 uM of caspase substrates for 30 min. The fluorescence of each well was determined using a microplate reader (Tecan, Morrisville, NC). The selective substrates Ac-DEVD-AMC, Ac-IETD-AFC and Z-IETD-AFC (AAT Bioquest) were used for caspase 3, caspase 8 and caspase 9, respectively. Each experiment was repeated three times to assess for consistency of results.



Reactive Oxygen Species (ROS) Assay

ROS production was determined using the DCFH-DA assay, as previously described (19). The OVCAR5 and SKOV3 cells (8000 cells/well) were cultured in a black 96-well plate overnight followed by treatment with indicated doses of ONC201 or vehicle for 12 hours. Cells were then incubated with 20 uM DCFH-DA in regular growth medium for 30 minutes. ROS accumulation was measured by a plate reader (Tecan) at an excitation wavelength of 485 nm and an emission wavelength of 530 nm.



Mitochondrial Membrane Potential Assay

Mitochondrial membrane potential was analyzed using the specific fluorescent probes JC-1 and TMRE, respectively (20, 21). The cells were cultured overnight in a 96 well plate and then treated with different concentrations of ONC201 or vehicle control for 8 hours. Treated cells were incubated with 2 uM JC-1 or 1 uM TMRE for 30 minutes at 37°C. The levels of the fluorescent probes were measured using a Tecan plate reader at Ex/Em= 549/575 nm for TMRE. For JC-1, green JC-1 signals were measured at Ex/Em 485/535 nm and red signals were measured at 535/590 nm. Each experiment was repeated three times to assess for consistency of results.



Adhesion Assay

Cell adhesion was measured by using laminin adhesion assay as previously described (11). Briefly, a 96-well plate was coated with 100 ul laminin-1 (10 ug/ml) for 1 hour and was blocked by 3% BSA for 30 min at 37°C. The cells were pre-treated with ONC201 for 24 hours and then added to the laminin coated wells (25,000 cells). The plate was incubated at 37°C for 2 hour in serum-free medium. The cells were washed twice with PBS to remove nonadherent cells. Attached cells were fixed by adding 100 ul of 5% glutaraldehyde for 20-30 min and stained with 0.1% crystal violet for 30 min. Next, the cells were lysed with 10% acetic acid and the absorbance of the solution was measured at 570 nm in a plate reader (Tecan).



Transwell Assay

Cell invasion assays were performed using a 96-well plate coated with 0.5-1 x BME. The OVCAR5 and SKOV3 cells were starved for 12 hours and then seeded in the upper chambers of the wells and the lower chambers were filled with regular medium and differing concentrations of ONC201. The media contained 0.1% DMSO as a vehicle control. The plates were incubated for 4 hours to allow invasion into the lower chambers. After washing the upper and lower chambers with PBS, 100 ul of calcein AM solution (Invitrogen, Carlsbad, CA) was added to the lower chambers and incubated for 30-60 minutes. The lower chamber plate was measured by plate reader for reading fluorescence at EX/EM 485/520 nm. Each experiment was repeated twice.



Wound Healing Assay

The cells were plated in 6-well plates at 3.5 × 105 cells/well for 24 hours and then replaced with media with 0.5% charcoal stripped FBS for 12 hours. A sterilized 200 ul pipette tip was used to draw a straight line across the plate in one direction. The cells were then washed with fresh media to remove the detached cells, and cells were then treated with different concentrations of ONC201 in the media supplemented with 0.5% charcoal stripped serum for 24 to 48 hours. The images were acquired at different timing points (24, 36 and 48 hours). Measurements of the width of the wound were performed at random intervals with the Adobe Photoshop CS6.



Organotypic 3D Co-Cultures

The organotypic culture was performed as previously described (22). 1 × 106 mouse stromal cells transfected with hTERT were mixed with 3.5 volumes of Matrigel®, 1 volume of 10X DMEM, 1 volume of FCS, and 1 volume of DMEM/F12, and then were pipetted into each well of a 24-well plate. After 18 hours, 5 × 105 OVCAR5 cells, suspended in 1 ml regular media supplemented with 10% FCS, were added to each well. The OVCAR5 cells were treated with 10 uM ONC201 or vehicle control for 36 hours. Then the gel with stromal and cancer cells was lifted and placed onto a stainless steel grid in a 6 well plate. DMEM/F12 media was added to the well so that the gel plug was exposed to the air from above and to the media from below. The media was changed every 3 days maintaining the air-liquid interface. The organotypic gels were cultured for 12 to 14 days and then fixed in 4% formaldehyde for 24 hours. The gels were bisected and processed to paraffin blocks. Each slide was stained using standard haematoxylin and eosin (H&E), and then scanned by Motic. The “Invasion Index” was calculated by ImagePro as MCY × N × A (MCY: Mean Cord Y, N: the number of cancer islands, A: sum of areas of the cancer islands). The gels not treated with ONC201 were used as control.



Transient ClpP Knockdown

The OVCAR5 and SKOV3 cells were transiently transfected with either siRNA targeting ClpP (15 nM) and scrambled control siRNA (15 nM) using Mission SiRNA Transfection Reagent (Sigma, St. Louis, MO), according to manufacturer’s protocol. MTT assay were performed at 48 hours post-transfection. Western blotting were performed at 24 hours after transfection.



Western Immunoblotting

The OVCAR5 and SKOV3 cells were treated with ONC201 or vehicle for 30 hours. Total cell lysates were prepared in RIPA buffer plus PhosStop. Protein concentration was quantified using BCA assay (Sigma, St. Louis, MO). Equal amounts of lysates were electrophoresed on 10-12% SDS-PAGE and transferred onto a PVDF membrane. The membranes were probed at 4°C overnight with appropriate primary antibodies. Proteins were visualized using SuperSignal West Pico Substrate (Thermo Scientific, Waltham, MA) by the ChemiDoc image system (Bio Rad, Hercules, CA).



ONC201 Treatment in KpB Mouse Model

The KpB ( transgenic mouse model of high grade serous epithelial OC has been described previously in detail (23–25). Animal protocol was approved by the UNC-CH Institutional Animal Care and Use Committee (IACUC). Mice were housed on a 12 hours light, 12 hours dark cycle, with free access to food and water The KpB female mice were fed a high fat diet (HFD, 60% calories from fat) or a low fat diet (LFD, 10% calories from fat, Research Diets) at 3 weeks of age. 5 ul of 2.5 x107 P.F.U of recombinant adenovirus Ad5-CMV-Cre (AdCre, Transfer Vector Core, University of Iowa) was injected into the left ovarian bursa cavity at 6–8 weeks age (24). The mice were checked weekly by abdominal palpation for the appearance of ovarian tumors. Once tumors had reached an average size of 0.1x0.1 cm in diameter by palpation, the mice fed with HFD or LFD were assigned into the four groups: HFD control, LFD control, HFD+ONC201 and LFD+ONC201 (N=15/group). ONC201 was given weekly in 0.1 ml containing either 130 mg/kg or placebo in oral gavage for 4 weeks. The size of ovarian tumors were measured twice a week using palpation. The mice were weighted weekly and observed daily any signs of toxicity or distress. No mice died during the treatment. After 4 weeks of treatment, mice were sacrificed by CO2 asphyxiation and tumors were weighted. Ovarian tumor volumes were calculated as following: (width2 × length)/2.



Immunohistochemical Analysis

Five micrometer paraffin sections from the KpB mice tumors were processed for IHC analysis at IHC Mice Core Facility at UNC. Briefly, the slides were incubated with Ki-67, phosphorylated p42/44, phosphorylated-S6, and VEGF at 4°C overnight, respectively, and then treated with HRP-conjugated antibody for 1 hour. The sections were further applied with ABC-Staining Kits (Vector Labs, Burlingame, CA) for color reaction and hematoxylin for counterstaining. All IHC slides were scanned by Motic and scored by ImagePro software (Rockville, MD).



Serum VEGF Assay

The VEGF productions of mice serum after treatment with ONC201 were detected using a VEGF ELISA Kit (#MMV00, R&D Systems, Minneapolis, MN), according to the manufacturer’s directions. Each sample from ONC201 and control groups was measured in duplicate. Plates were read at 570 nm using a Tecan plate reader.



Statistical Analysis

Data are given as the mean ± SD. Statistical significance was analyzed by the two-sided unpaired Student’s t-test from at least three replicates. Tumor growth in different treatment arms was analyzed by One-way & Two-way ANOVA test. GraphPad Prism 5 (La Jolla, CA USA) was used for all graphs and significance tests. P values of <0.05 were considered to have significant group differences.




Results


ONC201 Inhibited Cell Viability in OC Cell Lines

ONC201−mediated inhibition of OC cell viability was assessed using MTT assay. The OVCAR3, IGROV-1, OVCAR5 and SKOV3 were cultured in media with various concentrations of ONC201 for 72 hours. The MTT results showed that with increasing ONC201 concentrations, a dose-dependent growth inhibition was observed in four OC cell lines compared to the control cells (Figure 1A). The mean IC50 values of ONC201 were 4.2 uM for OVCAR3, 3.1 uM for IGROV-1, 3.2 uM for OVCAR5 and 2.1 uM for SKOV3, respectively. Subsequently, because colony formation assay is a well-established in vitro technique for testing the proliferative capability of treated cells (26), we investigated the long-term effect of ONC201 on OC cell growth. OVCAR5 and SKOV3 cells were seeded in same density in six-well plates and incubated 1, 10 and 100 uM of ONC201 for 2 days and subsequent culture of the cells for 12 days. The results showed that the colony-forming ability was reduced by 4.8%, 58.3% and 79.75% in OVCAR5, and 22.2%, 57.5% and 86.1% in SKOV3, respectively, after the cells were treated with 1-100 uM ONC201 compared with vehicle control (Figure 1B). These results suggest that OC cells are sensitive to the anti-proliferative effects of ONC201.




Figure 1 | ONC201 inhibited cell viability and colony formation. The OVCAR5, OVCAR3, IGOV-1 and SKOV3 in 96 well plates were treated with increasing concentrations of ONC201 for 72 hours and subjected to the MTT assay. ONC201 significantly inhibited cell growth in a dose- dependent manner in all cell lines. Similar results were obtained from three independent experiments (A). ONC201 inhibited colony forming ability of OVCAR5 and SKOV3 cells compared to the vehicle-treated cells. Cells were incubated with ONC201 for 48 hours, then cell were culture in drug-free media for 12 days (B). The images and bar chart represented results of one experiment. Western Blotting was used to evaluate the effect of ONC201 on expression of DRD2, DRD5 and DR5 in the OVCAR5 and SKOV3 cells. ONC201 decreased the expression of DRD2 and DRD5 and increased the expression of DR5 in a dose-dependent manner in both cell lines (C). * <0.05, ** <0.01.



Because ONC201 is a selective antagonist of the G protein-coupled receptor DRD2 that causes p53-independent apoptosis through upregulation of TRAIL and DR5 in tumor cells (4), we next detected the effect of ONC201 on DRD2, DRD5 and DR5 in the OVCAR5 and SKOV3 cells. The cells were treated with ONC201 at 1, 10 and 100 uM for 24 hours. Western blotting results showed that Treatment with OVCAR5 and SKOV3 cells with 10 or 100 uM ONC201 reduced the protein levels of DRD2 and DRD5, with DR5 expression being increased compared with vehicle control (Figure 1C).



ONC201 Caused Cell Cycle G1 Arrest in OC Cells

We next investigated whether ONC201 modulates cell cycle progression in OC cells. As illustrated in Figures 2A, B, treatment with 1, 10 and 100 uM ONC201 for 36 hours caused significant increases in the G1 phase and decreases S phase in a dose-dependent manner in the OVCAR5 and SKOV3 cells. G1 arrest phase increased from 44.69% in control cells to 60.12% in the 100 uM ONC201-treated OVCAR5 cells and 56.89 to 71.55% in the SKOV3 cells; in parallel, the S phase cell population decreased from 25.41 to 15.62% with increasing concentrations of ONC201 in the OVCAR5 and 21.2 to 13.93% in the SKOV3 cells (p<0.05), respectively. To further understanding the mechanism underlying the cell cycle arrest, cell cycle-related proteins were analyzed by western blotting in the ONC201-treated OVCAR5 and SKOV3 cells. The results showed that ONC201 resulted in reduced expression of cyclin D1 in both cell lines after 36 hours of treatment. Moreover, ONC201 also inhibited the expression of the cyclin D1 regulatory partners, CDK4 and CDK6, following ONC201 treatment for 36 hours compared with vehicle control (Figure 2C). These data suggest that ONC201 induces cell cycle G1 arrest through cyclin D1 degradation in OC cells.




Figure 2 | Induction of cell cycle G1 arrest by ONC201 is dose-dependent. The OVCAR5 and SKOV3 cells were incubated with indicated doses of ONC201 for 36 hours. Cell cycle progression was assessed by Cellometer. Cell cycle G1 arrest was found in both cell lines in a dose-dependent manner (A, B). The cells were exposed to 1-100 um ONC201 or the vehicle controls for 36 hours prior to western blotting for the detection CDK4, CDK6 and Cyclin D1. ONC201 decreased the expression of CDK4, CDK6 and Cyclin D1 in both cell lines. β-actin was used as loading control (C). The results shown are one of three independent experiments. * <0.05, ** <0.01.





ONC201 Induced Apoptosis in OC Cells

To characterize the underlying mechanism of growth inhibition by ONC201, the apoptotic cells were analyzed by performing an Annexin-V assay after treating the OVCAR5 and SKOV3 cell lines with ONC201 (1-100 uM). Annexin-V analysis showed a meaningful increase in apoptotic cells in a dose-dependent manner after 30 hours of ONC201 treatment, along with decreasing expression of MCL-1 and BCL-XL protein (Figure 3A). Annexin V expression increased from 6.61% in control cells to 19.15% in the 100uM ONC201-treated OVCAR5 cells and 6.68 to 16.12% in the SKOV3 cells, respectively (p<0.01). To examine whether ONC201 induces apoptosis through the mitochondrial apoptosis pathways in the OC cells, western blotting results showed that ONC201 significantly induced cleaved PARP and caspase 9 protein expressions in both cell lines compared with vehicle control (Figure 3B). Furthermore, a dose-dependent increase in the activity of cleaved caspase 3, 8 and 9 was found by ELISA assays in OVCAR5 and SKOV3 cells in response to ONC201 treatment (Figure 3C). These results indicated that apoptosis induced by ONC201 was executed through activation of either the extrinsic pathway (death receptor) or the intrinsic pathway in OC cells.




Figure 3 | ONC201 induced apoptosis in OC cells. OVCAR5 and SKOV3 cells were incubated for 30 hours with the indicated amount of ONC201. Annexin V was analyzed by Cellometer (A). Total cell lysates were prepared and analyzed by western blotting for MCL-1, BCL-XL, Cleaved caspase 9 and PARP (B). Cleaved caspase 3, 8 and 9 activity was assayed by ELISA assay. ONC201 induced the activity of the cleaved caspases 3, 8 and 9 in both cell lines after treatment with ONC201 or the vehicle controls for 8-12 hours (C). The results are shown as the mean ± SD and are representative of three independent experiments. *p < 0.05, **p < 0.01.





ONC201 Inhibited Tumor Growth in a Transgenic Mouse Model of OC

Given that obesity is associated with worse outcomes for ovarian cancer and dopamine signaling pathway contributes to the distinct metabolic profiles of obese and non-obese patients, we sought to evaluate whether ONC201 was able to inhibit tumor growth in a transgenic mouse model of high grade serous OC (KpB) under obese and non-obese conditions. Immune competent mice carrying Cre-inducible oncogenic Brca1 in combination with deletion of p53 and Rb in the ovaries develop high grade serous OC about 4-6 months after injection with AdCre (25). The HFD-fed or LFD-fed KpB mice were divided into four groups (15 mice/group): HFD, HFD+ONC201, LFD and LFD+ONC201, respectively. The mice were treated once a week by oral gavage with either ONC201 (130mg/kg, 4 weeks) or placebo after tumor induction. The tumor size was monitored twice a week by palpation. The mice showed tolerance to ONC201 treatment and did not show any obvious changes in behavior and body weight. After 4 weeks of treatment, the tumors were excised, weighed, and examined histologically. ONC201 effectively inhibited tumor growth and reduced tumor weight in both HFD and LFD groups compared to control groups. Ovarian tumor weights in obese KpB mice were significantly greater than that in the non-obese control mice (2.92 g versus 1.80 g, p<0.05), suggesting that obesity promoted ovarian tumor growth. ONC201 treatment decreased tumor weight by 75.5% in obese mice and 65.2% in non-obese mice compared to their control groups (Figures 4A, B, p<0.01). These findings imply that ONC201 caused similar anti-tumor effects in obese mice compared to non-obese KpB mice although gene expression and metabolomics profiling showed statistically significant differences between the ovarian tumors from the obese versus lean mice (27). Collectively, these data demonstrate that treatment with ONC201 significantly suppressed OC growth in a genetically engineered mouse model of OC under obese and non-obese conditions.




Figure 4 | ONC201 inhibited tumor growth in KpB mouse model of OC. Obese or lean KpB mice were treated with ONC201 (130 mg/kg, weekly) or vehicle for 4 weeks. Tumor volumes of ovarian tumors were measured weekly. The mean tumor volume was reduced in obese or lean mice treated with ONC201 (A). Tumor weight measurements of KpB mice were recorded at the time of sacrifice (B). The expression of DRD5 and Ki67 was assessed by immunohistochemistry analysis in ovarian tumors following ONC201 treatment. The results showed that ONC201 decreased the expression of Ki-67 and DRD5 in the ovarian tumor tissues under obese and lean conditions (C). *p < 0.05; **p < 0.01.



To determine the anti-tumorigenic mechanisms of ONC201 in vivo, the expression of Ki-67 and DRD5 in ovarian tumors was evaluated by IHC in obese and non-obese KpB mice after 4 weeks of treatment. The tumors from obese mice displayed increased expression of the Ki67 and DRD5 compared to non-obese mice (p<0.05). Consistent with our results in vitro, ONC201 inhibited Ki-67 expression in the ONC201-treated obese mice by 33.6% compared with obese control mice and the ONC201-treated lean mice by 26.1% compared with lean control mice (p<0.01). In addition, we found that high expression of DRD5 was identified in ovarian tumors of obese mice, and the expression of DRD5 was reduced in the obese and lean mice treated with ONC201 compared with the control mice (Figure 4C, p<0.05), suggesting that ONC201 inhibits ovarian tumor growth through the DRD2/DRD5 pathway.



ONC201 Induced Cellular Stress in OC Cells

ROS have been implicated as mediators of TRAIL-induced apoptosis in cancer cells via different pathways (28). To examine the involvement of oxidative stress in the anti-tumorigenic effect of ONC201 in OC cells, intracellular ROS levels were detected using the DCFH-DA assay. The results showed an increase in ROS production when OVCAR5 and SKOV3 cells were treated with ONC201 at different concentrations for 12 hours. At a concentration of 100 uM, ONC201 significantly increased DCFH-DA fluorescence 1.49 and 1.30- fold in OVCAR5 and SKOV3 cells compared with vehicle control cells (p<0.01), respectively (Figure 5A).




Figure 5 | ONC201 induced ER stress in OC cells. Cell stress analysis was done on OVCAR5 and SKOV3 cells treated with ONC201. ROS, JC-1 and TMRE products were measured by ELISA assays. ONC201 significantly increased the levels of ROS and decreased mitochondrial membrane potential in both cell lines compared to the vehicle -treated cells (A-C). ONC201 increased the expression of cellular stress related proteins including PERK, IRE-1a, ATF4, CHOP and ClpP in both cell lines after 24 hours of treatment (D). Knockdown ClpP reduced the expression of PERK and phosphorylated S6 in both cells (E). ClpP siRNA decreased ONC201 mediated ATF4 and PERK expression and ONC201 induced cell inhibition in both cells (F, G). In KpB mice, ONC201 also induced ClpP expression in the ovarian tumors under obese and lean conditions, as measured by IHC (H). * <0.05, ** <0.01.



To further evaluate the underlying mechanism of ROS effect in association with mitochondrial function, we next set out to assess the ability of ONC201 to depolarize mitochondrial membranes by JC-1 and TMRE ELISA assays. JC-1 assay indicated that ONC201 induced the loss of mitochondrial transmembrane potential (ΔΨm) in both cell lines after 8 hours of treatment compared to control cells. ONC201 at 10 uM significantly reduced ΔΨm by 20.8% and 23.5% in the OVCAR5 and SKOV3 cells compared with vehicle control (p<0.01), respectively (Figure 5B). Similarly, these changes of ΔΨm in response to treatment were also observed in a TMRE assay in both cell lines (Figure 5C), which further strengthens the reliability of our results. Moreover, western blotting analysis showed that ONC201 significantly increased expression of mitochondrial protease, ClpP, and endoplasmic reticulum (ER) stress-related markers including ATF4, PERK, CHOP and IRE-1a in a dose-dependent manner in both cell lines after 24 hours of treatment (Figure 5D).

ClpP is essential for the oxidative stress response, and ONC201 is an allosteric agonist of ClpP. To understand the effect of ClpP on ONC201 mediated cell proliferation and cell stress, OVCAR5 and SKOV3 cells were transfected with ClpP siRNA or scramble RNA, respectively. As shown in Figure 5E, ClpP siRNA significantly downregulated the protein expression of ClpP in both cells compared with cells transfected with mock siRNA, which was accompanied by a decrease in PERK expression in both cells. Knockdown of ClpP resulted in decreased expression of phosphorylated S6 in SKOV3 cells. However, in OVCAR5 cells, this effect on phosphorylated S6 was not as pronounced as in SKOV3 cells. The siRNA-mediated knockdown of ClpP effectively inhibited the expression of ATF4 and PERK induced by ONC201 in OVCAR5 cells (Figure 5F). ONC201 mediated inhibition of cell proliferation in OVCAR5 and SKOV3 cells partially recovered by transfection with ClpP siRNA (Figure 5G). Importantly, IHC results confirmed ONC201 significantly increased the expression of ClpP in obese and lean mice after 4 weeks of treatment (Figure 5H). These results suggest that activation of ClpP through ONC201 is involved in its anti-tumorigenic activity in OC.



ONC201 Inhibited Adhesion and Invasion in OC Cells and Ovarian Tumors

Given that ONC201 exhibited anti-invasive ability in USC cells (11), we investigated the impact of ONC201 on cell adhesion, migration and invasiveness in the OVCAR5 and SKOV3 cell lines. In the assessment of cell adhesion, both cell lines were incubated in laminin-coated 96 well plates and treated with ONC201 for 2 hours. As shown in Figure 6A, cellular adhesion was decreased by 61.6% to 35.1% in the SKOV3 and OVCAR5 cells, respectively, at a dose of 100 uM compared with control cells (p<0.01). Cell invasion was measured using a transwell invasion assay with a Matrigel-coated filter. Both cell lines were seeded in the upper chambers of the transwell and treated with ONC201 (1-100 uM) for 4 hours. The invasive capacity of the OVCAR5 and SKOV3 cell lines was reduced by ONC201 treatment in a dose-dependent manner. ONC201 (100 uM) significantly reduced the invasive ability of the OVCAR5 and SKOV3 cell lines by 23.3% and 36.0% compared with vehicle control cells (Figure 6B, p<0.05).




Figure 6 | ONC201 inhibited adhesion and invasion. The OVCAR5 and SKOV3 cells were treated with ONC201 at a range of doses from 1−100 μM. laminin-1 assay was used to assess adhesion after 2 hour of treatment with ONC201(A). Invasion was examined by transwell assay after 4 hours of treatment with ONC201(B). Treatment of both cells with 10 and 100 uM ONC201 inhibited cell adhesion and invasion. Migration was assessed by wound healing assay after treatment with ONC201 for 48 hours. ONC201 (10 and 100 uM) significantly reduced cell migration in both cell lines (C). Organotypic 3D co-culture using OVCAR5 cells with and without ONC201 (10 uM) was carried out and the relative invasion depth calculated. ONC201 decreased the invasion index in OVCAR5 cells (D). Western blotting found that ONC201 reduced the expression of VEGF, Snail and Slug in both cell lines (E). The obese and lean KpB mice were treated with ONC201 for 4 weeks. IHC results showed that ONC201 reduced VEGF expression in both obese and lean mice (F). Obesity was associated with increased serum VEGF production as compared to lean mice, and ONC201 reduced the production of VEGF in serum under obese and lean conditions (G). * <0.05, ** <0.01.



To evaluate the effect of ONC201 on cell migration, a wound-healing assay was performed in OVCAR5 and SKOV3 cells. The cells were treated with different concentrations of ONC201 and evaluated the cell migration capacity at 24, 48 and 72 hours. ONC201 had a significant inhibitory effect on cell migration of OVCAR5 and SKOV3 cells at all times compared with vehicle-treated control cells (p<0.05), which was most pronounced at 48 hours of treatment as shown in Figure 6C.

Given that stromal cells have an active role in inducing EMT and enhancing invasive potential, and the pattern of invasion produced in organotypic cultures displays a similar invasion patterns observed in human (29), we used organotypic cultures containing stromal cells to measure the invasion capacity of OC cells after treatment with ONC201. The organotypic gels stained with H&E were analyzed to generate an invasion index (30). Similar to wound healing and transwell assays, 14 days after treatment, addition of 10 uM ONC201 for 24 hours significantly reduced the invasion index, and OVCAR5 cells invasion was inhibited by 39.3% in organotypic cultures compared to control (Figure 6D, p<0.01).

We next examined the effect of ONC201 on the EMT and angiogenesis in the OC cells. Treatment with ONC201 for 24 hours significantly decreased the expression of VEGF-C, Slug and Snail in both cell lines (Figure 6E). IHC results showed that obesity increased VEGF expression in the ovarian tumors, when comparing tumors from obese versus lean mice. However, ONC201 reduced VEGF expression by 42.5% in the obese mice and by 42.2% in the lean mice as compared to controls (Figure 6F, p<0.05). In addition, we found that the production of serum VEGF decreased by 14.0% in obese mice and 19.4% in lean mice in comparison to placebo-treated mice (Figure 6G). Together, these findings support the contention that ONC201 has an ability to inhibit adhesion, invasion and angiogenesis in OC cells and ovarian tumors in KpB mice.



Inhibition of Cellular Stress Reduced the Effects of ONC201 on Cell Proliferation and Invasion

Because ONC201 is a potent activator of the ClpP-induced integrated stress response, we investigated the role of cellular stress in ONC201’s anti-proliferative and anti-invasive effects. The OVCAR5 and SKOV3 cells were treated with vehicle control or ONC201 for 72 hours in the presence and absence of 1 mM of the antioxidant, N-acetylcysteine (NAC). The results showed that NAC partially reversed the cytotoxic effects of ONC201 in both cell lines compared to the control cells (Figures 7A, B, p<0.05). Similarly, pre-treatment of NAC for 6 hours effectively reversed ONC201-induced decreases in mitochondrial membrane potential and inhibited ONC201-induced increases in intracellular ROS levels (Figures 7B, C, p<0.05).




Figure 7 | ONC201 inhibited adhesion and invasion through cellular stress pathways in OC cells. Pre-treatment of the OVCAR5 and SKOV3 cells with 1 mM NAC partially blocked inhibition of ONC201-mediated proliferation in both cell lines (A). Similarly, pre-treatment with NCA for 6 hours in OVCAR5 and SKOV3 cells significantly reduced ROS levels and recovered mitochondrial membrane potential induced by ONC201 compared to the vehicle controls (B, C). The cells were pre-treated with NAC for 6 hours, followed by treatment with ONC201 for 48 hr. Wound healing was observed by a microscope with phase contrast. ONC201 decreased cell migration, and NAC effectively reversed ONC201-inhibited cell migration in the OVCAR5 and SKOV3 cells. All images were obtained from three independent experiments (D). The effect of NAC and ONC201 on the expression of ClpP, VEGF and Snail was examined by Western blotting in OVCAR5 and SKOV3 cell lines after 30 hours of treatment (E). *P < 0.05, **P < 0.01.



Because NAC significantly inhibited ONC201-induced oxidative stress, efforts were made to explore whether ONC201 exerted anti-invasive effects through oxidative stress pathways. The wound healing assay was used to detect the ability of invasion after ONC201 treatment in both cell lines. In the presence of 10 μM or 100 μM ONC201, pre-treatment with NAC for 6 hours partially prevented ONC201-induced anti-invasive activity by 43.5% and 35.0% in the OVCAR5 cells, and 29.2% and 36.2% in the SKOV3 cells, respectively (Figure 7D, p<0.01). Western blotting results indicated that 1 mM NAC treatment did not change the expression of CLpP induced by ONC201. However, in NAC-treated groups, NAC partially blocked 10 μM ONC201-evoked decreases in VEGF and Snail expression (Figure 7E). Therefore, it appears that ONC201 exerted its anti-proliferative and anti-invasive effects partially through the integrated stress response in OC cells.



ONC201 Inhibited P13K/AKT/mTOR and MAPK Pathways In Vitro and In Vivo

To gain insight into the role of ONC201 in TRAIL-mediated signaling, we evaluated whether P13K/AKT/mTOR and MAPK pathways were involved in the anti-proliferative effects of ONC201 in OC cells. OVCAR5 and SKOV3 cells were treated with ONC201 (1, 10 and 100 uM) for 24 hours. mTOR activity was determined by phosphorylation of S6 (Ser235/236) and MAPK activation by detecting P42/44 phosphorylated on Thr202 and Tyr204. ONC201 inhibited AKT phosphorylation and activity of mTOR and MAPK pathways without changing the total levels of S6, p42/44 and AKT proteins in the both cells compared with control cells (Figure 8A). The effects of ONC201 on the phosphorylation-dependent activation of p42/44 and S6 in the KpB serous OC mouse model are shown in Figure 8B. ONC201 reduced p42/44 phosphorylation by 24.3% in obese mice and 38.8% in lean mice, respectively (p<0.05). Similarly, ONC201 also reduced phosphorylation of S6 by 46.1% and 37.3% in obese and lean mice, respectively, compared to untreated mice. Overall, these data confirm that ONC201 reduces cell growth via inhibition of the AKT/mTOR and MAPK signaling pathways in OC cells and tumors.




Figure 8 | ONC201 activated AMPK and inactivated AKT/mTOR and MAPK pathways. The OVCAR5 and SKOV3 ovarian cell lines were incubated with ONC201 at various concentrations for 24 hours. Western blotting results indicated ONC201 decreased the expression of phosphorylated Akt, S6, p42/44, and increased the phosphorylated AMPK expression in both cell lines (A). The KpB mice were treated with ONC201 for 4 weeks. IHC results showed that obesity increased expression of phosphorylation of S6 and p42/44, and ONC201 significantly decreased the expression of phosphorylated p-S6 and p42/44 in ovarian tumors under obese and lean conditions (B). * <0.05, ** <0.01.






Discussion

The heterogeneous expression of dopamine receptors in different types of cancer cells suggests that these receptors may exhibit varying functions to either stimulate or inhibit cancer cell growth (31, 32). TCGA data showed that DRD2 is elevated in several types of human cancer including OC (33, 34), and the high expression of DRD2 is often associated with a decrease in the risk of OC progression and prognosis. Interestingly, targeting DRD2 by antagonists significantly reduces the viability of cancer cells and slows tumor growth in vivo in OC pre-clinical models (35). ONC201 is the first selective antagonist of D2-like dopamine receptors for clinical oncology (6, 10). In this study, we investigated the impact of the anti-tumorigenic activity of ONC201 in human OC cell lines and the KpB transgenic mouse model of OC under obese and lean conditions. The significant finding of this study was that ONC201 reduced the expression of DRD2, and inhibited ovarian tumor growth and reduced the ability of invasion via activation of ClpP induced oxidative stress pathways and inactivation of P13K/AKT/mTOR and MAPK pathways. Additionally, ONC201 induced apoptosis and cell cycle arrest in G1 phase in OC cells. Obesity induced by a HFD significantly promoted ovarian tumor growth as compared to LFD-fed mice. ONC201 significantly reduced tumor growth in both obese and lean KpB mice, accompanied by the decrease in Ki-67 and the increase ClpP expression in tumor tissues. These results indicate that the anti-cancer activity of ONC201 exceeds its ability to antagonize DRD2, which may be due to the ability of ONC201 to activate the ClpP pathway independent of DRD2.

DRD2 Inhibition through genetic or pharmacological approaches has been shown to cause apoptosis and induce cell cycle arrest in leukemia, lung, colon, breast, endometrial, cervical, ovarian, pancreatic and brain cancer cells (11, 12, 35–40). ONC201 has recently been shown to induce apoptosis via targeting DRD2 in a wide variety of different cancer types. The role of ONC201 mediated apoptotic pathways in its anti-tumorigenic activity have been shown to differ, depending on the cancer type. ONC201 was originally characterized as a selective antagonist of DRD2 to induce TRAIL and DR5 pathways, independent of p53 in cancer cells (41). In desmoplastic small round cell tumors, ONC201 increased the expression of TRAIL and DR5 and cell death via the extrinsic pathway of apoptosis (42). A recent study reported that the cytotoxicity of ONC201 was not dependent on either TRAIL death receptors or caspase cascades in breast cancer cells (43), whereas another study showed that ONC201 induced cell death that appeared to be through TRAIL-dependent and TRAIL-independent effects in breast cancer cells (44). Similar observations were noted in our recent study where we showed that ONC201 reduced BCL-2 expression and induced DR5 via extrinsic and intrinsic apoptotic pathways in USC cells (11). In agreement with these studies, we found that ONC201 treatment reduced BCL-XL and MCL-1 expression, induced DR5 upregulation and increased activity of cleaved caspase 3, 8 and 9 in OC cells. These findings indicate that ONC201-induced cell death can occur by both TRAIL-dependent and a TRAIL-independent mechanisms in OC cells, suggesting that the mechanism of ONC201 induced cell cytotoxicity may involve tissue- or cancer type-specific pathways in response to ONC201 (11, 17, 41, 45).

There is considerable evidence that DRD2 deficiency causes to endoplasmic reticulum (ER) stress which is required for the control of cancer cell growth (37, 46, 47). The anti-tumorigenic effects of ONC201 appear to be reliant on disrupting mitochondrial function, including inhibition of oxidative phosphorylation and reduction of the number of viable mitochondria (43). Several studies have reported that the tumor cell sensitivity to ONC201 is dependent on the induction of DR5 in an ATF4 and CHOP-dependent manner (48–50). In a phase I trial, ONC201 triggered the ISR along with induction of CHOP and TNFRSF10B in an ibrutinib-refractory mantle cell lymphoma patient following 16 days of treatment, which aligned with therapeutic exposure to ONC201 and target engagement in the tumor (15). Importantly, Graves et al. recently applied an unbiased affinity proteomics approach and Ishizawa et al. screened a small in-house library of 747 molecules approved for clinical use for malignant indications, and both discovered that ClpP is a critical molecular target that binds ONC201 in a direct and specific manner. Knockdown of ClpP by SiRNA decreased the response to ONC201 and blocked the expression of CHOP and the cytostatic effects induced by ONC201 in breast cancer cells. Activation of ClpP by ONC201 was associated directly with its anti-tumor activity through induction of ISR in vitro and in vivo (7, 8). Here, our results revealed that ONC201 depolarized mitochondrial membranes and increased ROS levels in a dose-dependent manner, accompanied by an increase in the expression of ATF4, CHOP, PERK and Ero1-1α in OC cells, which are markers of oxidative stress related to apoptosis. We also confirmed that ONC201 treatment significantly induced the expression of ClpP in OC cells and KpB mice under obese and lean conditions. SiRNA knockdown of ClpP in OC cells reduced the inhibitory effects of ONC201 although we did not observe a complete recovery of cell inhibition induced by ONC201 in ClpP knockdown cells. Overall, these studies suggest that: (1) cellular stress contributed to the anti-tumorigenic effects of ONC201 in addition to apoptosis and G1 cell cycle arrest in OC cells (37, 51), and (2) ClpP activation is partially responsible for the anti- tumorigenic activity of ONC201, and activation of ClpP provides a targeted approach to activate ER stress in cancer cells (52).

PI3K/AKT/mTOR and MAPK/ERK pathways are responsible for mediating cell proliferation, invasion and tumorigenesis in OC. The PI3K/AKT/mTOR pathway is unregulated in approximately 70% of OC patients while activated MAPK pathway was more frequently expressed in low-grade (81%) as compared with high-grade ovarian serous carcinomas (41%) (53–55). The dysregulation of AKT and ERK signaling pathways in OC opens the possibility of actively targeting the signaling cascades, which might lead to superior anti-tumor activity. Several PI3K/AKT/mTOR inhibitors and MAPK/ERK targeted therapies are currently under evaluation in clinical trials against a variety of human cancers, including OC (56). In the current study, we found that ONC201 simultaneously reduced phosphorylation of AKT, S6 and p42/44 in OC cells in vitro. ONC201 strongly decreased the expression of phosphorylated S6 and p42/44 in the obese and lean KpB mice. The inhibition of PIK3CA/AKT/mTOR and MAPK pathways by ONC201 could be one of the major mechanisms by which it inhibited overall OC growth in the KpB mouse model.

Peritoneal dissemination and local invasion by OC cells are involved in early steps of the metastatic process, which includes the transcriptional activation of ZEB1, TWIST, Slug and Snail, upregulation of E-cadherin and acquisition of a unique expression profile of EMT (57). The profile of EMT has been considered as a key hallmark for adhesion and invasion, and inhibition of EMT-related processes makes it particularly attractive for treatment of cancer (58). The regulatory role of DRD2 in adhesion and invasion has not been fully characterized, and the results remain controversial. Overexpression of DRD2 in patients with gastric cancer had shorter survival durations, and targeting DRD2 by thioridazine significantly inhibited cell proliferation in gastric cancer and reduced cell migration via suppression of EMT related genes in liver cancer (33, 59). However, increased expression of DRD2 in a neuroendocrine tumor patient was associated with longer survival, and activation of DRD2 by the DRD2 agonist BIM53097 reduced the ability of migration and invasion of human tumorous pituitary cells (34, 60). Similarly, fisetin as a DRD2 agonist suppressed liver cancer cell proliferation and reduced EMT through VEGFR1, p-ERK1/2, p38 and pJNK pathways (61). Recently, Wagner et al. found that ONC201 is able to inhibit cancer cell invasion and exhibits a potent anti-metastatic effect in a TRAIL-dependent manner (62). Our previous work also confirmed that ONC201 inhibited adhesion and invasion in USC cells, along with increasing the expression of E-cadherin and decreasing VEGF, N-cadherin and Snail expression (11). In this current study, our results are consistent with our previous proposed mechanism of action of ONC201 involving EMT processes leading to inhibition of invasion in OC cells. We also demonstrated that ONC201 reduced the invasion index in organotypic 3D cultures as well as VEGF production in serum and ovarian tumors in the KpB mice. Moreover, pretreatment with NAC reversed ONC201-decreased VEGF and Snail levels, suggesting that ClpP or ClpP-induced oxidative stress may trigger the processes of adhesion and invasion induced by ONC201 in OC cells. These studies have provided insights into the mechanisms of the anti- metastatic effects of ONC201, which are dependent on oxidative stress.



Conclusion

Our study uncovered for the potential anti-proliferative anti-metastatic roles of ONC201 in OC. ONC201 inhibited OC cell proliferation and tumor growth, which was associated with changes in expression of a constellation of proteins involved in apoptosis, cell cyclin, oxidative stress, angiogenesis, invasion, AMPK/mTOR and MAPK pathways (Figure 9). The mechanism of action of ONC201 to inhibit invasion is reliant on ClpP-mediated oxidative stress in OC. Our results have important preclinical implications indicating that ONC201 may be a promising agent in future OC clinical trial. To date, ONC201 has entered multiple clinical trials in solid tumors and hematological malignancies (63–65). However, the main limitations of our study include 100 μM of ONC21 used in the experiments being greater than the Cmax of ONC201 in the human body, knockdown experiments using a single siRNA against ClpP, and some cell line specific differences in protein expression with a high concentration of ONC201. Therefore, further research and clinical trials are needed to investigate the role of ClpP-mediated anti-proliferative and anti-metastatic effects in EMT and angiogenic pathways, and evaluate ClpP as a potential clinically useful biomarker in clinical trials of ONC201 (52).




Figure 9 | Schematic representation of the potential antitumor mechanisms of ONC201 in OC. ONC201 applies its cell growth-inhibitory impacts through DRD2/3 antagonism and ClpP activation. The connection among DRD2/3 antagonism, activation of ClpP and downstream events elicited by ONC201 including inactivation of AKT/ERK pathways, activation of the integrated stress response, induction of apoptosis, cell cycle arrest, and inhibition of invasion is summarized.
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Neural network analyses of circulating miRNAs have shown potential as non-invasive screening tests for ovarian cancer. A clinically useful test would detect occult disease when complete cytoreduction is most feasible. Here we used murine xenografts to sensitize a neural network model to detect low volume disease and applied the model to sera from 75 early-stage ovarian cancer cases age-matched to 200 benign adnexal masses or healthy controls. The 14-miRNA model efficiently discriminated tumor bearing animals from controls with 100% sensitivity down to tumor inoculums of 50,000 cells. Among early-stage patient samples, the model performed well with 73% sensitivity at 91% specificity. Applied to a population with 1% disease prevalence, we hypothesize the model would detect most early-stage ovarian cancers while maintaining a negative predictive value of 99.97% (95% CI 99.95%-99.98%). Overall, this supports the concept that miRNAs may be useful as screening markers for early-stage disease.
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Introduction

In the United States, over 22,000 women annually are diagnosed with ovarian cancer and over 14,000 die of their disease (1). Currently, most ovarian cancers are detected at an advanced stage, where 5-year survival rates average 25-30% (2). In contrast, stage I ovarian cancers have 5-year survival rates in excess of 90% (3). Detection of more ovarian cancers at an earlier stage would therefore be expected to improve long-term survival (4). Prior efforts to screen for ovarian cancer have included 2 large randomized controlled trials utilizing the serum biomarker CA-125 and pelvic ultrasound; unfortunately, both of these trials failed to show a survival benefit (5–7). This is likely because neither CA-125 nor pelvic ultrasound is sufficiently sensitive to detect low volume disease (8).

In a prior report, we described a neural network model which used 14 serum microRNAs (miRNAs) to predict the presence of ovarian cancer (9). miRNAs are small non-coding RNAs (18-24 nucleotides) which modify gene expression through post-transcriptional regulation. A growing body of evidence suggests that miRNAs are aberrantly expressed in ovarian cancer (10–19). Other groups have similarly suggested circulating miRNAs might be useful as non-invasive diagnostic or prognostic tools (20, 21). However, the applicability of these miRNA models to small tumor volume and early tumor stage is uncertain. Both tumor volume and the relative isolation of the human ovaries from circulation are challenges for ovarian cancer early detection. This reflects the relative disconnect between stage and tumor volume in ovarian cancer staging, e.g., a palpable 30 cm tumor may be Stage I while an occult 3 mm peritoneal implant may impart Stage III. This poses problems when creating animal models to test early detection biomarkers. The mouse ovary contains a bursa surrounding the tubo-ovarian interface, whereas the human tubo-ovarian interface is continuous with the peritoneal cavity. Injection of small volume disease in the mouse peritoneum accurately reflects some aspects of early onset human disease, i.e. metastasis early in disease development, but it cannot account for the immunologic sequestration of very early tumors within the ovary or fallopian tube. Similarly, intra-ovarian injection of tumor cells fails to account for the exposure of the human ovary to the peritoneal cavity.

Here, we use a xenograft model to improve our early detection signature with respect to both challenges. First, we improve our existing ovarian cancer prediction model by using an animal model to sensitize the neural network to low volume disease. Next, after recalibrating the model to focus on low tumor volume, we show that these same miRNAs can be used to construct a diagnostic model that performs well for identifying patients with early-stage disease.



Materials and Methods


Ethics Statement

All clinical investigations were conducted according to Declaration of Helsinki principles. Sera from cases and benign masses were collected under the Pelvic Mass Protocol (Brigham and Women’s Hospital Institutional Review Board Protocol 2000-P-001678) and the New England Case Control Study (Dana-Farber Cancer Institute Institutional Review Board Protocol 05–060) (22). Samples for the present study were collected between 2001 and 2016. All subjects were enrolled after signing written informed consent.



Animals

Animal experiments were conducted in accordance with the Dana-Farber Cancer Center Animal Resource Facility Ethics Guidelines (IACUC protocol 13-043). All animals were 8-week old female NOD-SCID-Gamma (NSG) immunocompromised mice obtained from the Jackson Laboratory (Bar Harbor, Maine).



Development of Engrafted Murine Models

Three luciferized human high-grade serous ovarian cancer (HGSOC) cell lines (COV362, Kuramochi, and OVSAHO) were grown in DMEM-F12 medium with 5% fetal bovine serum and 1% penicillin/streptomycin at 37° Celsius with 5% CO2. Prior to injection, lines were tested for mycoplasma infection via the Mouse/Rat Comprehensive Clear Panel (Charles River Research Animal Diagnostic Services, Wilmington, Massachusetts). Cell line identities were confirmed by short tandem repeat loci testing (ATCC, Manassas, Virginia). Ten NOD-SCID-Gamma (NSG) immunocompromised mice were obtained from the Jackson Laboratory (Bar Harbor, Maine) and divided in 4 groups for injection. Three mice received COV362 cells, 3 mice received Kuramochi cells and 3 mice received OVSAHO cells injected with the technique as described below. These mice were injected with a total of 5 million tumor cells. One mouse served as a control mouse in each cage and did not receive tumor cells. All animals were routinely monitored for signs of poor condition and euthanized according to animal staff recommendations.

On day 1 of the experiment, the control mouse underwent peritoneal injection with 200uL of a 1:1 mixture of Matrigel® Matrix (Corning) and DMEM F12 media. The other mice were injected with 200uL of a 1:1 mixture of Matrigel and 5 million HGSOC cells. On day 8 all mice underwent injection with 200uL of 30mg/mL D-luciferin and images were acquired starting 10 minutes after luciferin injection. Immunofluorescence imaging data was collected at this time point to verify tumor engraftment. Mice were then euthanized. Tissue samples were harvested via micro-dissection techniques. Tissues were then plated with Beetle Luciferin (15.0 mg/mL) at a 1:100 dilution with media and then imaged with a plate reader for 2 minutes to identify microscopic tumors. Additional tumor-bearing tissues were then embedded in optimal cutting temperature compound (OCT) and snap frozen for histologic analysis. These OCT-embedded tissues were then cut via a cryotome and then placed on slides for hematoxylin and eosin staining and immunohistochemistry for PAX8 antibodies to further confirm tumor engraftment.



Identification of Serum miRNA From Engrafted Human HGSOC in a Low-Volume Murine Model

After confirming that the HGSOC cell lines engrafted in mice, the same human HGSOC cell lines (COV362, Kuramochi, and OVSAHO) were used to model low-volume disease and collect murine serum for analysis. The experiment was repeated twice for a total of 10 mice in each treatment group (40 mice total). Mice underwent a baseline submandibular blood collection prior to tumor inoculation. On day 1 of the experiment, 5 control mice per experiment underwent intraperitoneal injection with 200uL of a 1:1 mixture of Matrigel® Matrix (Corning) and DMEM F12 media. In parallel, 5 experimental mice per group per experiment were injected with 200uL of a 1:1 mixture of Matrigel and 500,000 cells of COV362 cells, Kuramochi cells, or OVASHO cells. On day 5, the mice underwent another submandibular blood collection and injection with 200uL of 30mg/mL D-luciferin. Images were acquired starting 10 minutes after luciferin injection. The immunofluorescence data was collected at this time point to verify tumor engraftment. On day 28 another round of immunofluorescent imaging was completed identically to the day 5 procedure and the mice underwent another submandibular blood collection. Mice were monitored for tumor growth and general health and then euthanized on day 28, unless moribund earlier. All animals were routinely monitored for signs of poor condition and euthanized per animal staff recommendations.

Serum from each collection time point was aliquoted into a 96-well PCR plates and subsequently all serum was analyzed using oligonucleotide probes to miRNAs using the Fireplex platform (Abcam, Cambridge, MA). This assay involves extracting miRNAs from crude biofluid followed by hybridization to target-specific probes embedded in barcoded hydrogel particles. The labeled miRNAs then undergo one-step RT-PCR with a biotinylated primer. PCR products are then re-hybridized to the original particles and are incubated with a reporter for detection. A flow cytometer is then used to detect the particles. Signals generated are proportional to the average amount of fluorescent target bound to the particles. The miRNAs investigated in this experiment were based on the 14 predictive miRNAs and 9 miRNAs with relatively stable serum levels (“normalizers”) identified previously by Elias, et al. (9). The predictive miRNAs were: miR-23b-3p, miR-29a-3p, miR-32-5p, miR-92a-3p, miR-150-5p, miR-200a-3p, miR-200c-3p, miR-203a, miR-320c, miR-320d, miR-335-5p, miR-450b-5p, miR-1246 and miR-1307-5p. Controls included miRNAs from other species to correct for background fluorescence, spike-in positive controls, and no specimen blanks.

The experimented was then repeated with a distinct HGSOC cell line, OVCAR8. A total of 30 mice were used (15 controls and 15 xenografts). The xenograft mice were divided into 3 groups: 5 mice received an injection of 50,000 cells, 5 mice received an injection of 500,000 and 5 animals were injected with 5 million cells. Mice were randomized among cages using a random number generator (www.random.org). Similar to the prior experiments, baseline, day 5 and day 28 submandibular blood samples were collected, and bioluminescent imaging was obtained. Serum samples in triplicate were randomized onto plate locations for analysis using a random sequence generator (www.random.org), with technical replicates randomized from another. Investigators were blinded to the treatment allocation during the interpretation of the bioluminescent images and the analysis of the serum samples. Experimental group identities were assigned using a coded key once the analysis was complete to construct the receiver operating characteristic curves.



Multilayer Perceptron Neural Network Design

To design a model to distinguish between murine control and tumor-bearing serum samples, a multilayer perceptron model (MLP) was employed. This is an artificial neural network consisting of, in our case, 3 layers of nodes: an input layer, a hidden layer and an output layer. Serum samples were allocated to training (used for model development) and testing (used to evaluate training, overfitting and cut-off calibration) sets. The testing and training sets were derived from the experiment utilizing 500,000 cells of COV362, Kuramochi and OVSAHO lines. In total, 40 animals were used: 10 controls and 10 inoculated with cells of each of the three cell lines, with serum samples processed in triplicates. The serum from this experiment was randomly assigned using a random number generator (www.random.org): 25% to the test set and 75% to the training set. An independent validation set then consisted of the serum data from the OVCAR8 experiment as described above (30 mice: 15 controls, 15 inoculated with tumor cells). Expression of 9 normalizer miRNAs, previously described in Elias et al., was assayed simultaneously to the 14 predictive miRNAs (9). Analysis was then conducted on 15,000 models with the top 15 models evaluated manually. The previously defined 14 miRNAs were normalized to the top two most stable miRNAs in the FirePlex assay (miR-222 and miR-181a) (23). The MLP model was created with an empirically optimized number of neurons in the hidden layer and empirically selected linking functions. Once created, the network was refined by removing miRNAs starting with those classified as least useful for network performance in terms of overall error of classification. This allowed for an empirically optimized number of neurons in the hidden layer and empirically selected linking functions. This process was repeated until no further miRNAs could be removed. The final model included: miR-150, miR-200a, miR-200c, miR-203a, miR-320d, miR-335 and miR-405b.

For the human samples, the neural networks were constructed similarly. Samples were randomized 3:1:1 to training, testing, and validation sets using a random number generator (www.random.org). We built over 100000 neural networks based on the 14 signature miRNAs and retained the best one in terms of performance in properly assigning cases to classes in the test set. The networks were built in a semi-automated way. Their structure was of a multilayer perceptron with a number of neurons in the hidden layer iteratively optimized from (n variables)/3 to (n variables)*1.5 to avoid overfitting. Admissible linking functions between the neuron layers were linear, logistic, hyperbolic tangential, and exponential. Neuron weights were calculated using the BFGS (Broyden-Fletcher-Goldfarb-Shanno) algorithm and the network was trained in each epoch using an error back-propagation algorithm to optimize weights in each pass. The code files for the neural networks used for all analyses are available in the Supplementary Materials.



Human Samples

Serum samples were collected fresh in 13 × 75 mm BD Vacutainer Plus Plastic Serum tubes (BD Life Sciences, Franklin Lakes, NJ) with spray-coated silica. Samples were allowed to clot 1 hour at room temperature before processing, then spun down by centrifugation at 1300 x g x 10 min, aliquoted into 1.5 ml vials and stored at – 80 C. Samples were thawed and aliquoted for the current study and then refrozen. There was no overlap of subjects between the current study and our prior report (9). For each study subject, pathology reports were re-reviewed to confirm clinical information and to accurately stage patients according to the most recent staging guidelines from the International Federation of Gynecology and Obstetrics (FIGO) (24).



Next Generation Sequencing

Sample preparation, library construction, and miRNA sequencing were performed by Qiagen, Inc. (Frederick, MD). 500 μl of human serum from each sample were analyzed in duplicate. Total RNA from each serum sample was isolated using the manufacturer’s protocol optimized for serum. The quality of the isolated RNA was checked using qPCR. Total RNA was converted into microRNA NGS libraries using the NEBNEXT library generation kit (New England Biolabs Inc., Ipswich, MA). Adaptors were ligated to its 3’ and 5’ ends and converted into cDNA. cDNA was pre-amplified with specific primers containing sample-specific indices. After 18 cycles of pre-PCR the libraries were purified on QiaQuick columns and the insert efficiency evaluated by a Bioanalyzer 2100 instrument on a high sensitivity DNA chip (Agilent Inc., Lexington, MA). The microRNA cDNA libraries were size fractionated on a LabChip XT (PerkinElmer Waltham, MA) and a band representing adaptors and a 15–40 bp insert excised. Samples were then quantified using qPCR and concentration standards. Based on the quality of the inserts and the concentration measurements, the libraries were pooled in equimolar concentrations, quantified again with qPCR, and the optimal concentration of the library pool used to generate the clusters on the surface of a flowcell before sequencing using v3 sequencing methodology according to the manufacturer instructions (Illumina Inc., Dedham, MA). Samples were sequenced on the Illumina NextSeq 500 system (Illumina Inc., Dedham, MA) using a single-end read length of 50 nucleotides at an average of 10 million reads per sample. On the raw reads, adapter trimming and filtration was performed (using fastp tool https://github.com/OpenGene/fastp). Preprocessed reads were further mapped to the miRbase (version 22, http://www.mirbase.org/) using bowtie mapper (version 1.2.3). Feature counts were converted to tags per million (TPM) without correction for the library size.




Results


Human miRNAs Associated With Ovarian Cancer Are Detectable in the Serum of Murine Ovarian Cancer Xenografts

In our prior report, we presented a panel of 14 miRNAs which could distinguish women with ovarian cancer from those with benign pelvic masses or healthy controls (9). To test the feasibility of measuring these same miRNAs in the circulation of xenografts, we inoculated immunocompromised mice with intraperitoneal tumors using three human ovarian cancer cell lines (Kuramochi, COV362, and OVSAHO) known to generate small tumor implants (25). Tumors were identified by microdissection and ex vivo bioluminescent imaging with a high sensitivity charge-coupled device (CCD) camera. This technique allowed identification of tumors less than 1 mm in diameter, which could be identified in all 3 cell lines (Figure 1A). The small volume implants were then confirmed by histologic examination and immunohistochemical staining using the Mullerian carcinoma marker PAX8 (Figure 1B). Mice were inoculated with 500,000 cells per mouse or PBS control (n=10 per cell line or control), and then assessed serially by bioluminescent imaging over 28 days (Figure 1C). Whereas serum miRNA levels remained stable in control animals, tumor growth was associated with a progressive increase in serum levels of several tumor-associated miRNAs (Figure 1D).




Figure 1 | Low volume disease model of ovarian cancer growth. (A) Photograph (l) and bioluminescent images (r) of explanted organs showing sub-millimeter tumor growth at 1 week post-implantation. (B) Micrographs of miliary lesions as seen by hematoxylin and eosin (l) and immunohistochemical staining for the serous carcinoma marker PAX8 (r). (C) Bioluminescent images of mice taken 28 days post-injection with 500,000 tumor cells. (D) Serial miRNA levels among control (n = 5) vs. tumor bearing (n = 15) mice. p-values for trend from baseline to 28 days. (E) Receiver operating characteristic curve for the neural network using the full 14 miRNA signature (AUC = 0.88) or (F) a reduced set of 7 miRNAs (AUC = 0.85).



The sera from the mice were then randomly divided into training and test sets. Following our previously described method, a neural network in the form of a multilayer perceptron (MLP) was trained using the 14 miRNAs. The model had good performance, with an AUC of 0.88 (95%CI 0.81-0.95; Figure 1E). There was little evidence of overfitting with overall accuracy being similar for the training set and the test set. In the training and test sets, sensitivity, specificity and accuracy equaled: 82.6%/84.1%/83.3% and 76.9%/93.8%/86.2%, respectively. To refine the model, we performed a global sensitivity analysis, removing the miRNAs that contributed the least to model performance. This reduced set consisted of only 7 miRNAs: hsa-miR-150, hsa-miR-200a, hsa-miR-200c, hsa-miR-203a, hsa-miR-335, hsa-miR-450b, and hsa-miR-320d. The simpler model had a similar AUC of 0.85 (95%CI 0.77-0.93; Figure 1F) but relied on fewer markers. For the training and testing sets the sensitivity, specificity, and overall accuracy of the reduced model were 73.9%/86.4%/80.0% and 76.9%/87.5%/82.8%, respectively. The row measurements in duplicates and group assignments are available in Supplementary Data Sheet 1 (experiments 1 and 2).



miRNAs Identify Mice Bearing Unrelated Tumors Regardless of Tumor Volume

Notably, Kuramochi, COV362, and OVSAHO all bear mutations in BRCA1 or BRCA2. To validate the performance of the model in a non-BRCA mutated cell line, as well as to test the sensitivity of the model to low volume disease, we examined murine xenografts implanted with a fourth ovarian cancer cell line, OVCAR8 (n=30), not used to train the previous models and known to be wild-type for BRCA1 and BRCA2. Mice received a logarithmic dose range of tumor cells: 50,000, 500,000, or 5 million cells injected intraperitoneally. Tumor injection volumes or PBS placebo injection assignments were randomized among the cages (Figure 2A). Bioluminescent imaging and serum miRNA measurements were performed blinded to the inoculum groups. The serum miRNA profiles distinguished tumor-bearing mice from controls, but profiles did not cluster by tumor inoculum (Figure 2B). This suggests that over the course of the study serum miRNA levels reached a steady-state. Consistent with this hypothesis, the 7-miRNA neural network produced 100% sensitivity at 86.7% specificity for discriminating tumor-bearing mice from control mice (overall accuracy of 93.3%) (Figure 2C). Although there were two false-positives, the model correctly identified all tumor-bearing mice regardless of the original tumor inoculum. The row values of the measurements for this part of the analysis are available in Supplementary Data Sheet 2 (experiment 3).




Figure 2 | Validation of the low volume disease model in an independent cell line across tumor volumes (n = 30). (A) Bioluminescent images of mice taken 28 days post-injection. Groups were randomized among the cages. (B) Unsupervised hierarchical clustering using only the 14 miRNAs previously reported in the serum neural network. (C) Predicted probability of cancer in the serum samples at 28 days using a neural network model. The cut-off for a positive test was set at 50%.





Serum miRNAs Can Distinguish Human Cases of Early-Stage Ovarian Cancers From Benign Masses or Healthy Controls

Having shown experimentally that the serum miRNA neural network is relatively insensitive to tumor volume, we next assessed the performance of the model among specifically early-stage cases (FIGO stage I-IIIA2). Small RNA sequencing was used to generate serum miRNA profiles of 275 study subjects comprising 75 cases, 100 benign adnexal masses, and 100 healthy controls (Table 1). Cases, benign masses, and controls were matched for age (mean 57, 55, and 55 years, respectively). The mean CA-125 among cases was 401 IU/ml (range 2-3725), with 19 cases (25.3%) having a CA-125 < 35 IU/ml, which is the upper limit of normal in a post-menopausal woman, and 42 cases (56%) having a CA-125 < 200 IU/ml, which is the upper limit of normal in a pre-menopausal woman. Among the cases, 44 (58.7%) were high-grade histologies.


Table 1 | Early-stage case-control cohort.



In univariate analysis of the miRNA profiles, the components of the miRNA serum signature were well-represented (Figure 3A). However, as we have described in prior reports, univariate measures of serum miRNA expression were insufficient to classify samples based on hierarchical clustering (Figure 3B). The samples were then divided into training, testing, and validation sets in proportions of 3:1:1 for calibration of the animal model to the human samples. For the validation set, the model had an AUC of 0.87 (95%CI 0.84-0.94; Figure 3C). Using a predicted probability for cancer of 50% as the cut-off for a positive test result, the model had 73% sensitivity at 91% specificity for distinguishing early-stage ovarian cancers from benign adnexal masses or healthy controls.




Figure 3 | Testing the 14-miRNA signature in the early-stage ovarian cancer cohort (n = 275). (A) Volcano plot for all miRNAs in the samples. Selected miRNAs from the neural network are highlighted. Values adjusted for multiple testing. (B) Unsupervised hierarchical clustering using only the 14 miRNAs previously reported in the serum neural network. (C) Receiver operating characteristic curve for the neural network to distinguish early-stage cancer from benign masses or healthy controls (AUC = 0.87). (D) Modeling the performance of the neural network classifier by disease prevalence among hypothetical populations.



Notably, ovarian cancer has a low prevalence in an unselected general population. Therefore, we modeled how the performance of the miRNA classifier would vary based on disease prevalence. Based on these results, we hypothesize that application of the test would require a population with an underlying disease prevalence of at least 1% (Figure 3D). Among such a population, a positive test result would indicate an almost 8-fold increased risk of ovarian cancer, which could then prompt further evaluation, while maintaining a negative predictive value of 99.71%.




Discussion

In this study, we investigated the effects of two variables which might impact a neural network based on serum miRNAs, namely disease volume and disease stage. In our animal model, the miRNAs were able to detect tumors below the threshold of bioluminescent imaging and at tumor volumes not visible to the human eye. The predictive capacity for the model translated well to a large cohort of early-stage human samples, covering a variety of histologies and clinical presentations.

miRNAs have been studied extensively in both ovarian cancer as well as other solid tumor disease sites. Due to the stability of miRNAs in serum, miRNAs are particularly attractive as diagnostic biomarkers for early-stage disease. For example, Tang, et al. compared miRNAs from 36 early-stage gastric cancer patients to those from 12 healthy individuals and described how a subset of the miRNAs could serve as potential non-invasive biomarkers for early diagnosis of gastric cancer with AUC of up to 0.786 (26). Similarly, in prostate cancer, Fredsoe, et al. published a study utilizing 753 patients including those with benign prostatic hyperplasia, localized prostate cancer, advanced prostate cancer, and non-cancer controls. The authors were able to build a model based on 4 miRNAs in combination with clinical factors that outperformed PSA alone with AUC 0.84 (27). Among gynecologic malignancies, the role of miRNAs has also been studied in endometrial adenocarcinoma. Wang et al. recently published a machine-learning model using TCGA atlas data which identified 9 miRNAs as diagnostic markers with overall correct rates of distinguishing benign from tumor tissue of > 95% (28). 5 miRNAs were then used to construct a prognostic model which identified patients at high risk of mortality more accurately than clinical stage (28). Non-coding RNAs appear to play an essential role in endometrial cancer pathogenesis, and non-coding RNAs may prove to be useful prognostic biomarkers for risk stratification of patients (29, 30).

The miRNAs utilized in the machine learning models presented in this study were chosen based on prior reporting suggesting that these miRNAs could distinguish ovarian cancer cases from controls (9). The miRNAs utilized in this model have been associated with many different functions. miR-150 has been associated with promoting ovarian cancer cell motility as well as enhancing apoptotic and anti-tumor effects of paclitaxel (31, 32). miR-200a has been shown in recent work to promote malignant behaviors through regulation of PCDH9 as well as invasion and metastasis via the ZEB axis (33, 34). Additional work has suggested this miRNA may promote cell invasion and migration through the PTEN pathway (35). A key feature of the neural network approach is that it can account for miRNAs that are either downregulated or upregulated. For example, miR-200c appears to be associated with anti-tumor properties (36). miR-203a has been shown to hinder the proliferation, migration and invasion of ovarian cancer cells through modulation of the AkT/GSK-3β/Snail signaling pathway (37). miR-335 has been studied both as a prognostic marker and in association with cisplatin sensitivity with several studies suggesting that this miRNA may be associated with a favorable prognosis through its actions within the BCL2 pathway (38–41). Utilizing the neural network approach allows a more comprehensive summary of various biologic processes which together may collectively point towards tumor growth.

The current study builds upon the prior report by showing that the serum miRNAs previously used to develop a general ovarian cancer diagnostic classifier can also be used to detect low-volume disease, potentially below the threshold of imaging. This may flag patients earlier in their disease course with asymptomatic, lower-volume disease where primary cytoreduction is closely linked to improved survival (42). Another potential application of this serum miRNA signature could be to apply it as a diagnostic tool for recurrences, although we did not test that possibility. Currently ovarian cancer recurrences are identified by rising CA-125 and or imaging such as computed tomography or PET scan and can be confirmed with biopsy as needed. A serum miRNA signature might allow for a non-invasive, “liquid biopsy” test to confirm recurrence without radiation or invasive biopsy.

We believe our study has several unique strengths. The neural network was verified with an independent cell line not used in the model creation and was tested over a range of tumor inoculums. In the clinical dataset, we tested our model specifically with early-stage patients, which are usually poorly represented in screening studies. We did not restrict our clinical dataset to only serous histology patients but rather reflected the heterogeneity of early-stage ovarian cancers seen in clinical practice. Even so, high grade histologies were well-represented. Moreover, we showed that we can distinguish ovarian cancers specifically from their benign histologic counterparts, which is a higher bar of stringency than if we had included other types of benign ovarian masses, such as simple cysts, benign teratomas, or fibromas, which are easily classified as benign based on sonographic imaging.

This study has several limitations as well. The cell line models used to create the xenograft neural network all had homologous repair defects (43). It is possible that BRCA-mutated ovarian tumors have a distinct miRNA profile as compared to BRCA wild-type cells and therefore this work may not be as applicable to women with BRCA wild-type tumors. However, the validation cell line OVCAR8 does not have a BRCA mutation, which implies that the neural network’s applicability is not restricted to BRCA mutated tumors. Moreover, among the patient samples we were agnostic to mutation status in most cases, and the model performed similarly. Similarly, the patient dataset included both tumors with favorable prognoses, such as Stage I, Grade 1 endometrioid adenocarcinomas, as well as tumors with relatively poorer prognoses, such as Stage II, Grade 3 serous adenocarcinomas. While one might argue that a tumor signature should focus only on aggressive histologies, a model which excludes other histologies risks providing false reassurance to patients and causing these highly curable tumors to be diagnosed at later stage, when the prognosis is similarly poor (44). Finally, the utility of the current model appears to be limited to high-risk populations, defined as those with an ovarian cancer prevalence of at least 1%. This is notably much lower than the prevalence of ovarian cancer in the general population, which is 0.07%. Clearly, improvements to the model would be needed to move towards general population screening. However, as no screening tools currently exist even for BRCA1 mutation carriers, who have a 40% lifetime risk of ovarian cancer, we think that developing a screening tool with high sensitivity and negative predictive value in high-risk populations alone would already be a significant step forward.

In conclusion, a neural network model derived from miRNA serum signatures can identify either low volume or early-stage tumors. Whether the model can identify tumors that are both low volume and early stage will require larger human studies of patients with low volume, early-stage disease. In future studies, we hope to consider how a miRNA serum signature may be useful as an adjunct to other modalities to develop reliable screening for women at high risk for ovarian cancer.
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Background

Ovarian cancer (OC) is the most lethal gynecological malignancy worldwide. Increasing evidence indicates that TBC domain family is implicated in various cellular events contributing to initiation and development of different cancers, including OC. However, the role of TBC1D2, a crucial member of TBC domain family, remains unclear in OC.



Methods

IHC and qRT-PCR were employed to determine TBC1D2 expression in OC tissues and cells. In vitro and in vivo assays involving proliferation, migration, invasion were performed to explore the role of TBC1D2 in OC development. The underlying mechanism by which TBC1D2 promotes OC metastasis were elucidated using bioinformatics analysis, western blotting and co-immunoprecipitation.



Results

Upregulation of TBC1D2 was found in OC and was associated with a poor prognosis. Meanwhile, TBC1D2 promoted OC cell proliferation, migration, and invasion in vitro and facilitated tumor growth and metastasis in vivo. Moreover, TBC1D2 contributed to OC cell invasion by E-cadherin degradation via disassembling Rac1-IQGAP1 complex. In addition, miR-373-3p was screened out and identified to inhibit OVCAR3 invasion via negative regulation of TBC1D2.



Conclusion

Our findings indicated that TBC1D2 is overexpressed in OC and contributes to tumor metastasis via E-cadherin degradation. This study suggests that TBC1D2 may be an underlying therapeutic target for OC.





Keywords: ovarian cancer, metastasis, TBC family, TBC1D2, E-cadherin



Introduction

Ovarian cancer (OC) is one of the three most common gynecological malignancies with the highest mortality rate among all gynecological malignancies (1). In 2020, an estimated 313,959 new cases of ovarian cancer occurred, accompanying 207,252 deaths worldwide (2). Due to the lack of specific early symptoms and effective screening strategies, up to 70% of high-grade serous ovarian cancer patients are in advanced stage along with metastasis, with a 5-year overall survival (OS) rate less than 30% (1, 3). Although a great deal of work has been conducted on early detection and diagnosis of ovarian cancer, numerous trials have failed to identify effective approaches and biomarkers (4). From this perspective, it is imperative to focus on the underlying mechanisms and targeted molecular agents of ovarian cancer.

TBC/RabGAPs (Tre2–Bub2–Cdc16 domain-containing RAB-specific GAPs) family contains a highly conserved TBC domain that inactivates Rabs by facilitating hydrolysis of Rab-associated guanosine triphosphate (GTP) into guanosine diphosphate (GDP) (5). TBC1D2, a key member of TBC/RabGAPs family, mediates crosstalk between Rac1 activation and Rab7 cycling (6, 7). TBC1D2 also coordinates the function of these two small GTPases during specific biological processes, including scattering, transport, and autophagy (8). Besides, TBC1D2 modulates Rab7 cycling through Rac1 activation to promote E-cadherin degradation in EGF-induced scattering and Arf6-dependent disassembly of junctions (7). Moreover, TBC1D2 regulates endocytic trafficking by inhibiting Rab7, a key regulator of lysosomal function (8). However, the biological functions and potential mechanisms of TBC1D2 in human OC remain unknown.

The prognosis of patients with ovarian cancer are tightly linked with tumor metastasis, and metastatic dissemination accounts for a vast percentage of mortality (9). The adherens junctions are the most vital cell-cell adhesion parts which are responsible for maintaining a coherent primary tumor mass. And disruption or disintegration of adherens junctions, which are composed of E-cadherin/β-catenin/α-catenin complexes, contributes to the tumor dissociation, dissemination and metastasis (10). E-cadherin, a member of the cadherin family, plays a major role in maintaining intercellular adhesion and controls metastatic progression (11). What’s more, an inverse correlation was demonstrated between E-cadherin expression and tumor cell invasion and motility and similarly with metastatic disease in cancer patients (12).

Herein, to elucidate the vital role of TBC1D2 in ovarian carcinogenesis and development, we performed bioinformatic analysis and a series of functional experiments in vitro and in vivo. Our study revealed that TBC1D2 is overexpressed in ovarian cancer and is associated with a poor prognosis. Moreover, TBC1D2 promotes migration and invasion of OC cells via E-cadherin degradation. Our findings indicate that TBC1D2 may be a promising therapeutic target for OC therapy.



Material and Methods


Cell Culture and Tissue Collection

The epithelial ovarian cancer cells lines, including OVCAR3, A2780 and SKOV3 were obtained from the National Collection of Authenticated Cell Cultures (Shanghai, China). OVCAR3 and A2780 cells were cultured in RPMI-1640 medium, whereas SKOV3 cells were cultured in DMEM (Thermo Fisher Scientific, Waltham, MA, USA). They were supplemented with 10% fetal bovine serum (Sangon Biotech, Shanghai, China) and 1% penicillin-streptomycin (Solarbio, Beijing, China) at 37°C in 5% CO2. All OC cell lines were authenticated using short tandem repeat DNA testing at the Center for DNA Typing of the Fourth Military Medical University (FMMU, Xi’an, China).

OC tissue samples were collected from 100 patients who underwent surgery without neoadjuvant chemotherapy at the Department of Obstetrics and Gynecology of the First Hospital of Lanzhou University (Lanzhou, China) from 2011 to 2020. The clinical characteristics of OC patients are listed in Supplementary Table S1. All participants provided written informed consent. This study was approved by the Ethics Committee of the First Hospital of Lanzhou University.



Collection of Public Datasets and Bioinformatics Analysis

TCGA-OV dataset was obtained from the TCGA data portal (https://portal.gdc.cancer.gov/) in March 2021, containing transcriptome profiling data on 374 OC samples with clinical information, including survival time and survival status. Clinical characteristics of patients from TCGA-OV cohort are summarized in Supplementary Table S2. Three mRNA expression datasets of OC tissues [GSE66957, GSE12470 (13) and GSE40595 (14)] were downloaded from the Gene Expression Omnibus database (Supplementary Table S3). Gene Expression Profiling Interactive Analysis (GEPIA2, http://GEPIA2.cancer-pku.cn) was used to analyze TBC1D2 mRNA expression and patient survival of TCGA-OV dataset.



Plasmid Construction and Transfection

To overexpress TBC1D2 in ovarian cancer cells, its coding sequence was amplified from cDNA derived from A2780 cells using primers containing BamHI and EcoRV restriction sites and then cloned into pcDNA3.1 expression vector (Thermo Fisher Scientific, Waltham, MA, USA). To generate small hairpin RNA expression vectors, the small hairpin RNA containing specific sequences targeting the human TBC1D2 mRNA sequence was cloned into pGPU/GFP/Neo vector (Genepharma, Shanghai, China). All Small interfering RNAs (siRNAs) were constructed by GenePharma (Shanghai, China) and their sequences are listed in Supplementary Table S4. The cells were plated in 6-well plates at approximately 70% confluence 24 h before transfection using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA) according to manufacturer’s protocol. Briefly, 4.5 μg plasmid or 8 μL siRNA treatments were mixed with 500 μL Opti-MEM containing 8 μL Lipofectamine 2000 for 6 h. Western blotting or functional studies were performed 72 h after transfection. Cell lines stably expressing shTBC1D2 or TBC1D2 in OVCAR3 and A2780 cells were established using G418 sulfate (OVCAR3, 400 μg/mL, A2780, 500 μg/mL for five days; Millipore Sigma, Burlington, MA, USA) treatment following transfection. The primers used are listed in Supplementary Table S4.



Cell Viability Assay

A cell counting kit-8(#C0039, Beyotime, Shanghai, China) was used to perform cell counting. Briefly, cells were seeded into 96-well plates at 2,000 cells/well. After the cells adhered, add 100 μl of medium containing 10% CCK-8 reagent and incubate for 1 hour. The absorbance value was detected at 450 nm using a microplate reader.



Cell Proliferation Assay

5-Ethynyl-2’-deoxyuridine (EdU) incorporation assay was performed according to manufacturer’s protocol (#C10310-1; Ribobio, Guangzhou, China). Briefly, 2×104 cells/well were seeded into 24-well plates. One day after seeding, each well received 200 μL of complete medium with 50 μM EdU. OC cells were incubated for 1 h at 37°C. After fixation with 4% paraformaldehyde, the cells were stained with Hoechst and Apollo reaction cocktail. A fluorescence microscope was used to capture images. Following that, the ratio of EdU-positive cells to total cells within each microscopic was calculated. The experiment was performed in triplicate.



Apoptosis Assay

Following transfection with siRNA or expression vectors, ovarian cancer cells were cultured for two days. An Annexin V-FITC apoptosis detection kit (#BB-4101-3; Bestbio, Nanjing, China) was used according to manufacturer’s instructions. Fluorescence was detected using a flow cytometer (Beckman Coulter, CA, USA). The experiment was performed in triplicate.



Wound Healing Assay

The cells were plated in 6-well plates. When the cells reached confluence, we gently drew a vertical line with a plastic yellow pipette tip to create a mechanical wound. After washing with phosphate-buffered saline, the cells were incubated in a serum-free medium at 37°C. The healing conditions were photographed under a light microscope at 0 and 24 h. The scratch area was measured using ImageJ software. Relative migration rate = 24 h healing area/0 h wound area.



Transwell Migration and Invasion Assay

The cell invasion assay was performed using a 24-well transwell chamber (BD Biosciences, CA, USA). Matrigel was added to the upper chamber to mimic the normal extracellular matrix and incubated overnight. Subsequently, each upper chamber was supplemented with 2×104/100 μL OC cells. Each lower chamber contained 500 μL of DMEM and was supplemented with 20% FBS. After incubation for 48 h, the penetrated cells were fixed with 4% paraformaldehyde and stained with crystal violet. Finally, the invasive cells were photographed and counted. All assays were performed in triplicate.



Animal Experiment

The animal studies were conducted in accordance with National Institutes of Health (NIH) guidelines and approved by the Animal Care Committee of the Fourth Military Medical University (FMMU). For mouse xenograft experiment, 1×107 cells were injected subcutaneously into the flanks of BALB/c nude mice (4-6 weeks old). Tumor growth was evaluated weekly after injection. Tumor length (L) and width (W) were measured using a Vernier caliper, and the tumor volume (V) was calculated according to the formula V=L × W2/2. After 28 days, the mice were euthanized.

For in vivo metastasis assays, 1×107 cells were injected intraperitoneally into BALB/c nude mice (female, 4-6 weeks old). Survival status and the production of ascites were observed every week after injection. Five weeks after injection, the nude mice were euthanized, dissected and photographed.



Functional Enrichment Analysis

Gene ontology (GO) biological process and Kyoto encyclopedia of genes and genomes (KEGG) pathways were explored using genetrail3.0 (http://genetrail.bioinf.uni-sb.de/) (15), a website focused on advanced high-throughput enrichment analysis. The groups were divided according to TBC1D2 expression levels. And GSEA software(version, 4.0.3) was used to examine the distribution of the curated gene sets from the Broad Institute’s MsigDB (http://www.broadinstitute.org/GSEA/msigdb/index.jsp) in lists of genes ordered according to TBC1D2 expression (16) (Supplementary Table S5).



RNA Extraction, qRT-PCR and Western Blotting

Total RNA was extracted from ovarian cancer cells using E.Z.N.A.®Total RNA Kit I (#R6834; OMEGA Bio-Tek, Inc., GA, USA) according to manufacturers’ instructions, and 500 ng of total RNA was used in each reverse transcription reaction with PrimeScript™ RT reagent Kit with gDNA Eraser (Perfect Real Time) (#RR047A, TaKaRa, Beijing, China), according to manufacturers’ protocol. For western blotting, the cells were lysed in RIPA lysis buffer (#P0013B, Beyotime, Shanghai, China) supplemented with protease inhibitor cocktail (Invitrogen) for 30 min and then centrifuged at 12,000 × g for 10 min at 4°C. The protein supernatant was then boiled in 5×protein loading buffer for 5 min at 100°C, separated by SDS-PAGE, transferred onto PVDF membranes, and blocked in 5% skim milk for 1 h at room temperature. Primary antibodies (Supplementary Table S6) were incubated overnight at 4°C, and appropriate secondary antibodies were incubated for 1 h at room temperature. Immunoreactive bands were visualized using a ChemiScope 6000 Exp Chemiluminescence Imaging System (Clinx, Shanghai, China) after development with an enhanced chemiluminescence detection kit (Millipore, Darmstadt, Germany).



Immunohistochemical (IHC) Staining and Analysis

Immunohistochemical staining was performed using an IHC detection kit (Invitrogen, USA). According to manufacturers’ instructions, the antigen was restored by treating with boiling citrate buffer (pH=6.0) under pressure. After that, sections were incubated with primary antibodies at 4°C overnight. The color was developed using 3, 5-diaminobenzidine (DAB) substrate followed by hematoxylin counterstaining. The intensity (0, none; 1, faint yellow; 2, yellow; 3, brown) and proportion of positive cells (0, 0-9%; 1, 10-25%; 2, 26-50%; 3, 51-75%; and 4, 76-100%) were determined in five random microscopic visual sights per slide by two independent pathologists blinded to the clinical data. IHC scoring (0–12) was performed by multiplying the percentage of positively stained cells by the intensity. The median value of IHC score was chosen as the cut-off point for classifying low and high expression.



Co-Immunoprecipitation Assays

The Pierce Classic Magnetic IP/Co-IP Kit (Cat. No. 88805, Thermo Fisher Scientific, MA) was used for IP. Briefly, lyse the A2780 cells with treatment as indicated (around 1×107 cells) in 400 μL IP buffer (supplemented with 1×proteinase inhibitor cocktail and 1mM PMSF) by incubating on ice for 30 min, and centrifugate at 10,000g for 10 minutes at 4°C to collect protein supernatant. The protein sample was immunoprecipitated with 5-10 µg of antibody overnight at 4°C. Subsequently, 25 µL of fully suspended protein A/G magnetic beads were added and incubated at room temperature for 1.5 h. The complexes that bound to the protein A/G conjugate were washed and subjected to western blotting.



Luciferase Report Assay

To generate the luciferase reporter plasmid, PCR amplified 3’UTR regions of TBC1D2 containing putative binding sites for miR-373-3p were cloned downstream of firefly luciferase gene of pmirGLO Dual-Luciferase miRNA Target Expression Vector (Promega, WI, USA). The mutant luciferase reporter constructs of TBC1D2 3’UTR were generated using a QuikChange II XL Site-Directed Mutagenesis Kit (#200521, Agilent Technologies, Beijing, China). The PmirGLO empty vector was used as a normalization control. The plasmids described above were co-transfected with miR-373-3p mimic or mimic control following previous transfection procedure. The cells were lysed and analyzed using a Dual-Luciferase Reporter Assay Kit (Promega Corporation, Madison, WI, USA), according to manufacturer’s instructions. The firefly luciferase activity in each group was normalized to Renilla luciferase activity. The relative light units were measured using a microplate reader.



Statistical Analysis

All experiments were performed independently, at least in triplicate. GraphPad Prism 8.0 software (San Diego, CA, USA) was used for statistical analysis. All data are presented as mean ± standard error of mean (SEM) values from triplicate experiments. Statistical significance was set at P < 0.05. Differences between the two groups were analyzed using an independent samples t-test.




Results


TBC1D2 Is Upregulated in Ovarian Cancer and High Expression Level of TBC1D2 Is Associated With Poor Prognosis

To explore the role of TBC1D2 in ovarian cancer, we analyzed the mRNA expression in tumors from 426 OC samples and relevant normal tissues from 88 samples according to GEPIA 2 website. Much more TBC1D2 mRNA expression was found in tumor tissues compared with that in normal tissues (Figure 1A). Kaplan–Meier curves for overall survival of OC patients with different mRNA expression levels of TBC1D2 were plotted. The results revealed that OC patients with higher TBC1D2 mRNA expression (median as cutoff) lived with poorer prognosis (p<0.01; Figure 1B). We then analyzed mRNA expression of TBC1D2 using Gene Expression Omnibus database (GSE66957, GSE12470, and GSE40595). As we expected, the findings were consistent with above results based on GEPIA 2 (Figures 1C–E). Furthermore, immunohistochemistry was utilized to assess the protein expression level of TBC1D2 in OC tissues and peritumor tissues from 100 OC patients, and the result was in accordance with the findings above involving mRNA level of TBC1D2. (Figures 1F, G and Supplementary Table S7). Besides, we also found that patients with higher TBC1D2 expression (median as cutoff) had a poorer prognosis (Figure 1H). Additionally, TBC1D2 was also significantly increased in OC patients with old age, high grade, advanced stage, and metastasis (Figures 1I–L). These results suggested that TBC1D2 plays a vital role in OC development.




Figure 1 | TBC1D2 is upregulated in ovarian cancer and high expression level of TBC1D2 is associated with poor prognosis. (A) Expression of TBC1D2 in OC and normal tissues according to GEPIA 2 website. OC, ovarian cancer. (B) Overall survival rates of OC patients with high or low TBC1D2 expression level were evaluated by Kaplan–Meier plot and log-rank test according to GEPIA 2 website. (C–E) Expression of TBC1D2 in OC and normal tissues in GSE66957, GSE12470 and GSE40595 datasets. (F) Representative immunohistochemical staining images of TBC1D2 expression in human OC and peritumor tissues (n = 100). bar, 100μm. (G) IHC scores of TBC1D2 in OC tumor and peritumor tissues were evaluated in our cohort. (H) Overall survival rates of OC patients with high or low TBC1D2 expression level were evaluated by Kaplan–Meier plot and log-rank test. (I–L) IHC scores of TBC1D2 according to age, grade, stage and metastasis were evaluated in our cohort. Two-tailed Student’s t tests were used to determine the significance of differences between two groups; Log-rank tests were used to compare the overall survival between two groups; data are represented as mean ± SEM. *P < 0.05, **P < 0.01.





TBC1D2 Promotes Proliferation of OC Cells In Vitro and Tumor Growth In Vivo

The mRNA and protein expression levels of TBC1D2 were evaluated in several OC cell lines, and we found that TBC1D2 expressed most in OVCAR3 cells and barely expressed in A2780 cells (Supplementary Figures S1A, B). Subsequently, TBC1D2 knockdown and overexpression were performed respectively in OVCAR3 and A2780 cell lines (Figure 2A). To assess the effect of TBC1D2 on OC cell growth, CCK8 assays were performed and the results showed that TBC1D2 knockdown significantly decreased OVCAR3 cell viability, while overexpression of TBC1D2 promoted A2780 cell growth (Figure 2B). As depicted in Figures 2C, D, OVCAR3 cells with TBC1D2 knockdown showed much less EdU incorporation than the control cells, whereas TBC1D2 overexpression exhibited the opposite effect in A2780 cells. In addition, apoptosis assays revealed that OVCAR3 cells interfering with TBC1D2 activity showed a slight decrease in the percentage of apoptotic cells compared with that of the control group, while the opposite result was observed in A2780 cells (Supplementary Figures S1C, D). However, these results were not statistically significant. Next, the subcutaneous xenograft study was performed by subcutaneous injection of TBC1D2 knockdown or overexpressing cells using nude mice. Obviously, xenograft tumors grew smaller and slower in mice injected OVCAR3 cells with TBC1D2 knockdown than those in mice injected the control cells, while tumors grew bigger and faster in mice injected A2780 cells overexpressing TBC1D2 than those in the control group (Figures 2E–J).




Figure 2 | TBC1D2 prompts the proliferation of ovarian cancer cells in vitro and tumor growth in vivo. (A) Western blotting images of TBC1D2 in OVCAR3 and A2780 cells treated as indicated. siRNA1 or siRNA2, siRNA against TBC1D2; siCtrl, control siRNA; EV, empty vector; TBC1D2, overexpression vector encoding TBC1D2. (B) Growth curves of ovarian cancer cells treated as indicated. (C–D) EdU incorporation assays were performed to assess the proliferation ability of OVCAR3 and A2780 cells treated as indicated. Scale bars, 50μm. (E, H) Photographs of nude mouse xenografts generated by subcutaneous injection of OVCAR3 cells or A2780 cells treated as indicated; n = 5/group. (F, I) Tumor weights were measured and analyzed 28 days after injection. (G, J) Tumor volume curves of subcutaneous xenograft models from OVCAR3 cells or A2780 cells treated as indicated. Tumor volume was measured using vernier calipers every 7 days after subcutaneous implantation. Two-tailed Student’s t tests were used to determine the significance of differences between two groups; data are represented as mean ± SEM. *P < 0.05, **P < 0.01.





TBC1D2 Promotes the Migration and Invasion of OC Cells In Vitro and Tumor Metastasis In Vivo

To further elucidate the role of TBC1D2 in modulating OC development, wound healing assay and transwell assay involving cell migration and invasion were performed. The results demonstrated that knockdown of TBC1D2 significantly inhibited the ability of cell migration and invasion. In contrast, TBC1D2 overexpression played the opposite role (Figures 3A–F). Moreover, an in vivo OC metastasis model was constructed in nude mice to assess the effect of TBC1D2 on OC metastasis. As Figures 3G–J showed, the ability of OC metastasis and the number of metastatic nodules decreased when TBC1D2 was knocked down in OVCAR3 cells. On the contrary, TBC1D2 overexpression in A2780 cells enhanced the ability of tumor metastasis in vivo. Thus, these results imply that TBC1D2 promotes invasion and migration of OC cells and OC metastasis.




Figure 3 | TBC1D2 promotes the migration and invasion of OC cells in vitro and tumor metastasis in vivo. (A, B) Representative images and analysis of wound healing assays in OVCAR3 and A2780 cells treated as indicated. Scale bars, 100μm. (C, D) Representative images and analysis of transwell migration assays in OVCAR3 and A2780 cells treated as indicated. Scale bars, 100μm. (E, F) Representative images and analysis of transwell-Matrigel invasion assays in OVCAR3 and A2780 cells treated as indicated. siRNA1 or siRNA2, siRNA against TBC1D2; siCtrl, control siRNA; EV, empty vector; TBC1D2, overexpression vector encoding TBC1D2. Scale bars, 100μm. (G–J) Representative images of intraperitoneal metastases and number of metastatic nodules in each group were shown and analyzed; n = 5/group. Two-tailed Student’s t tests were used to determine the significance of differences between two groups; data are represented as mean ± SEM. *P < 0.05, **P < 0.01.





TBC1D2 Promotes Ovarian Cancer Progression by Upregulating RAC1 and IQGAP1 Expression

To explore the involved molecules and pathways by which TBC1D2 promotes OC development, the functional enrichment analysis was performed on 374 samples from TCGA. All samples were divided into TBC1D2 high-expression and low-expression groups according to the median of TBC1D2 FPKM. The biological processes and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways associated with high expression level of TBC1D2 were analyzed through Genetrail3.0 and we found that the results were primarily focused on regulating cell adhesion and immunocyte activation (Figures 4A, B). In addition, we also performed other function enrichment based on GSEA software. Similar to the previous results, these pathways were also enriched, including ECM receptor interaction, focal adhesion, B cell receptor signaling pathway, endocytosis, T cell receptor signaling pathway and natural killer cell mediated cytotoxicity (Supplementary Figure S2A).




Figure 4 | TBC1D2 promotes ovarian cancer progression by upregulating RAC1 and IQGAP1 expression. (A, B) GO analysis and KEGG pathway analysis based on the Genetrail3.0 website. (C) Venn diagram of 20 overlapping genes based on the significant biological processes shown in Figure 4A. (D) qRT-PCR analysis of 20 overlapping genes in A2780 cells treated as indicated. (E) qRT-PCR analysis of TBC1D2, RAC1 and IQGAP1 in OVCAR3 cells treated as indicated. (F) Correlation analysis between TBC1D2 expression and immune cell infiltration in OC. Two-tailed Student’s t tests were used to determine the significance of differences between two groups; data are represented as mean ± SEM. **P < 0.01.



To further determine the significant genes affected by TBC1D2, genes involved in the above biological processes were investigated. Twenty genes were identified to play roles in all ten pathways to promote tumor progression, including ADAM8, ARG1, AZU1, CD36, CD47, CEACAM1, ELANE, HMGB1, IQGAP1, ITGAV, LILRB2, MAPK14, NCKAP1L, PTAFR, PTPN6, PTPRC, PTPRJ, PYCARD, RAC1, and SIRPA (Figure 4C). Furthermore, 20 genes were screened using qRT-PCR analysis, and two (RAC1 and IQGAP1) were most significantly upregulated by TBC1D2 in A2780 cells (Figure 4D and Supplementary Figure S2B). Consistent with the above result, TBC1D2 knockdown significantly decreased RAC1 and IQGAP1 expression (Figure 4E), and data from TCGA-OV also supported our findings (Supplementary Figures S2C, D). These results indicated that TBC1D2 probably plays a vital biological role in OC progression by upregulating RAC1 and IQGAP1 expression. In addition, to define the specific relationship between TBC1D2 expression and the infiltrative level of different subsets of immune cells in OC microenvironment, Tumor Immune Estimation Resource (TIMER) was employed. As depicted in Figure 4F, TBC1D2 expression was positively correlated with several immune cells, including B cells, dendritic cells, and macrophages.



TBC1D2 Promotes Cell Invasion by Decreasing E-Cadherin via Disassembling Rac1-IQGAP1 Complex

RAC1 and IQGAP1 were reported to play key roles in regulating tumor cell adhesion (17). Furthermore, intercellular adherens junctions were stabilized when Rac1 binds to IQGAP1 (18, 19). However, Frasa MA et al. found that TBC1D2 could interact with RAC1 to promote the degradation of E-cadherin and the instability of cell-cell adhesion (7).

To investigate the specific mechanism by which TBC1D2 promotes ovarian cancer progression, we studied at first if TBC1D2 modulates OC cell migration and invasion through regulating RAC1 and IQGAP1. Therefore, RAC1 was interfered in A2780 cells stably overexpressing TBC1D2 and we found that RAC1 knockdown significantly suppressed migration and invasion of A2780 cells (Figures 5A–D). Similar phenomenon of IQGAP1 knockdown was observed compared with Rac1 knockdown (Supplementary Figures S3A–D). We then wonder whether TBC1D2 modulates the key molecules involving E-cadherin-mediated intercellular adhesion. Interestingly, the results of western blotting showed that TBC1D2 overexpression significantly decreased E-cadherin expression and increased the expression of Rac1, IQGAP1, β-catenin, and N-cadherin in A2780 cells, and vice versa in OVCAR3 cells (Figure 5E). Further, we investigated if TBC1D2 modulated the protein level of E-cadherin via RAC1 and IQGAP1 using western blotting. The results showed that interfering with RAC1 was able to weaken the increased IQGAP1 and decreased E-cadherin induced by TBC1D2 overexpression in A2780 cells, but interfering with IQGAP1 just weaken the decreased E-cadherin induced by TBC1D2 overexpression in A2780, which indicated that E-cadherin played a downstream role of Rac1 and IQGAP1 (Supplementary Figures S3E, F). Subsequently, ML327, a compound which plays a part in restoring E-cadherin expression, was used to perform a rescue experiment (Supplementary Figure S3G). The result of Transwell assay revealed that E-cadherin induced by ML327 (10 μM) significantly impaired the invasion capacity when TBC1D2 was overexpressed in A2780 cells (Figures 5F, G). Our findings indicated that TBC1D2 promoted OC cell invasion by RAC1 and IQGAP1 induced reduction of E-cadherin.




Figure 5 | TBC1D2 promotes cell invasion by decreasing E-cadherin via disassembling Rac1-IQGAP1 complex. (A-D) Representative images and analysis of wound healing assay and transwell invasion assay in A2780 cells treated as indicated. EV, empty vector; TBC1D2, overexpression vector encoding TBC1D2; siCtrl, control siRNA; siRac1, siRNA against Rac1. Scale bars, 100μm (E) Western blotting images of TBC1D2, Rac1, IQGAP1, β-catenin, E-cadherin, N-cadherin and β-actin in OVCAR3 and A2780 cells treated as indicated. siRNA1 or siRNA2, siRNA against TBC1D2; siCtrl, control siRNA; EV, empty vector; TBC1D2, overexpression vector encoding TBC1D2. (F, G) Representative images and analysis of transwell invasion assay in A2780 cells treated as indicated. EV, empty vector; TBC1D2, overexpression vector encoding TBC1D2. Scale bars, 100μm (H) Western blotting images of E-cadherin and β-actin in TBC1D2 overexpressed A2780 cells treated with MG132 or Chloroquine. (I) Co-IP of anti-Rac1 with TBC1D2 or IQGAP1 from A2780 cells treated as indicated. Equal amount of immunoprecipitated Rac1 from TBC1D2 overexpressed or control A2780 cells was loaded in WB assay. WCL, whole cell lysates. (J) Co-IP of anti-β-catenin with IQGAP1 or E-cadherin from A2780 cells treated as indicated. Equal amount of immunoprecipitated β-catenin from TBC1D2 overexpressed or control A2780 cells was loaded in WB assay. WCL, whole cell lysates. Two-tailed Student’s t tests were used to determine the significance of differences between two groups; data are represented as mean ± SEM. **P < 0.01.



Afterwards, to investigate the specific pathway involving E-cadherin downregulation when the cadherin junctions were disassembled, A2780 cells with TBC1D2 overexpression were treated with MG132 were treated with MG132 (a proteasome inhibitor, 10 μM, 12 hours) or chloroquine (a lysosome inhibitor, 100 μM, 12 hours) to suppress the degradation of proteins, and western blotting was used to evaluate the amount of E-cadherin. As demonstrated in Figure 5H, cells treated with chloroquine, not MG132, showed increased amounts of E-cadherin. The result indicated that it was lysosomal degradation that accounted for downregulation of E-cadherin after overexpression of TBC1D2. Furthermore, co-immunoprecipitation assays were used to demonstrated the underlying intermolecular interactions in A2780 cells. As shown in Figures 5I, J, overexpression of TBC1D2 increased the bindings of TBC1D2 to Rac1, leading to disintegration of Rac1-IQGAP1 complex. Thus, the bindings of free IQGAP1 to β-catenin increased, resulting in dissociation of E-cadherin-mediated intercellular adhesion. Taken together, these results indicates that TBC1D2 promotes cell invasion by lysosomal degradation of E-cadherin via disrupting Rac1-IQGAP1 complex.



miR-373-3p Inhibits Invasion of OVCAR3 Cells via Negative Regulation of TBC1D2

Numerous miRNAs are thought to act as tumor suppressors in various human malignancies (20, 21). To investigate whether miRNAs are involved in modulating TBC1D2 expression, potential miRNAs were predicted using miRDB (22), miRTarBase (23), and TargetScan databases (24). As depicted in Figure 6A, two underlying miRNAs (miR-373-3p and miR-17-5p) targeting TBC1D2 were identified. Although miR-17-5p has been previously reported to regulate endocytic trafficking by targeting TBC1D2 in cervical cancer (25), no significant changes were found between OC and peritumor tissues in our study (Supplementary Figure S4A). Then we focused on miR-373-3p and found that miR-373-3p negatively regulated TBC1D2 expression (Figure 6B and Supplementary Figure S4B). Further, we attempted to determine whether miR-373-3p could post-transcriptionally regulate TBC1D2 by luciferase reporter assay. 3’UTR regions of human TBC1D2 were cloned into pmirGLO dual-luciferase miRNA target expression vector and co-transfected with miR-373-3p mimic. The relative luciferase activity decreased significantly in TBC1D2-WT reporter compared with TBC1D2-MUT reporter, primarily because that miR-373-3p directly combined with the binding site on TBC1D2 3’UTR reporter (Figure 6C and Supplementary Figure S4C). Furthermore, we confirmed that miR-373-3p inhibited the invasion ability of OVCAR3 cells through downregulating TBC1D2 (Figures 6D–G). Additionally, we demonstrated that miR-373-3p could regulate the expression of E-cadherin and N-cadherin by modulating TBC1D2 expression (Figure 6H). These findings suggested that TBC1D2 played a critical role in OC cell invasion as a target of miR-373-3p.




Figure 6 | miR-373-3p inhibits invasion of OVCAR3 cells via negative regulation of TBC1D2. (A) Venn diagram of the putative miRNAs targeting TBC1D2 from miRDB, miRTarBase and TargetScan databases. (B) qRT-PCR analysis of TBC1D2 expression in OVCAR3 cells following transfection with miR-373-3p mimics or inhibitors. (C) The regulatory capacity of miR-373-3p on TBC1D2 was assessed by luciferase reporter assay in OVCAR3 cells treated as indicated. WT, wild type; MUT, mutation. (D-G) Representative images and analysis of transwell invasion assay in OVCAR3 cells treated as indicated. EV, empty vector; TBC1D2, overexpression vector encoding TBC1D2; siCtrl, control siRNA; siTBC1D2-1, siRNA against TBC1D2. Scale bars, 100μm (H) Western blotting images of TBC1D2, E-cadherin, N-cadherin and β-actin in OVCAR3 cells treated as indicated. Two-tailed Student’s t tests were used to determine the significance of differences between two groups; data are represented as mean ± SEM. **P < 0.01.






Discussion

Metastasis is definitely responsible for limited treatment and high mortality of epithelial ovarian cancer (26). Understanding the underlying mechanism of ovarian cancer metastasis at the molecular level will provide new insights into developing potential therapeutic targets and improving treatment (27). TBC domain-containing RAB-specific GTPase-activating proteins (TBC/RABGAPs), as negative regulators of RABs, are required for precise coordination of cell budding, transport, cytokinesis, membrane trafficking, and vesicle fusion (5). Recently, some TBC/RABGAPs were demonstrated as oncoproteins, which regulated cellular events relevant for oncogenesis and metastasis. For instance, Christine et al. found that TBC domain protein USP6/TRE17 could regulate HeLa cell migration and cytokinesis (28). Qi TF et al. demonstrated that elevated TBC1D7 expression promoted the invasion of melanoma cells in vitro, partly by modulating the activities of secreted matrix metalloproteinases 2 and 9 (29). In addition, Chen et al. reported that TBC1D8 drove oncogenesis and metabolic reprogramming of aggressive ovarian cancer cells (30). However, the clinical significance and potential roles of TBC1D2 were rarely explored in cancers.

This study investigated the expression profile of TBC1D2 in ovarian cancer and its clinical implications. We observed that high mRNA expression of TBC1D2 was strikingly associated with poor prognosis of OC patients. We attempted to evaluate the prognostic value of TBC1D2 in OC and our results indicated that it may be a promising prognostic biomarker for OC. Interestingly, previous studies of different cancers involving molecules in TBC1 domain family drew similar conclusions. For instance, being associated with poor outcome in breast carcinoma, TBC1D24 promoted cell proliferation through IGF1R/PI3K/AKT pathway (31). Being significantly up-regulated in OC cells and tissues, TBC1D8 drove OC development and metabolic reprogramming, and serves as an independent prognostic factor for OC patients (30). Meanwhile, we concluded in this study that high TBC1D2 expression negatively affects the prognosis of OC patients.

Aggravated cell invasion and migration lead to tumour metastasis, which is a hallmark of cancer and a non-negligible cause of cancer-related death, particularly in ovarian cancer (3, 32). Our data demonstrated that high TBC1D2 levels contributed to OC cell proliferation, invasion, and migration. In addition, different molecular biological functions of TBC1D2 have been explored in several studies. Bernadette et al. found that TBC1D2 coordinated Rac1 with Rab7 during autophagy in normal human keratinocytes. TBC1D2 overexpression induced the accumulation of enlarged autophagosomes, whereas TBC1D2 depletion significantly delayed autophagic flux (8). In addition, originally being an immunogenic tumour antigen, TBC1D2 may play a role in regulating cancer cell differentiation and growth (33). In conclusion, it could be suggested that TBC1D2 plays a vital role as an oncogene and promotes OC development.

Frasa MA et al. demonstrated that TBC1D2 promotes E-cadherin degradation via lysosomes (7). Similarly, we found that TBC1D2 played a vital biological role mainly in regulation of E-cadherin-mediated intercellular adhesion via modulating Rac1-IQGAP1 complex. To be more specific, Rac1-IQGAP1 complex and E-cadherin-mediated intercellular adhesion were stabilized when TBC1D2 was at a low expression level in normal ovarian epithelial cell. However, TBC1D2 was apt to competitively bind to Rac1 when TBC1D2 was at a relatively high expression level in OC epithelial cell. Subsequently, Rac1-IQGAP1 complex disintegrated and the free IQGAP1 was apt to competitively bind to β-catenin which was located in the adherens junctions, leading to dissociation of the intercellular adhesion and lysosomal degradation of E-cadherin, finally promoted cell invasion (Figure 7). Marei H et al (34). drew a similar conclusion that increased Rac1-IQGAP1 binding leading to reduced cell migration via stabilizing cadherin-mediated intercellular adhesions.




Figure 7 | Summary of study. Schematic depicting the underlying mechanisms through which TBC1D2, negative regulated by miR-373-3p, promotes ovarian cancer metastasis via E-cadherin degradation induced by disintegration of Rac1-IQGAP1 complex.



In addition, tumour immune infiltration is critical for OC progression. The current results suggested that TBC1D2 overexpression facilitates the infiltration of B cells, myeloid dendritic cells, and macrophages. To the best of our knowledge, immune cells infiltrating tumour microenvironment secrete interleukin-6 (IL-6), tumour necrosis factor-alpha (TNFα), transforming growth factor-beta (TGFβ), and growth factors to generate feedback loops that support tumour progression and metastasis (35–37). From this perspective, we can also conclude that high TBC1D2 expression levels probably promote OC metastasis. Furthermore, these findings indicate that TBC1D2 may be a promising target of OC metastasis and effectively response to immune therapy in OC management.

miRNAs are well known to play essential roles in regulating tumour development, particularly via RNA silencing or post-transcriptional regulation (20). Serva A et al. stated that TBC1D2 was identified as a miR-17-5p target gene in HeLa cells, and TBC1D2 depletion caused a decrease in intracellular transferrin (25). Interestingly, we predicted a new candidate microRNA targeting TBC1D2 based on three online databases. Additionally, we speculated that miR-373-3p binds directly to 3’UTR of TBC1D2 and induces mRNA degradation. miR-373 belongs to miR-371-3 cluster, which is transcribed from a location on chromosome 19q13.4 (38). Several studies confirmed the potential carcinogenic role of miR-373-3p in breast cancer (39), colorectal cancer (40) and testicular germ cell tumour (38). Surprisingly, this study revealed that miR-373-3p could promote OC cell invasion by downregulating TBC1D2 expression. Besides, numbers of studies on miR-373-3p involving liver cancer (41), gliomas (42) and gastric cancer (43) were also consistent with our findings that miR-373 has a potential anti-cancer effect.

In summary, our findings demonstrate that TBC1D2 serves as an oncogene in ovarian cancer and high expression level of TBC1D2 is associated with poor prognosis. In particular, TBC1D2 probably promotes OC metastasis via lysosomal degradation of E-cadherin induced by disintegration of Rac1-IQGAP1 complex. These findings suggest that TBC1D2 may be a promising and therapeutic target for treating OC.
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Objective

This study aims to investigate the effect of polymorphisms of programmed cell death-ligand 1 (PD-L1) on the risk and patient’s outcomes of epithelial ovarian cancer (EOC).



Methods

Totally, 568 patients and 532 healthy women were included. Three polymorphisms in the PD-L1 gene, rs2297136, rs4143815 and rs4742098, were genotyped by the polymerase chain reaction/ligase detection reaction (PCR-LDR). Survival analysis was performed in 234 patients (received primary debulking surgery followed by platinum-based chemotherapy).



Results

Patients with the rs2297136 AG + GG genotypes had shorter progression-free survival (PFS) (hazard ratio (HR)=1.44, 95% CI=1.03-2.01) and overall survival (OS) (HR=1.55, 95% CI=1.06-2.27) than those with the AA genotype. Moreover, the mRNA and protein expression levels of PD-L1 in EOC tissues with the rs2297136 AG + GG genotypes were remarkably higher than those with the AA genotype (P=0.032 and P=0.047, respectively). Survival analysis showed that high expression of PD-L1 mRNA was remarkably associated with worse 10-year PFS (HR=1.55, 95% CI=1.28-1.88) and OS (HR=1.51, 95% CI=1.00-2.28) in EOC patients.



Conclusions

The rs2297136 may not only effectively influence the expression of PD-L1, but also is significantly associated with EOC patients’ outcomes.
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Introduction

Epithelial ovarian cancer (EOC) is one of the most prevalent cancers in women and the leading cause of gynecologic cancer-related death (1). Due to a lack of effective detection strategies, approximately 70% of women are diagnosed at a later stage. The standard treatment for advanced EOC is cytoreductive surgery in combination with platinum-based chemotherapy. Despite much progress in optimizing treatments, the 5-year overall survival (OS) rate is only 30% of women with advanced ovarian cancer (2), and patient prognosis has not improved significantly over the last three decades (1). Fortunately, recent clinical trials of cancer immunotherapy have shown substantial survival benefits of antibodies against either programmed cell death-ligand 1 (PD-L1) or programmed cell death-1 (PD-1) in some types of cancer, including platinum-resistant or refractory EOC (3–5). Therefore, a better understanding of the potential role of PD-L1 in EOC development may guide the clinical use of anti-PD-1/PD-L1 therapy for this malignancy.

Of the human T cell-mediated immune microenvironment, tumor cells have adopted various strategies to evade immune surveillance, including the up-regulation of PD-L1 (6, 7). PD-L1 is the dominant inhibitory ligand of PD-1 on T cells (8, 9). Under normal physiological conditions, the interaction between PD-L1 and PD-1 plays vital roles in maintaining immune tolerance, preventing autoimmune disease and eliminating cancer cells. In the tumor microenvironment, however, cancer cells expressing PD-L1 may evade immune surveillance (10, 11) and thus avoid immune-mediated elimination (12, 13). Although normal tissues have low PD-L1 expression or lack expression completely, most human cancers constitutively express high PD-L1 protein levels (14). It seems logical that over-expression of PD-L1 on tumor cells should be correlated with tumorigenesis and poor prognosis (15–18).

Accumulating evidence suggests that polymorphisms in the 3’-UTR targeted by microRNAs (miRNAs) can alter the expression of target genes and thereby affect the prognosis of cancer (19, 20). Three polymorphisms, rs2297136, rs4143815 and rs4742098, in the miRNA-binding site within the 3’-UTR of PD-L1 have been found to be associated with prognosis in non-small-cell lung cancer (NSCLC), liver cancer, and gastric cancer (21–23). In the current study, we investigated the role of these three polymorphisms in the occurrence risk of EOC and the clinical outcome of patients.



Materials and Methods


Study Subjects

In this study, 568 EOC patients and 532 age-matched healthy controls were genetically ethnic Han Chinese population in Hebei Province. All of the subjects were enrolled between January 2007 and March 2018 at the Fourth Hospital of Hebei Medical University. Eligibility inclusion criterion for cases was histologically confirmed primary EOC patients of any age. Patients were excluded if they had other types of cancers and pre-operative radiotherapy or neoadjuvant chemotherapy, a history of human immunodeficiency virus infection, or a history of autoimmune disease such as type I diabetes and systemic lupus erythematosus. Inclusion criterion for control subjects consisted of women without any malignant disease confirmed by surgical exploration, pathological analysis or ultrasound examination. Those patients with any personal or family history of cancer were excluded. All individuals provided written informed consent according to the Declaration of Helsinki. This study was approved by the Ethics Committee of the Fourth Hospital of Hebei Medical University (2018MEC148) and was performed in accordance with the ethical standards stated in the 1964 Declaration of Helsinki and its later amendments or comparable ethical standards.

All EOC patients who underwent primary cytoreductive surgery and received platinum-based chemotherapy were followed up between January 2007 and March 2018. The International Federation of Gynecology and Obstetrics (FIGO) staging revealed that 113 patients were in stage I, 51 patients in stage II, 371 patients in stage III, and 33 patients in stage IV. Patients with FIGO stage IB-IIC disease received 3-6 cycles of chemotherapy, while patients with FIGO stage IIIA-IV disease received 6-8 cycles. In this group of patients, 234 were followed up for more than 5 years. Standard surveillance consisted of serial physical examinations, serum CA-125 testing, and CT scanning. All clinical data were recorded and assessed without knowledge of the genotype status.



DNA Extraction and Genotyping

Whole-blood specimens (5ml) were collected from each subject in EDTA-coated tubes and stored at 4°C. Genomic DNA was isolated from blood samples by standard salting-out method (24) within a week. The DNA samples were dissolved in TE buffer and stored at -20°C. The genotypes of three PD-L1 polymorphisms were determined by Shanghai Generay Biotech Co., Ltd., using the polymerase chain reaction/ligase detection reaction (PCR-LDR) method. The process was referred to previous report (25).



RNA Extraction and Quantitative Real-Time Reverse Transcriptase-PCR

During the primary surgery, EOC tissues were collected from patients who received no anti-tumor therapy before surgery. Total RNA was isolated from EOC tissue specimens using TRIzol reagent following manufacturer’s instructions. The RNA was then reverse-transcribed into cDNA using the First Strand cDNA synthesis kit. For qPCR, GAPDH was used as an internal control, and the primers for PD-L1 and control were designed by Sangon Biotech Co., Ltd. Primer sequences are listed in Table 1. RT-qPCR was performed using SYBR-Green II Premix. The relative expression of PD-L1 mRNA in each group was calculated using the 2−ΔΔCt method. Each reaction was repeated three times.


Table 1 | Primer sequences of PD-L1 gene polymorphisms.





Immunohistochemistry

49 tissue samples for IHC staining, 15 for the AA genotype analysis, 19 for the AG genotype analysis and 15 for the GG genotype analysis, were selected from 568 EOC patients. IHC staining for PD-L1 protein was performed on 4-µm-thick sections by the avidin–biotin peroxidase complex method. Consecutively, tissue sections were dewaxed in xylene and dehydrated in graded ethanol. After blocking endogenous peroxidase activity and non-specific antibody binding, sections were incubated with primary antibody (rabbit polyclonal anti-PD-L1 antibody, Abcam, ab205921, Cambridge, UK; dilution 1:100) overnight at 4°C, and then with biotinylated secondary antibody and avidin-biotin-peroxidase complex. After washing the slides in PBS, they were incubated in DAB (brown) and counterstained with haematoxylin (blue). In the negative control, primary antibody was replaced by PBS. Without knowledge of the clinical data for each patient, 2 observers independently evaluated and interpreted the results of IHC staining (membrane staining). Agreement was determined by intraclass correlation coefficient for continuous variables, and Fleiss’ kappa (κ) for categorical variables. The immune cells were avoided. IHC staining was evaluated by a previously reported scoring method (26). The score was established corresponding to the sum of: (1) the percentage of positive cells (0, 0% positive cells; 1, < 25% positive cells; 2, 26–50% positive cells; 3, > 50% positive cells); and (2) the staining intensity (0, negative; 1, weak; 2, moderate; 3, high). The sum for the assigned values (the positive cell percentage and the staining intensity) was 6 or less than 6. Scores between 0 and 2 was regarded as negative, 3 and 4 as weakly positive, and 5 and 6 as strongly positive.



Kaplan-Meier Plotter Database Analysis

The prognostic value of PD-L1 mRNA levels in patients with EOC was determined using the “K-M plotter” database, integrated gene expression data and survival information of 1,816 EOC patients. In this study, PFS and OS of EOC patients for over 10 years were evaluated using the K-M plotter. The exclude outlier arrays were selected as the array quality control.



Statistical Analysis

Statistical analysis was conducted using the SPSS v21.0, and a probability level of 5% was considered to indicate significance. Hardy-Weinberg equilibrium analysis was performed to compare the observed and expected genotype frequencies using the χ2 test in the control group. Differences in genotype/allele distribution in the cases and controls were compared using the χ2 test with Bonferroni’s correction. Unconditional logistic regression models were used to calculate odds ratios (ORs) and 95% confidence intervals (CIs). Nonparametric unpaired Mann-Whitney U test was used to compare mRNA expression between groups. Pearson Chi-square tests were conducted to compare PD-L1 protein expression in tumor tissues. Survival analysis was carried out using the K-M method with log-rank test. Multivariate analysis was performed using Cox proportional hazards regression models. A total of 5 factors were included in the multivariate analysis, including age, stage, tumor grade, pathology and residual tumor.




Results


Demographic Profile

The median age was 54 years (ranged from 20 to 77) for the patients and 54 years (ranged from 20 to 79) for the controls. There was no significant difference in age distribution between the patients and controls (P>0.05). The genotypes of the three PD-L1 polymorphisms did not deviate significantly from HWE in the controls. Table 2 showed clinical characteristics of patients stratified by the three polymorphisms.


Table 2 | The association between PD-L1 polymorphisms and clinical characteristics of EOC patients.





Associations of the Three PD-L1 Polymorphisms With the Risk of Developing EOC

We analyzed the genotype and allele frequencies of the three PD-L1 polymorphisms. As showed in Table 3, there were no significant differences in the genotype and allele frequencies of these polymorphisms between the cases and controls. It is indicated that the three polymorphisms of PD-L1 were not related to the risk of EOC in northern Chinese population.


Table 3 | Association between the three polymorphisms and the risk of EOC patients.





Association Between PD-L1 Polymorphisms and the Clinical Outcome of EOC Patients

In a clinical follow-up study, the median PFS of EOC patients carrying the AA and AG + GG genotypes of PD-L1 rs2297136 was 26 and 20 months, respectively. The median OS of these patients was 45.00 and 30.00 months, respectively. K-M plots showed that patients carrying the AG + GG genotypes had a significantly decreased PFS (P=0.033) (Figure 1A) and OS (P=0.015) (Figure 2A) compared with those carrying the AA genotype. Further, after adjusting for prognostic factors including age, stage, pathology (high grade serous ovarian cancer, endometrioid, mucinous and others) and tumor residual size (R0, ≤1 cm and >1cm), patients with the AG + GG genotypes had an increased risk of disease progression (HR = 1.44, 95%CI = 1.03–2.01, P=0.033) and death (HR = 1.55, 95%CI = 1.06–2.27, P=0.025) compared with those carrying the AA genotype (Table 4). However, the rs4143815 and rs4742098 polymorphisms were not associated with the prognosis of patients with EOC (Table 4).




Figure 1 | Kaplan-Meier estimate of progression-free survival (PFS) in epithelial ovarian cancer patients categorized by PD-L1 polymorphisms. (A) rs2297136; (B) rs4143815; (C) rs4742098; (D) PD-L1expression.






Figure 2 | Kaplan-Meier estimates of overall survival (OS) in epithelial ovarian cancer patients categorized by PD-L1 polymorphisms. (A) rs2297136; (B) rs4143815; (C) rs4742098; (D) PD-L1expression.




Table 4 | Univariate analysis of prognostic factors for 5-year progression-free survival and overall survival of EOC patients.





Rs2297136 Genotype-Dependent Expression of PD-L1 mRNA and Protein in EOC

In this study, we evaluated the mRNA levels of PD-L1 in EOC tissues from patients carrying 3 genotypes of rs2297136, rs4143815 and rs4742098. The RT-qPCR results showed that the mRNA expression levels of PD-L1 in tumor tissues from patients with the AG + GG genotypes of rs2297136 were remarkably higher than those from patients with the AA genotype (Figure 3, P=0.032). This result was further validated by protein expression using IHC staining analysis (Figure 4) (Table 5). Spearman’s correlation analysis showed that there was a significant positive correlation between PD-L1 mRNA and protein expression in EOC tissues from patients carrying different genotypes of rs2297136 (r=0.411, P=0.009) (Table 6). These data implied that rs2297136 polymorphism could be involved in regulation of the expression of PD-L1 mRNA and protein in EOC patients. However, no significant statistical difference was found in EOC patients with genotypes of rs4143815 and rs4742098 (data was not shown).




Figure 3 | Relative expressions of PD-L1 mRNA in AA and AG + GG genotypes of rs2297136.






Figure 4 | Expression of PD-L1 in EOC tissues detected by IHC (200× and 400×). HE; no PD-L1 expression; low PD-L1 expression; high PD-L1 expression.




Table 5 | Effects of rs2297136 on the expression of PD-L1 protein in tumor tissue of EOC patients.




Table 6 | Spearman’s correlation analysis between PD-L1 mRNA and protein expression in EOC patients carrying different genotypes of rs2297136.





Prognostic Value of PD-L1 mRNA Expression in EOC Patients

K-M Plotter database [http://kmplot.com/analysis] was used for prognostic analysis. PD-L1 mRNA high expression was associated with significantly shorter PFS (HR=1.55, 95% CI=1.28-1.88; P=7.3×10-6) (Figure 1D) for all EOC patients, and OS in grade I, II EOC patients (HR=1.51, 95% CI=1.00-2.28; P=0.049) (Figure 2D) followed for 10 years. The median PFS of EOC patients with PD-L1 mRNA high expression and low expression was 14.37 and 20.00 months, respectively. The median OS of these patients was 50.00 and 75.03 months, respectively.




Discussion

In this paper, we investigated the effect of three polymorphisms, rs2297136, rs4143815 and rs4742098 in the 3’-UTR of PD-L1 on the risk of EOC development and the clinical outcomes of patients in northern China. The results showed that rs2297136 was significantly associated with EOC patient outcomes by changing the expression of PD-L1. Compared to patients with AA genotype, patients carrying the rs2297136 AG + GG genotypes had poorer PFS and OS. To further validate the result above, we analyzed the correlations of PD-L1 mRNA expression with the clinical outcome of EOC patients using the K-M plotter database. The results also indicated that the over-expression of PD-L1 mRNA was significantly correlated with shorter duration of PFS and OS as compared to low-expression of PD-L1 mRNA in EOC patients. However, there was no statistical significance between rs2297136, rs4143815 and rs4742098 polymorphisms and the risk of EOC. To the best of our knowledge, this is the first study to associate the PD-L1 rs2297136 and rs4742098 with the risk of EOC development and with patients’ clinical outcomes.

The rs2297136 is an A-to-G mutation in the 3’-UTR of PD-L1. It is shown that rs2297136 could affect PD-L1 expression by modulating the miRNA-mRNA interaction (26, 27). In this study, our results demonstrated that PD-L1 expression in rs2297136 AG + GG genotypes carriers in EOC patients was higher than that in AA genotype, suggesting that the AG + GG genotype may be related to up-regulation of PD-L1 expression. Some studies have focused on the relationship between the rs2297136 and cancer risk. For example, rs2297136 has been found not related to the risk of gastric cancer (23). Nevertheless, it is (27) found that the AG genotype of rs2297136 was associated with an increased risk of NSCLC. Xie et al. (21) suggested that the rs2297136 TT genotype (variant genotype) significantly increased the risk of hepatocellular carcinoma and decreased the OS of patients in the Chinese Han population. It is worth noting that the frequency of genotypes reported by Xie et al. (21) differs from that reported in the National Center for Biotechnology Information Search database. In this study, although the rs2297136 is not related to the risk of EOC, it may be correlated with a poor prognosis of EOC patients. Compared with the AA genotype, the rs2297136 AG + GG genotypes might significantly decrease the 5-year PFS and OS of EOC patients. Moreover, RT-qPCR and IHC staining confirmed that PD-L1 expression in rs2297136 AG + GG genotypes carriers in EOC patients was higher than that in AA genotype, supporting the speculation that the rs2297136 AG + GG genotypes could lead to significantly shorter PFS and OS in EOC patients than the AA genotype by up-regulating PD-L1 expression. Until now, there have been inconsistent results of PD-L1 expression in EOC tissues on the prognosis of patients with EOC. Using K-M plotter database analysis, the result revealed that over expression of PD-L1 mRNA was significantly associated with worse 10-year PFS and OS in EOC patients, further confirming our above speculation. The expression and function of PD-L1/PD-1 pathway in the human cancer microenvironment (27, 28) was closely associated with tumor immune response, and the PD-L1 protein expression in tumor cells may predict responses to immune checkpoint inhibitors (29, 30). In the Phase II KEYNOTE-100 study, the largest study to date of single-agent immunity checkpoint for recurrent ovarian cancer, higher PD-L1 expression on tumor cells, lymphocytes, and macrophages correlated with higher pembrolizumab monotherapy (anti-PD-L1) response (31). In this study, the rs2297136 AG + GG genotypes were associated with an up-regulated expression of PD-L1, indicating an unfavorable survival outcome of EOC patients with traditional mainstay therapy. Another important implication of the present study is that EOC patients with the rs2297136 AG + GG genotypes may have a good response to the novel immunotherapy targeting PD-L1/PD-1, particularly those for which no effective therapy is currently available.

The rs4143815C/G and rs4742098G/A polymorphisms also located in the miRNA binding region of the 3’-UTR of PD-L1. Dual-luciferase reporter assays showed that the expression of the rs4742098 A allele was significantly reduced due to inhibition by miR-138 (32). For the rs4143815 polymorphism, the C allele may cause the loss of miR-570 binding sites and increase the expression of PD-L1 (22, 31). The association between rs4143815 and cancer risk has been extensively studied. Two meta-analyses suggested that rs4143815 might confer an increased risk of gastric cancer, bladder cancer and hepatocellular carcinoma (27, 33). There is only one study on the correlation of rs4143815 with ovarian cancer, and the results indicated that individuals carrying the rs4143815 GG genotype may have a significantly increased risk of EOC development and that patients with the CG+GG genotype have a poor clinical outcome (16). However, our study did not find that rs4143815 was associated with genetic susceptibility to EOC or clinical patient outcomes. We consider that differences in genotype frequencies in the two studies may underlie these inconsistent results. In addition, studies on the relationship between rs4143815 and the clinical prognosis of cancer patients have mainly focused on NSCLC, but the results are conflicting. Two studies suggested that NSCLC patients with the rs4143815 CC genotype may have a better prognosis (22, 34), but two other studies did not show an association of this polymorphism with the clinical prognosis of NSCLC patients (32, 35). To date, there have been limited studies on the association of rs4742098 with cancer. It is reported that the AG genotype of rs4742098 conferred an increased risk of NSCLC compared with the AA genotype. In our study, we found no association between this polymorphism and the risk of EOC development or the clinical outcome of patients. Studies of other types of tumors are needed to provide additional evidence.

In conclusion, this study showed that the rs2297136 GG genotype was associated with an up-regulated PD-L1 expression and a poor prognosis of EOC among women from Northern China. It would be interesting to determine the underlying molecular mechanisms of the rs2297136 genotype-mediated regulation of PD-L1 expression. However, there are limitations to our study. Firstly, scoring system that reflects established systems in the clinical literature, such as the tumor proportion score (TPS) and combined positive score (CPS) should be applied in the further study. Secondly, further mechanism studies are still necessary to strengthen our conclusions.
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Variables Combined ACTBL2 expression

P Correlation coefficient

Histology

serous 0.013* 0.213
clear cell 0.044* -0.174
endometrioid 0.176 -0.118
mucinous 0.640 -0.041
FIGO 0.728 0.031
pT 0.150 0.126
pN 0.883 0.016
Grading

serous — low grading 0.098 -0.144
serous — high grading 0.003* 0.253
clear cell, endometrioid and 0.589 0.096

mucinous - G1 to G3

Spearman’s correlation analysis of combined cytoplasmic (IRS>2) and membranous
(IRS>0) ACTBL2 expression and clinicopathological characteristics, showing a positive
correlation between positive ACTBL2 expression, serous histology (p=0.013, Cc=0.213)
and high grading of serous carcinoma (p=0.003, Cc=0.253), respectively. Significant
correlations are indicated with asterisks (‘p < 0.05).

(o=two-tailed significance, Cc=correlation coefficient).
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Covariate Hazard Ratio 95% CI p-value
Patients’ age (<60 vs. >60) 1.830 1.161-2.910 0.011*
Histology 0.980 0.726-1.321 0.892
FIGO (, Il vs. Ill, IV) 4.295 2.004-9.206 <0.001**
Nodal status (pNX/0 vs. pN1) 0,935 0.578-1.514 0.785
positive ACTBL2 expression 2.034 1.161-3.564 0.013*

Multivariate Cox regression analysis of ovarian cancer patients (n=156) and their
clinicopathological characteristics considered in this study. Significant independent
factors for overall survival in the present cohort are indicated with asterisks (‘p < 0.05;

“0 < 0.007).
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High expression 8(33.3) 16 (66.7)
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Group Recurrence

No n (%) Yes n (%)
Age
<50 30 (39.5) 46 (60.5)
>50 30 (19.0) 128 (81.0)
Stage
I 36 (60.0) 24 (40.0)
mav 24 (13.9) 149 (86.1)
Pathology
HGSOC 33 (19.9) 133 (80.1)
Others 27 (39.7) 41(60.3)
Residual tumor
RO 53 (53.5) 46 (46.5)
<1cm 5(13.2) 33 (86.8)
>1cm 2(2.1) 94 (97.9)
rs2297136
AA 44 (28.2) 112 (71.8)
AG+GG 16 (20.5) 62 (79.5)
rs4143815
cc 24 (30.0) 56 (70.0)
CG+GG 36 (23.4) 118 (76.6)
rs4742098
GG 22 (31.9) 47 (68.1)
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HR (95%Cl)
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39 (22.5) 134 (77.5)
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62 (62.6) 37 (37.4)
10 (26.3) 28 (73.7)
10 (10.4) 86 (89.6)
63 (40.4) 93 (59.6)

27 (39.1) 42 (60.9)
29 (36.2) 51 (63.8)
54 (43.5) 70 (56.5)
26 (37.7) 43 (62.3)
52 (41.6) 73 (58.4)

HR, hazard ratio; PFS, progression-free survival: OS, overall survival: HGSOC, high grade serous ovarian cancer.
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0.071

0.030

0.989

0.021
<0.001

0.025

0.476

0.645

0S

45
36

51
35

34
53

50
36
29

45
30

46
36

45
38
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Polymorphism Genotype/allele Controls (%) Cases (%) P OR 95%ClI

52297136 AA 358 (67.3) 378 (66.5) 0793 1.00 1-1

AG + GG 174 (32.7) 190 (33.5) 1.034 0.804-1.330

A 875 (82.2) 931 (82.0) 0.863 1.00 1-1

G 189 (17.8) 205 (18.0) 1.019 0.820-1.26
54143815 cc 208 (39.1) 203 (35.7) 0.250 1.00 1-1

CG + GG 324 (60.9) 365 (64.3) 1.323 0.904-1.474

o 656 (61.7) 692 (60.9) 0722 1.00 1-1

G 408 (38.3) 444 (39.1) 1.082 0.869-1.225
54742008 GG 160 (30.1) 175 (30.8) 0.791 1.00 1-1

GA +AA 372 (69.9) 393 (69.2) 0.966 0.747-1.249

G 599 (56.3) 646 (56.9) 0.788 1.00 1-1

A 4665 (43.7) 490 (43.1) 0977 0.825-1.157

OR. odds ratio.
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Group

Age

<50

>50

Stage

|

n

n

v

Tumor grade
1

2

3

Pathology
HGSOC
Endometrioid
Mucinous
Others
Residual tumor
RO

<1cm

>1cm

HGSOC, high grade serous ovarian cancer.

AA

127 (72.2)
251 (64.0)

78 (68.1)
35 (68.6)
241 (64.9)
24 (72.7)

199 (70.1)
165 (63.2)
14 (60.9)

256 (67.7)
70 (62.5)
17 (86.7)
35 (72.9)

169 (70.1)
55 (63.9)
153 (63.7)

12297136 (A>G) n (%)

AG + GG

49 (27.8)
141 (36.0)

35 (30.9)
16 (31.4)

130 (35.1)
9(27.3)

85 (29.9)
96 (36.8)
9(39.1)

122 (32.9)
42 (37.5)
13 (43.3)
13 (27.1)

72 (29.9)
31 (36.1)
87 (36.3)

0.068

0.706

0.200

0.355

0.289

cc

64 (36.4)
139 (35.5)

44 (38.9)
13 (25.5)
131 (35.3)
15 (45.5)

104 (36.6)
91 (34.9)
8(34.8)

138 (36.5)
34 (30.3)

1(36.7)
20 (41.7)

84 (34.9)
24 (27.6)
94 (39.2)

rs4143815 (C>G) n (%)

CG + GG

112 (63.6)
253 (64.5)

69 (61.1)
38 (74.5)
240 (64.7)
18 (54.5)

180 (63.4)
170 (65.1)
15(65.2)

240 (83.5)
78 (69.7)
19 (63.9)
28 (58.3)

157 (65.1)
63 (72.4)
146 (60.8)

P

0.850

0.238

0.909

0.521

0.147

GG

53 (30.1)
122 (31.1)

37 (32.7)
10 (19.6)
114 (30.7)
14 (42.4)

83 (29.2)
83 (31.8)
9(39.1)

122 (32.3)
25 (22.3)
12 (40.0
16 (33.9)

69 (28.5)
22 (25.6)
83 (34.6)

rs4742098 (G>A) n (%)

GA + AA

123 (69.9)
270 (68.9)

76 (67.3)
41 (80.4)
257 (69.3)
19 (57.6)

201 (70.8)
178 (68.2)
14 (60.9)

256 (67.7)
87 (77.7)
18 (60.0)
32 (66.7)

173 (71.5)
64 (74.4)
157 (65.4)

0.845

0.152

0.548

0.139

0.191
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SNP Primer Primer sequence PCR product length
rs2297136(A/G) Forward ATCTTTCTTCATTCTCCTCCTCTG 164bp
Reverse ATCTTCAAGCAGGGATTCTCAA
rs4143815(C/G) Forward AGGAAGACGGGTTGAGAATC 176bp
Reverse GACAAGAAGACCTCACAGACTC
rs4742098(G/A) Forward GCATAGGCAGAGATGATACCT 165bp
Reverse TCCACTGGGATGTTAAACTGAA

SNP: single nucleotide polymorphism; PCR: polymerase chain reaction.
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Genotype/expres-
sion

AA
AG
GG
AG + GG

No/Low expression
(%)

11 (78.3)
11 (57.9)
3(20.0)
14 (41.2)

High expression
(%)

4(26.7)
8 (42.1)
12 (80.0)
20 (58.8)

P

1
0.010

0.038






OPS/images/fonc.2021.745981/M2.jpg
Mowher of colonies Nnwied I comeros
Nomibor of cols cosded






OPS/images/fonc.2021.745981/M1.jpg
LOMNSYEr oF Casmie:. Jormed erey (riatment
Nontier of t3ls ool = Plathie






OPS/images/fonc.2021.745981/fonc-11-745981-g006.jpg
A

Pl

SKOV3-ShVector SKOV3-shPARG
Poa Q
105 29563 045 W { 3‘_):1

104

Control

Olaparib

Cisplatin

[o5)
wAYA

T 10°

e

Annexin V

0¢ 10°

100

% Cells
g =
3 8

I~
&

s
s

1 Q1 Necrosis
W Q2 ate apoptosis
I Q3 Early apoptosis
SKOV3-ShVector Wt SKOV3-ShPARG
260
8
J J J J | J J J “
ontrol  Olaparib  Cisplatin  Olaparib + Control Olaparib  cisplatin ~ Olaparib +
Cisplatin Cisplatin
skov3
ShVector ShPARG
Olaparib = + - + - + = +
Cisplatin = -
Bad

cemescornes [ NN

B-actin





OPS/images/fonc.2021.745981/fonc-11-745981-g005.jpg
Cell count

12
10¢

600
400
200

1€

L
10K

600,
400,
200

o
1ag
10K
800’
600,

00
20

o
B
3
o
w0 |[
@
P
9
o

shPARG-1306

=
shPARG-1305 |

shVector

ane [
——

SKOV3-shVector

SKOV3-shPARG

12
10k
50
60
400
20

61|
&
182

50K 100K 150K 200K 250K

126
10¢

t}:

50K 100K 150K 200K 250K

SOK_ 100K 130K 200K 250K

0 50K_100€ 150K 200K 250K

50K 100 150K 200K 250K

50 100K 150K 200K 250K

12
10K
80
60
a0
20

050K 100K 150K 200K 250K

0 'S0k 100K 150K 200K 250K

Control

Olaparib

Cisplatin

Olaparib
+

Cisplatin

% Cells

0

SKOV3-shVector g s

[ SKOV3-shPARG

Control  Olaparib Cisplatin Di:p:rlnq Cu«w Olaparib Cisplatin  Olaparib +
tupli\h Cisplatin
SKov3
ShVector ShPARG
Olaparib = + - + - + - +
Cisplatin - - + o+ . - + +
oore . |





OPS/images/fonc.2021.745981/fonc-11-745981-g004.jpg
——trn
—#—PARGI + Olaparib 0.5uM/0.05uM

—— PARGi + Cisplatin 0.5uG/mL
A
. . A2780CR
Cisplatin w0
PARGi =
E 60
1o
A2780CR § 5 B
¢ g ,
o e 1 2 s w
PARGI (uM)
(¢ D E
OVCAR3 A2780PAR SNU251*

% survival

% survival
o8 8888

0 05 1 2 5 10 o 05 1 2 5 10 0 05 1 2 5 10 0oy a 2 5 ap
PARGI (uM] PARGI (uM) PARGI PARGI (uM)
(M) L e * Olparib 0.05uM
P<0,001






OPS/images/fonc.2021.745981/fonc-11-745981-g003.jpg
A SNU-251 B SKOV-3
24 hours 48 hours

24 hours 48 hours

Control

7200w (100%)

I.I°

PARGi g
2um §
PARGi £
5uM H

100 100

g g
1
g 4 g
s I 2 5 a8 &
H T I a2
3 s
g ] 33
2 2
2 H
s 2
o £
- =
- &
Control PARGI 2uM PARGI 5uM Control PARGi 2uM PARGi 5uM
=0 24 hours w48 hours =0 24 hours ™48 hours

p-value<0.001 p-value<0.001





OPS/images/fonc.2021.745981/fonc-11-745981-g002.jpg
>

g

(] _PARG expression in Meyniel Ovarian

a5 -1
O e EE . *
35|

PARG expression in TCGA Ovarian
T Pvalue: 0.001 |

PARG expression in Hendrix Ovarian
L Pvalue:0.05

e

==

e
g

Log2 median-centered intensity

Log2 median-centered intensity
Log2 median-centered intensity
~
&

% 05
1 : A3 : f 00 |— - — 1
E
[ S| Nunbe | Posmve g
AsutesceNspeIIet 0 5 Cell
e a0 Elfires
Omental metastasis RRGE) 8 0 10 Commercial Patient derived
w ¥ 9 ] £ .
A 0 2 % 8 - N
g S g & @ @ 8 3
& z 2 3 8§ R 0 0O
5 ¥ 3 n »w O <« <« O O
£ =z S
o = | PARG
— s o ———






OPS/images/fonc.2021.745981/fonc-11-745981-g001.jpg
Cell death

BNAD+ Nicotinamide
3 & .o
o o o L - -
o o o - =

Platinum PARP
agent

o O
\__/ Survival
4, o 3

' ‘
Pt
CI”  NH,
DNA DNA
(—) damage ™ repair §

l"
Active S
PARP .
or® Inactive
PARP

ADP-ribose R L &

-






OPS/images/fonc.2021.745981/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.752453/table2.jpg
Risk factors

LvI
Recurrence
Death

Ki-67 index (%)
PD-L1

PD-L1, programmed death ligand 1; SCNC, small cell neuroendocrine carcinoma; LVI, lymphovascular invasion.

p Value

0.132
0.867
0.259
0.211
0.353

Exp (B)

4.731
1.228
4.302
0.273
0.270

95.0% ClI for Exp(B)

Lower

0.627
0.111
0.341
0.036
0.017

upper

35.699
13.542
54.278
2.090
4.284





OPS/images/fonc.2021.752453/table1.jpg
Characterisitcs No. of patients (Percentage) PD-L1 IHC P value

positive negative
Age 0.457
>=50 9(20.9%)
<50 34(79.1%) 16 18
Mixed or not 0.132
Yes 9(20.9%)
No 34(79.1%) 15 19
Stage 1.000
Early (--I1A) 20(54.1%) 11 9
Advanced (IB-IV) 17(45.9%) 9 8
Node metastasis 1.000
Yes 14(40.0%) 8 6
No 21(60.0%) 12 9
Tumor size (cm) 0.257
<4 30(78.9%) 15 15
>=4 8(21.1%)
Lvi 0.053
Yes 31(77.5%) 20 11
No 9 (22.5%) 2 7
Necrosis 0.537
Yes 17(39.5%) 10 7
No 26(60.5%) 12 14
Mitosis 0.069
=<20 22(51.2%) 8 14
>20 21(48.8%) 14
Invasion Depth 1.000
<1/2 depth 7(19.4%)
>1/2 depth 29(80.6) 16 13
Recurrence 0.048
Yes 16(41.0%) 6 10
No 23(59.0%) 16
Death 0.033
Yes 11(28.2%) 3
No 28(71.8%) 19
Ki-67 index (%) 0.034
<=75 10(23.3%) 2
>75 33(76.7%) 20 13

PD-L1, programmed death ligand 1; IHC, immunohistochemistry; SCNC, small cell neuroendocrine carcinoma; LVI, lymphovascular invasion.
Bold values indicate significant statistic difference between the bi-variate factors.
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Term Count % p-value  Pop hits Pop total Fold Bonferroni  Benjam FDR
enrichment
hsa05202: transcriptional misregulation in 10 2.76243094 0.00307618 167 6,879  3.295329341 0.420345275 0.15947673 0.15677374

cancer
hsa05205: proteoglycans in cancer

3.03867403 0.00315527 200 6,879 3.02676  0.428429023 0.15947673 0.15677374

hsa04310: Wnt signaling pathway 9 2.48618785 0.00333975 138 6,879  3.589043478 0.446849298 0.15947673 0.15677374
hsa04114: oocyte meiosis 8 2.20994475 0.00376449 m 6,879 3.96627027 0.487047825 0.15947673 0.15677374
hsa05200: pathways in cancer 16 4.4198895  0.00450499 393 6,879 224048855 0.550304767 0.15947673 0.15677374
hsa0407 1: sphingolipid signaling pathway 8 2.20994475 0.00577366 120 6,879 3.6688 0.641167652 0.17032307 0.16743624
hsa04340: Hedgehog signaling pathway 4 1.10497238 0.01219625 27 6,879 8152888889 0.886051388 0.30839078 0.30316382
hsa04010: MAPK signaling pathway 11 3.08867403 0.0156372 253 6,879 2392695652 0.938557416 0.34101917 0.33523918
hsa04919: thyroid hormone signaling pathway 7 1.93370166 0.01733996 115 6,879  3.349773913 0.954774484 0.34101917 0.33523918
hsa04150: mTOR signaling pathway 5 1.38121547 0.02018706 58 6,879  4.744137931 0.972939181 0.35731102 0.3512549
hsa04015: Rap1 signaling pathway 9 2.48618785 0.03548154 210 6,879  2.358514286 0.998329038 0.57093016 0.56125338
hsa04390: Hippo signaling pathway 7 1.93370166  0.0447634 151 6,879  2.551152318 0.999953154 0.80776021 0.79406936
hsa04727: GABAergic synapse 5 1.38121547 0.06682952 85 6,879  3.237176471 0.999995179 0.90990967 0.89448747
hsa05206: microRNAs in cancer 10 2.76243094 0.04257739 286 6,879  1.924195804 0.999998385 0.91758551 0.90203322
hsa04728: dopaminergic synapse 6 1.65745856 0.08091666 128 6,879 2579625  0.999999674 0.95481662 0.93863328
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MiRNA

(A) Tissue cohort

Cohort-I (stage IlI-IV)

Cohort-lI (stage I-1I)

Cohort-I (stage IlI-1V)

(B) Serum cohort

Cobhort-ll (stage I-11)

AUC
(%)

miR-205  88.7
miR-200c  92.0
miR-141 94.8

Combined 97.8

SEN
(%)

88.6
95.5
93.2

95.5

SPE
(%)

76.7
80.0
100

100

95%
Cl

0.813-
0.961
0.860-
0.981
0.881-
1.016
0.950-
1.006

cv

2.350

1.465

1.841

0.515

AUC
(%)

82.6
80.5
94.2

98.0

SEN
(%)

87.7
922
95.1

92.7

SPE
(%)

66.7
73.3
80.0

93.3

95%
Cl

0.693-
0.928
0.685-
0.925
0.873-
1.012
0.954~
1.006

cv

1.710

1.465

0975

0.490

AUC
(%)

87.6
782
86.0

95.9

SEN
(%)

86.2
89.7
93.1

96.6

SPE
(%)

733
67.7
733

80.0

95%
Cl

0.773-
0.979
0.627-
0.936
0.729-
0.990
0.925-
1.012

cv

0.975

1.430

1.805

0.401

AUC
(%)

88.1
78.9
86.7

95.2

SEN SPE 95%
(%) (%) [«

810 738 0.773-
0.989
714 800 0.636-
0.942
81.0 80.0 0.749-
0.984
90.5 100 0.941-
1.021

cv

0.965

1.250

1.250

0.626

(A) Evaluation of diagnostic performance of each miRNA in tissue cohort-I and cohort-Il. (B) Evaluation of diagnostic performance of each miRNA and combined miRNA panel in serum

cohort-I and cohort-Il.

AUC, area under the curve; SEN, sensitivity; SEP, specificity; Cl, confidence interval; CV, optimum cut-off values; Combined, cumulative predicted probability of miR-205+ miR-200c +

miR-141
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MiRNA (A) Tissue cohort (N = 115) (B) Serum cohort (N = 65)

Cohort-I (stage llI-IV) (n = 74) Cohort-Il [early stage (stage | + I)] Cohort-I (stage I-IV) (n = 44) Cohort-Il [early stage (stage I + II)]

(n=71) (n =35)
Regression 95% Cl  p- Regression 95%Cl  p- Regression 95%Cl  p- Regression 95% CI p-

coefficient (B) value coefficient (B) value coefficient (B) value coefficient (B) value
miR- 1.144 1.305- 0.011 0.859 1.017- 0.046 1.496 1.116- 0.034 1.534 1.212- 0.025
205 7.554 5.477 17.860 17.719
miR- 1.225 1.471- 0.004 0.568 0.388- 0.003 0618 1.051- 0.033 1.331 0.473- 0.210
200c 7.873 0.828 3.274 30.28
miR- 0.328 1.092-  0.007 3.240 2.890- 0.004 1.134 1.160- 0.024 1.138 0.819- 0.046
141 1.763 225.83 8.326 11.906

Association of outcomes (disease vs. normal) with an increase in the expression of miRNA was determined by regression coefficient (B). The 95% Cl was taken as measure of precision of
the regression coefficient and statistical significance was determined by p-value. (A) In cohort-I of tissue samples, miR-205 (p = 0.011, 95% Cl = 1.305-7.554, std error = 0.448), miR-200c
(0 =0.004, 95% Cl = 1.471-7.873, std error = 0.428), and miR-141 (p = 0.007, 95% Cl = 1.092-1.763, std error = 0.122), while in cohort-ll, miR-205 (p = 0.046, 95% Cl = 1.017-5.477,
std error = 0.429), miR-200c (p = 0.003, 95% Cl = 0.388-0.828, std error = 0.198), and miR-141 (p = 0.004, 95% Cl = 2.890-225.83, std error = 1.111) were significantly associated with
disease. (B) Similarly, in the serum cohort, miR-205 (p = 0.034, 95% Cl = 1.116-17.860, std error = 0.707), miR-200c (p = 0.033, 95% Cl = 1.051-3.274, std error = 0.290), and miR-141
(0 =0.024, 95% Cl = 1.160-8.326, std error = 0.503) were significantly associated with disease occurrence. In cohort-Il of serum, miR-205 (p = 0.025, 95% Cl = 1.212-17.719, std error =
0.684) and miR-141 (p = 0.046, 95% Cl = 0.819-11.906, std error = 0.683) were showing significant association with disease, while miR-200c did not appear to be statistically significant.
All binary logistic regression models were significant with p-value of 0.0001.

B, regression coefficient; Cl, confidence interval: p-value, probability value.
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Clinical characteristics of patient enrolled in this study

(A) Tissue cohort (n = 115) (B) Serum cohort (n = 65)
Variables Case Control Relative Relative Relative Variables Case Control Relative Relative Relative
(n= (n=30) expression of expression of expression of (n= (n=14) expression of expression of expression
85) miR-205 miR-200c miR-141 51) miR-205 miR-200c of miR-141
(2-AACT) (2—AACT) (2—AACT) (2— CT) (2— C’T) (2— CT)
Age, n (%) Age, n (%)
<45 26 16(563.3) 4.49+1.88 512 +2.94 564 £3.15 <45 12 - 7.50 + 4.82 6.02 + 4.40 5.74 + 4.44
(30.5) (24.0)
245 59 14 (46.6) 4.24+2.84 4.22 + 2.56 5.62+366 =245 38 = 4.69 + 3.58 3.77 £ 3.06 4.64 £3.18
(69.4) (76.0)
p-value ns ns ns ns ns ns
Histological type, n (%) Histological type, n
(%)
Mucinous 15 . 6.08 +2.76 4.53 +2.85 7.08 £4.01  Mucinous " - 4.47 £ 3.89 2.69 + 2.06 4.01 £2.64
(16.4) 22.0)
Serous 51 = 376 £ 2.14 4.20 + 2.59 4.84 £326  Serous 28 = 5.31 +4.54 4.80 + 3.87 5.28 + 3.50
(60.0) (54.9)
Clear cell 10 = 3.47 £1.33 4.01 £2.41 6.48 £ 325  Clear cell 6 - 6.18 £ 3.79 5.81 + 4.00 5.54 + 524
(11.7) (12.0)
Endometrioid 11 — 5.44 £3.77 6.23 £ 2.90 5.05 +3.24  Endometrioid 6 - 5.90 +2.84 3.56 +2.84 4.35 + 3.46
(12,9 (12.0)
Other - = = . o Other - - - = -
p-value < 0.005 <0.005 <0.05 ns ns ns
Distant metastases, n (%) Distant metastases,
n(%)
Absent 41 —~ 218 £1.99 229 +1.96 203 £3.36 Absent 21 = 373 £291 246 £1.19 3.09 +1.82
(48.2) (41.1)
Present 44 = 6.69 £ 2.75 6.73 £ 2.09 6.47 £ 356  Present 30 - 6.55 + 4.25 520 +4.19 6.11 £ 3.85
51.7) (58.8)
p-value <0.0001 <0.0001 <0.0001 <0.001 <0.001 <0.001
FIGO stage, n (%) FIGO stages, n (%)
=l 41 = 3.67 +2.06 3.91+243 448 £3.04 HI 21 - 3.14 £ 261 2.58 +2.13 2.94 +2.08
48.2) (@1.1)
- 44 = 4.97 +2.86 5.02 +2.83 6.27 £3.61 -V 30 - 6.83 + 4.19 5.46 + 3.80 6.21 + 3.67
(61.7) (68.8)
p-value <0.05 <0.005 <0.005 <0.05 <0.005 <0.005
Menopause status, n (%) Menopause status, n -
(%)
Yes 51 4.58 +2.76 447 £2.72 577 +350 Yes 38 5.26 + 3.84 4.06 +3.22 5.23 + 3.57
(60.0) (76.0)
No 26 3.94 +254 4.54 £2.70 5.41+£3.40 No 12 5.66 + 4.73 5.01 +4.31 3.99 +3.25
(40.0) (24.0)
p-value ns ns ns ns ns ns
Serum 1783+ 338= Serum 172 + -
CA125 329.1 61.4 CA125 352.4
(U/mi) (U/mi)

Categorical variables are presented as percentage; continuous variables are presented as mean + SD (standard deviation); statistically significant difierences were determined by the
Mann-Whitney U test and one-way ANOVA test.
FIGO, International Federation of Gynaecology and Obstetrics.
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Age, mean (SD)
BMI, mean (SD)
Stage:

Early (I/1l)
Advanced (I1I/1V)
CA125, mean (SD)
Histology

Serous

Clear cell
Endometroid
Debulking:
Optimal*
Non-optimal
Platinum sensitivity
Sensitive**
Resistant/refractory

Total (n-100)

59.6 + 13.6
28.8+6.0

27 (27.0%)
73 (78.0%)

1340.1 + 2260.2

74 (74.0%)
17 (17.0%)
9(9.0%)
92 (92.0%)
8(8.0%)

74 (74.0%)
26 (26.0%)

Negative (n-57)

59.9 £ 13.0
28.8 £5.5

17 (63.0%)
40 (54.8%)

1237.4 +2032.2

41 (55.4%)

1 (19.3%)
5 (55.6%)
53 (57.6%)
4 (50.0%)

45 (60.8%)
2 (46.2%)

Positive low (n-9)

61.3+142

289+88
2 (7.4%)
7 (9.6%)

15666.5 + 1501.5

4(5.4%)
2 (11.8%)
3(33.3%)
8(8.7%)
1 (11.1%)

5 (6.8%)
4 (15.4%)

Positive high (n-34)

588+ 14.7

28.8+6.3
8 (29.6%)
26 (35.6%)

1452.5 + 2779.4

29 (39.2%)
4 (23.5%)
1(11.1%)

31 (33.7%)
3(37.5%)

24 (32.4%)
10 (38.5%)

P-Value

0.8
1.0
07

0.8
0.4

09

02

BMI, body mass index. *Optimal debulking- residual disease < Tmm. ** platinum sensitive- cancer that responds to platinum-based treatment and if it comes back, it come 6 or more

months after treatment.
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Cell line Histology Isolated from Treatment received Response
OVCARS (47) Serous Ascites CYC, CIS, DOX Unknown
SKOV3 (48) Adenocarcinoma Ascites THI Unknown
SNU251 (49) Endometroid Ascites CYC, ADR, CIS Unknown
A2780 (50) Unknown Primary tumor None N/A

ADR, Adriamycin; CIS, Cisplatin; CYC, Cyclophosphamide; DOX, Doxurubicin; N/A, Not Applicable; THI, Thiotepa.
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Factors Sample
Age

<50 106 (57.6)
=50 78 (42.4)
FIGO stage

-l 90 (64.7)
-V 94 (35.3)
Lymph node

NO 136 (73.9)
N1 48 (26.1)
Distant metastasis

MO 163 (88.6)
M1 21 (11.4)
Tumor size

<56 cm 43 (23.3)
>5 cm 141 (76.6)
Histological type

Serous 154 (83.7)
Others 30 (16.3)

EPDR1 expression

Low expression

49
40

33
56

57
32

72
pird

16
74

76
13

High expression

57
38

57
38

79
16

91
4

28
67

78
17

P value®

0.5515

0.0021

0.0041

0.002

0.055

0.5575

FIGO, International Federation of Obstetrics and Gynecology.
aThe Pearson chi-square test was used.
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Target Trial Phase Combination Population
mTORC1/2 or NCT02208375 1 O + Vistusertib/O + Recurrent endometrial, triple negative breast, and ovarian, primary peritoneal,
AKT Capivasertib or I/Il fallopian tube cancer
ATR NCT03462342 (CAPRI) Il O + Ceralasertib Recurrent OC (platinum-sensitive or platinum-resistant).
ATR NCT02264678 I O + Ceralasertib Platinum-sensitive recurrent BRCA-mutated/RAD51C/D-mutated/HRD OC
after progression on a PARP inhibitor
ATR NCT04065269 (ATARI) I O + Ceralasertib (AZD6738)  Gynaecological cancers (including relapsed ovarian cancer) with or without
ARId1A loss
ATR NCT0257644 (OLAPCO) I O + Ceralasertib (AZD6738)  HR-deficient solid tumors
WEE NCT04158336 I T+ ZN-c3 Solid tumors, including OC
WEE NCT0257644 (OLAPCO) Il O + Adavosertib (AZD6738)  Tumors harboring TP53 or KRAS mutations
AKT NCT0257644 (OLAPCO) Il O + Capivasertib (AZD5363)  Tumors harboring PTEN, PIK3CA, AKT, or ARID1A mutations or other
molecular alterations associated with PI3K/AKT pathway dysregulation
MEK NCT03162627 i O + Selumetinib Solid tumor, including OC, with Ras pathway alterations, and OC with PARP
resistance
VEGFR NCT02340611 I O + Cediranib Time OC worsens on O
VEGF NCT03462212 (MITO25) I R + Bevacizumab Maintenance after first-line therapy for high-grade OC
VEGF NCT03326193 I N + Bevacizumab Maintenance after first-line therapy for high-grade OC
VEGF NCT02354131 1 N + Bevacizumab Platinum-sensitive epithelial ovarian cancer
(AVANOVA)
VEGFR NCT03278717 (ICON-9) 1] O + Cediranib Maintenance therapy with O and cediranib or O alone in patients with relapsed
platinum-sensitive OC
VEGFR NCT02502266 (COCOS) A O + Cediranib Platinum-resistant recurrent ovarian cancer (versus standard chemotherapy)
VEGFR NCT03117933 (OCTOVA) Il O + Cediranib Platinum-resistant recurrent ovarian cancer (versus O alone or weekly
paclitaxel)
VEGFR NCT02340611 I O + Cediranib OC after progression on olaparib alone
VEFR + PD-L1 NCT03574779 (OPAL) Il N + Dostarlimab + Recurrent OC
Bevacizumab
Alkylat-ing agent NCT01113957 I V + Temozolomide Recurrent high-grade serous OC
Topoiso-merase  NCT03161132 I O + Pegylated liposomal Platinum-resistant recurrent OC
(ROLANDO) doxorubicin
Topoiso-merase  NCT01012817 I V + Topotecan Solid tumors, relapsed or refractory OC, or primary peritoneal cancer
PD-L1/VEG NCT03806049 I N + Bevacizumab + Platinum-sensitive recurrent OC
Dostarlimab
PD-1 NCT03522246 (ATHENA) 1] R + Nivolumab Maintenance after first-line therapy for OC
PD-L1 NCT03602859 (FIRST) 1} N + Dostarlimab Maintenance after first-line therapy for OC
PD-L1 NCT04679064 (MITO33) 1] N + Dostarlimab Recurrent OC not candidate for platinum retreatment
PD-L1 NCT03955471 I N + Dostarlimab Platinum-resistant recurrent OC
(MOONSTONE)
PD-L1 NCT03651206 (ROCSAN) I/l N + Dostarlimab Maintenance after first-line therapy for ovarian carcinosarcoma
PD-1 NCT03740165 1] O + Pembrolizumab Maintenance after first-line therapy for BRCA wild-type ovarian
(KEYLYNK-001/ENGOT- carcinosarcoma
ov43)
PD-L1 NCT03737643 1} O + Durvalumab Maintenance after first-line therapy for OC
(DUO-0)
PD-L1 NCT03598270 (ANITA) 1] CT +- Atezolizumab, Platinum-sensitive recurrent OC
followed by N +-
Atezolizumab
PD-L1 NCT03330405 (JAVELIN I T + Avelumab Locally advanced (primary or recurrent) or metastatic solid tumors, including
PARP Medley) recurrent platinum sensitive OC
PD-L1 NCT03642132 (JAVELIN 1} T + Avelumab Maintenance after first-line therapy for OC
OVARIAN PARP 100)
PD-L1 NCT03642132 1} T + Avelumab First-line therapy for OC
CTLA4 NCT04034927 I O + Tremelimumab Platinum-sensitive recurrent OC
CTLA4 NCT02571725 NI O + Tremelimumab BRCA-deficient OC
PD-L1/CTLA4 NCT04169841 Il O + Durvalumab + Solid tumors, including OC, with mutations of homologous recombination
(GUIDE2REPAIR) Tremelimumab gene
PD-L1/VEGFR NCT04739800 Il O + Cediranib +- Platinum-resistant recurrent OC
Durvalumab
PD-L1/VEGF NCT04015739 (BOLD) Il O + Bevacizumab + Platinum-sensitive or platinum-resistant recurrent OC
Durvalumab

PARP, Poly (ADP-ribose) polymerase; OC, ovarian cancer; O, Olaparib; N, Niraparib; V, veliparib; R, rucaparib; T, talazoparib; HRD, homologous recombination deficient.
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Study arms

Single arm: O + Ceralasertib
Arm 1: Adavosertib +- O; Arm 2: Adavosertib alone

Amm 1: Cediranib + O; Am 2: O alone

Single arm: O + Cediranib

Arm 1: N + bevacizumab; Arm 2: Niraparib alone

Single arm: Olaparib + Cediranib

Amm 1: O + Bevacizumab; Arm 2: Placebo +
Bevacizumab

Single arm: O + Cediranib

Arm 1: O + Cediranib; Arm 2: O alone; Arm 3:
Platinum-based CT

Arm 1: O + Cediranib (O+C); Arm 2: Durvalumab +
O (0+D)

Arm 1: O + Carboplatin + Paclitaxel, followed by O
maintenance; Arm 2: CT alone

Am 1: Cyclophosphamide alone; Arm 2:
Cyclophosphamide + V'
Single-am: Veliparib + Topotecano

Am 1:V + CT (Carboplatin + Paciitaxel) — V
maintenance (V-throughout); Arm 2: V + CT —
placebo maintenance (V combination alone); Arm
3: placebo + CT — placebo (control)

Single-arm: O + Durvalumab

Single-arm: Olaparib + Durvalumab
Am 1: O + Durvalumab (n=32); Am 2: O +
Durvalumab + Bevacizumab (1=31)

Single-arm: N + Pembrolizumab

Single-arm: O + Dostarlimab + Bevacizumab

Population

Acquired PARP inhibitor-resistant
recurrent OC
PARP-resistant OC

Platinum-sensitive recurrent high-
grade OC

Platinum-sensitive and platinum-
resistant recurrent OC
High-grade platinum-sensitive
recurrent OC

OC after progression on PARP
inhibitor

Maintenance after first-line
therapy for OC

Platinum-resistant recurrent OC

Platinum-sensitive recurrent OC

HRD platinum-resistant recurrent
oc

Platinum-sensitive recurrent high-
grade serous OC

Previously treated BRCA-
mutated ovarian cancer
Platinum-resistant or partially
platinum-sensitive non-BRCA
mutated recurrent OC

First-line treatment for high-grade
serous OC

Recurrent (platinum-resistant or
platinum sensitive) OC
Recurrent platinum-sensitive
germiine BRCA-mutated OC
Recurrent platinum-sensitive
germliine BRCA wid-type OC
Platinum-resistant or platinum
ineligible recurrent OC
Recurrent platinum-resistant OC

Efficacy results

ORR 46%

Adavosertib + O: ORR 29%, m PFS 6.8 mo; Adavosertib: ORR
23%, MPFS 5.5 mo;
BRCA wild-type: ORR 76% vs 32% (P=0.006), mPFS 16.5 vs 5.7
mo (HR 0.32, P=0.008); BRCA-mutated: ORR 84% vs 63%
(P=0.19), MPFS 19.4 vs 16.5 mo (HR 0.5, pP=0.16)
Platinum-sensitive: ORR 77%, DCR 91%; Platinum-resistant: ORR
20%, DCR 43%

MPFS: 11.9 vs 5.5 Mo (HR 0.35, 95% Gl 0.21-0.57); subgroups -
HRD: 119 vs 6.1 mo (HR 0.38, 95% Cl 0.20-0.72); HRP:11.3 vs
4.2 mo (HR 0.40, 95% C1 0.19 - 0.85)

ORR 12%; 16-week progression-free survival rate 47%

mPFS: 22.1 vs 16.6 mo (HR 0.59, 95% Cl 0.49 - 0.72); subgroups
- BRCAm 37.2 vs 21.7 mo (HR 0.31, 95% 0.20-0.47); BRCAwt
HRD: 28.1 vs 16.6 mo (HR 0.42, 95% Cl 0.28-0.66); HRP: 16.6 vs
16.2 mo (HR 1.00, 95% Cl -.75-1.35)

ORR 15.3%; MPFS 5.1 mo

mPFS: 10.4 mo with olaparib + cediranib; 10.3mo with platinum-
based CT; 8.2 mo with olaparib alone. Olaparib + Cediranib vs CT:
HR 0.85, 95% C1 0.66 - 1.11

ORR: 0+C 50%; O+D 35.7%

O plus CT: mPFS 12.2 mo; CT alone: mPFS 9.6 mo (HR 0.51,
95% Cl 0.34-0.77, P=0.0012)

Gyclophosphamide alone: ORR 19.4%, MPFS 2.3 mo;
Cyclophosphamide + Veliparib: ORR 11.8%, mPFS 2.1 mo.
ORR 0%; CBR 37%; mPFS 2.8 mo

V-throughout: mMPFS 34.7 mo; V combination alone: mPFS 21.1
mo; Gontrol: mPFS 22 mo (HR 0.4, 95% Cl 0.28-0.68, for V-
throughout vs control; HR 1.22, 95% Cl 0.82-1.80, for V
combination alone vs contro))

ORR 11%; DCR 53%

ORR 71.9%; mPFS 11.1 mo

O + Durvalumab + Bevacizumab: ORR 87.1%; mPFS 14.7 mo; O +
Durvalumab: ORR 34.4%, mPFS 5.5 mo

ORR 18%; mPFS 3.4 mo

ORR 17.9%; mPFS 7.6 mo

PARP, Poly (ADP-ribose) polymerase; OC, ovarian cancer; ORR, overall response rate; DCR, disease control rate; PFS, progression-free sunvival; mo, months; O, Olaparib; N, Niraparib; V, veliparib; CT, chemotherapy; HRD, homologous
recombination deficient: HRP. homologous necormbinalion proficient.
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Efficacy and Safety of Avelumab for Patients With Recurrent or Refractory Ovarian Cancer: Phase 1b
Results From the JAVELIN Solid Tumor Trial

A Study of Atezolizumab [an Engineered Anti-Programmed Death-Ligand 1 (PDL1) Antibody] to
Evaluate Safety, Tolerability and Pharmacokinetics in Participants With Locally Advanced or
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Phase IB Study of Pembrolizumab (MK-3475) in Subjects With Select Advanced Solid Tumors
Efficacy and Safety Study of Pembrolizumab (MK-3475) in Participants With Advanced Recurrent
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5.62
0.32
1.43
0.03
0.1
78.21
9.6
1.99
216
3.17
0.58
30.82
4.6
0.04
4.67

1.76
5.39

11123
0.33
0.28

P-Value

0.1394
0.0130
0.0190
0.7236
0.0307
0.0002
0.0857
0.0039
0.0020
0.0918
0.3900
0.2439
0.1537
0.2317
0.0338
0.0094
0.0033
0.0028
0.0373
0.0348
0.7145
0.0035
0.0919
0.4346
0.0906
0.1016
0.0002
0.1105
0.0320
0.0010
0.1175
0.0012
0.1183
0.0005
0.0111
0.0071
0.1304
0.0801
0.0093
0.2411
0.5989
0.0121
0.4074
0.0070
0.0007
0.3032
0.0218
0.2205
0.0035
0.0001
0.0041
0.0023
0.0068
0.0259
0.0001
0.0033
0.0811
0.0028
0.0032
0.0000

0.0031
0.0014

0.0001
0.0719
0.0011

Fold Change

0.16
5.37
7.86
0.85
0.22
45.4
46.68
12.54
0.06
25.66
0.79
0.95
2.7
0.78
0.26
0.34
0.02
0
1.06
0.27
1.79
113.35
4
0.64
6.86
5.27
590.04
5.66
3.69
5.07
249
0.24
20.99
27.06
0.27
154.13
17.61
1.97
8.14
0.85
1.26
2.01
1.08
0.08
0
275
0.21
228
0.05
0.07
107.49
10.44
2.08
1.66
275
0.55
18.44
3.98
0.01
5.01

177
6.21

992.32
0.23
0.28

P-Value

0.0373
0.0153
0.0009
0.2316
0.0378
0.0020
0.0392
0.0073
0.0017
0.0004
0.2576
0.9226
0.0825
0.5246
0.0294
0.0094
0.0032
0.0028
0.7493
0.0143
0.0251
0.0007
0.2576
0.4363
0.0012
0.0006
0.0044
0.0141
0.0032
0.0005
0.1228
0.0013
0.0084
0.0008
0.0073
0.0000
0.0001
0.0771
0.0104
0.8802
0.6958
0.0106
0.9414
0.0062
0.0007
0.0953
0.0118
0.0009
0.0038
0.0001
0.0010
0.0000
0.0005
0.0377
0.0005
0.0039
0.0094
0.0005
0.0008
0.0000
0.0053
0.0000

0.0000
0.0150
0.0012

Fold Change

0.6
14.45
15.35

1.78

0.21
14.39
275.64
9.83
0.34
97.91
3.56
3.37
17.59
3.66
0.42
1.29
0.19
0
0.31
1
0.46
28.84
2.57
3.92
17.27
6.63
434.54
15.82
3.56
6.68
4.91
0.41
83.09
21.41
0.81
440.6
24.31
4.67
8.21
3.24
2.38
6.53
3.92
0.1
0.01
3.38
0.92
0.86
0.05
0.34
41.55
11.31
2.7
212
243
0.72
60.83
7.78
0.01
3.47

3.25
3.15

1606.8
0.28
0.28

P-Value

0.4220
0.1121
0.0441
0.0770
0.0363
0.1013
0.1043
0.0020
0.0437
0.0829
0.0237
0.0267
0.0293
0.1344
0.0585
0.3403
0.0088
0.0029
0.0044
0.6482
0.0285
0.0018
0.2206
0.0361
0.0926
0.1294
0.0229
0.1855
0.1872
0.0033
0.0928
0.0182
0.1488
0.0000
0.3066
0.0043
0.0938
0.1776
0.0170
0.0143
0.4545
0.0000
0.0361
0.0068
0.0007
0.0264
0.6615
0.3864
0.0038
0.0007
0.0001
0.0028
0.0004
0.0083
0.0137
0.0008
0.1342
0.0792
0.0008
0.0006

0.0001
0.0029

0.0000
0.0224
0.0011

Fold Change

295
34.69
35.26

244

0.15
11.64
429.5

9.46

0.39

460.59

9.87
14.19
39.57

7.34

0.49

1.26

0.19

0.01

0.24

2.08

0.4
25.93

9.87
14.09
51.83
28.62

413.91
67.56
14

7.83
23.82

0.46

241.46
19.88
0.93

652.88
94.62
22.97

9.18

16.7
11.18

5.81
14.71

0.09

0.01
18.85

0.99

0.57

0.07

0.44
38.74

8.86

249

172

3.02

1.01
184.8

19

0.02

4.07

3.4
3.55

1639.5
091
0.34

P-Value

0.3059
0.0523
0.0040
0.0038
0.0127
0.0129
0.0145
0.0007
0.7172
0.0129
0.0002
0.1749
0.0470
0.0358
0.2404
0.4552
0.0068
0.0006
0.0008
0.1982
0.0425
0.0001
0.0138
0.2290
0.0020
0.0236
0.0022
0.0161
0.0047
0.0011
0.0416
0.0201
0.0019
0.0001
0.7452
0.0046
0.0146
0.0357
0.0000
0.2296
0.0416
0.0009
0.2553
0.0019
0.0001
0.1903
0.9166
0.0448
0.0009
0.0080
0.0013
0.0002
0.0078
0.0475
0.0070
0.8868
0.0048
0.0338
0.0001
0.0010

0.0002
0.0289

0.0009
0.7145
0.0005

Bold numbers in the table represents upreguilation of the gene expression. Blue font represents downregulation of gene expression. Red font represents significant p value <0.05.
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Gene % (no.) P/LP mutation

All Germline Somatic
BRCA1 56.1% (56) 53.5% (53) 3% (3)
BRCA2 21.2% (21) 17.2% (17) 4% (4)
ATM 5.1% (5) 2% (2) 3% (3)
RAD51C 5.1% (5) 5.1% (5) 0
RAD51D 5.1% (5) 5.1% (5) 0
BRIP1 2% (2) 1% (1) 1% (1)
CHEK2 2% (2) 1% (1) 1% (1)
FANCI 2% (2) 1% (1) 1% (1)
RADS4L 1% (1) 1% (1) 0
All 99 86.9% (86) 13.1% (13)
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Total (N=501)

Age (N=499) 57.7(21.7,83.9)
Previous Other Cancer (N=478)

No 466(97.5)
Yes 12(2.5)
Family Other Cancer (N=463)

No 300(64.8)
Yes 163(35.2)
Initial stage (N=496)

| 58(11.7)
Il 33(6.7)
Il 350(70.6)
Y 55(11.1)
PS (N=478)

0 357(74.7)
1 92(19.2)
2 26(5.4)
3 3(0.63)
Histology (N=501)

HGSOC 377(75.2)
LGSOC 122
Clear cell 30(6.0)
Endometrioid 58(11.6)
Mucinous 25(5.0)
Surgery (N=488)

No 3(0.6)
Yes 485(99.4)
Type of surgery (N=478)*

BSO 18(3.8)
TAH & BSO 392(82.0)
TAH & USO 35(7.3)
uso 5(1.0)
Other 28(5.9)
Residual disease (N=307)*

0cm 143(46.6)
<2.cm 75(24.4)
2-5cm 48(15.6)
>5 cm 41(13.4)
Chemotherapy (N=488)

No 2(0.41)
Yes 486(99.6)
Type of treatment (N=486)

Adjuvant 13(2.7)
Front-line 473(97.3)

Values presented as Median (min, max) or N (column %).

*Percentages for the type of surgery and residual disease were calculated out of the total
number of patients with available data that had undergone surgery.

BSO, bilateral salpingo-oophorectomy; HGSOC, high-grade serous ovarian cancer;
LGSOC, low-grade serous ovarian cancer; N, number; TAH, total abdominal
hysterectomy; USO, unilateral salpingo-oophorectomy.
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excluding mucinous tumors

Advanced HGSOC

Univariate

Multivariate*

Pathogenic variants

HRR only

TP53 only

Both

Clonal pathogenic variants
HRR only

TPS53 only

Both

Pathogenic variants

HRR only

TP53 only

both

Clonal pathogenic variants
HRR only

TP53 only

Both

Pathogenic variants

HRR only

TP53 only

Both

Clonal pathogenic variants
HRR only

TP53 only

Both

Pathogenic variants

HRR only

TP53 only

Both

Clonal pathogenic variants
HRR only

TP53 only

Both

Event/
Total

21/39
128/196
89/114

18/38
142/210
53/69

24/39
145/186
92/112

22/37
160/201
54/68

19/29
102/146
74/91

13/26
116/161
44/55

22/29
114/142
76/90

17/26
120/157
44/54

HR (95% CI)

os

0.54 (0.34-0.87)
0.77 (0.59-1.01)
Reference

0.45 (0.27-0.78)
0.84 (0.61-1.15)
Reference
PFS*

0.56 (0.36-0.88)
0.83 (0.64-1.08)
Reference

0.56 (0.34-0.93)
0.95 (0.70-1.30)
Reference

os

0.61 (0.37-1.02)
0.79 (0.58-1.06)
Reference

0.42 (0.23-0.78)
0.84 (0.59-1.19)
Reference
PFS*™

0.69 (0.43-1.10)
0.83 (0.62-1.11)
Reference

0.55 (0.31-0.96)
0.94 (0.67-1.33)
Reference

p-
value

0.023
0.012
0.058

0.016
0.004
0.27

0.036
0.012
0.16

0.055
0.023
0.75

0.10
0.057
0.12

0.023
0.006
0.32

0.238
0.12
0.21
0.088
0.037
0.74

Event/Total

21/39
125/188
88/111

18/36
138/201
53/69

24/39
140/179
91/110

22/36
154/193
54/68

19/29
101141
73/90

13/26
114/155
44/55

17/26
125/151
44/54

HR (95% CI)

0.69(0.43-1.12)
0.83 (0.63-1.10)
Reference

056 (0.32-0.94)
0.83 (0.60-1.15)
Reference

0.67 (0.42-1.05)
0.86 (0.66-1.12)
Reference

062 (0.38-1.03)
0.93 (0.68-1.27)
Reference

0.75 (0.45-1.26)
0.81 (0.59-1.09)
Reference

0.47 (0.25-0.87)
0.75 (0.53-1.07)
Reference

058 (0.33-1.02)
0.85 (0.60-1.21)
Reference

p-value

0.23
0.14
0.19

0.001
0.030
0.25

0.19
0.081
0.26

0.16
0.063
0.63

0.31
0.28
0.17

0.044
0.016
0.11

0.17
0.058
0.87

HR, hazard ratio; Cl, confidence interval: HRR, homologous recombination repair; HGSOC, high-grade serous ovarian cancer; PFS, progression-free survival; OS, overall survival.

*Adjusting for age and performance status.

“Assessed in patients treated with 1% line chemotherapy.
Statistically significant p-values are shown in bold.
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N (%)

Median age at start of melphalan, years (range) 69 (33-87)
Histology

Serous 67 (89.3)

No-serous 8 (10.7%)
FIGO stage at presentation

Il 9(12.0)

i 43 (57.3)

v 23 (30.7)
Grade

G1/2 6(9.8)

G3 55 (90.2)

Unknown 14
Primary debulking surgery

No 9(12.0)

Yes 66 (88.0)
BRCA status

Wild-type 25 (69.4)

Mutated 11 (30.6)

Not available/Unknown 39
ECOG PS

0-1 67 (89.3)

>2 8(10.7)
Median baseline Ca125, ng/mL (range) 287.3 (11.1-105835)
Pre-treatment hemoglobin, g/dl

>12.5% 18 (25.7)

<125 52 (74.3)

Unknown 5
Pre-treatment NLR

<3 34 (50.7)

>3 33 (49.3)

Unknown 8
Pre-treatment PLR

<210 34 (50.0)

>210 34 (50.0)

Unknown 7
Number of previous therapies before Melphalan

2 15 (20.0)

3 17 (22.7)

4 15 (20.0)

5 12 (16.0)

6 9(12.0)

>7 79.3)
Median number of cycles of Melphalan (range) 3(1-22)
Starting dose of Melphalan

95-100% 32 (42.7)

75-94% 32 (42.7)

<75% 11 (14.6)
Dose reduction of Melphalan during treatment

No 54 (72.0)

Yes 21 (28.0)
Median follow-up, months (range) 32 (1-62)
Median PFS, months (95% Cl) 3.6(2.9-4.7)
Median OS, months (95% CI) 9.5 (8.0-14.1)
Tumor response, N (%)
CR 1(1.3)
PR 6(8.0)
S} 37 (49.4)
PD 31 (41.3)
Ca125 response*, N (%) 20 (26.7)
Patients receiving new treatment after progression, N (%) 38 (50.7)
Median number of therapies after melphalan (range) 2(1-5)
*Upper normal value.

*According to Rustin’s criteria.

Cl, confidence interval; CR complete response; ECOG, Eastem Cooperative Oncology
Group; FIGO International Federation of Gynecology and Obstetrics; N, number; NLR,
neutrophil-to-lymphocyte ratio; OS, overall survival; PFS, progression-free survival; PLR
platelet-to-lymphocyte ratio; PD, progression disease; PR, partial response; PS,
performance status; SD, stable disease.
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PFS os
N.pts N.events Median PFS (mo) (95% Cl)  p HR (95% Cl) P N.pts N.events MedianOS (mo)(95%Cl)  p HR (95% Cl) P

Age, years

<69" 36 34 44(3.1-5.1) 1.00 36 29 87(6.516.8) 1.00

269 39 36 33(2.1-47) 0707 091(0.56-1.48) 0707 39 24 10.7 (7.6-15.3) 0313 075(0.43-131) 0315
Debulking surgery

No 9 8 47(09-21.9) 1.00 9 6 19.4 (1.5-) 1.00

Yes 66 62 3.4(29-49) 0992 1.00(0.47210) 0992 66 a7 95(8.0-14.1) 0857 092(0.39-2.18) 0.857
FIGO stage

i 9 9 8.7 (1.644.1) 1.00 9 7 24.1 (2.6-m) 1.00

1] 43 4 43(3.1-49) 0.4 (0.19-1.02) 43 29 106 (7.6-16.8) 076 (0.331.77) 0527

v 23 20 25(1.86.4) 0090 1.15(067-197) 0103 23 17 8.4(36-12.9) 0174  161(0.87-297) 0.182
ECOG PS

0 34 32 43(3.1-5.1) 1.00 34 25 12.0(8.0-23.2) 1.00

1 32 30 33(2.1-47) 0 1.19(072-197) 32 22 8.4(38-16.8) 159(088-288) 0.121

23 8 7 4.8(09-m) 079 1.13(0.49258) 0777 8 6 8.4 (1.1-m) 0133  2.20(0.88-555) 0.093
Pre-treatment Ca125

<35" 8 7 5.6 (1.8-m) 1.00 32 27 7.2(4.0-106) 1.00

35 63 59 342545 0081 2.09(0.89-489) 0089 32 19 16.8 (8.8-24.1) 053 (0.290.97)
Pre-treatment Hb 11 7 9.0 (3.5 0096 062 (0.27-144) 0.103

>125" 18 17 472470 1.00

<125 52 48 3.4(26-4.6) 0176 1.49(083269) 0.181 8 5 106 (6.5-1w) 1.00
Pre-treatment NLR 63 a4 88(7.2-14.1) 0317  1.68(0.60-4.70) 0.323

<3 34 33 30(2.1-43) 1.00

23 33 29 4.4(256.4) 0271 075(045125) 0274 18 15 87(64-17.9)
Pre-treatment PLR 52 34 115 (7.6-16.5) 0758  091(0.49-168) 0.758

<210 34 32 39(266.4) 1.00

2210 34 31 33(1.9-45) 0542 1.17(071-193) 0544 34 2 106 (7.2-15.3) 1.00
Starting dose of melphalan 33 25 8.4(38-16.8) 0650 1.15(0.64-206) 0.650

95-100% 32 30 332150 1.00

75-94% 32 30 462968 0.71(0.43-1.20) 34 2 10.7 (8.3-17.9) 1.00

<75% 1" 10 29(09-80) 0432 090(043-186) 0438 34 26 80(3.7-14.1) 0114 159(0.89-284) 0.117
BRCA status

Wid-type 2 24 26(1.9-4.4) 1.00 2 16 80(4.0-12.0) 1.00

Mutated 1" 8 6.2(3.7-m) 0001 0.25(0.10061) 0002 11 7 259 (3.7-m) 0086 0.38(0.12-1.19)  0.097

“Median value; *upper normal value.

C!, confidence interval; ECOG, Eastem Cooperative Oncology Group; FIGO, Intemnational Federation of Gynecology and Obstetrics; Hb, hemoglobin; HR, hazard ratio; mo, months; N, number; NLR, neutrophi-to-lymphocyte ratio; nr=not
reached: PLR, platelat-to-Mnphocyte rati

PFS. progression-free sunvival: PS, performance status: pis, pationt:
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Toxicity Grade 1 N (%) Grade 2 N (%) Grade 3 N (%) Grade 4 N (%)

Anemia 3(4) 8(10.7) 5(6.7) 00
Neutropenia 9(12.0) 3(4) 8(10.7) 2@2.7)
Thrombocytopenia 1(1.9) 73 12 (16.0) 1(1.3)
Nausea/vomiting 2(2.7) 217 227 0(0)
Fatigue 5(6.7) 5(6.7) 1(1.3 0(0)
Diarrhea 2(2.7) 27 0(0) 0(0)
Mucositis 0(0) 1(1.3) 2@2.7) 0(0)
Liver 0(0) 2(27) 0(0) 00
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Gene

ANXA7
ATP5E
AURKA
BYSL
CABIN1
CCNB1
CDK7
CEBPA
CENPA
CRNKL1
CYBA
DDX1
DDX17
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Univariate Cox analysis LASSO analysis Multivariate Cox analysis

Coef HR (95% CI for HR) P value Coef Coef HR (95% Cl for HR) P value
0.485 1.624 (1.139-2.316) 0.007 0.229788 0.379 1.461 (0.964-2.216) 0.074
0.522 1.684 (1.198-2.369) 0.003 0.161437 0.228 1.256 (0.802-1.967) 0.320
0.187 1.205 (1.003-1.448) 0.047 0.000000

-0.293 0.746 (0.576-0.967) 0.027 -0.318905 -0.547 0.579 (0.405-0.827) 0.003
-0.402 0.669 (0.507-0.884) 0.005 -0.062035 -0.085 0.919 (0.621-1.360) 0.672
0.193 1.213 (1.000-1.472) 0.050 0.000000

0.328 1.388 (1.032-1.868) 0.030 0.055753 0.172 1.187 (0.818-1.723) 0.366
-0.204 0.816 (0.689-0.966) 0.018 -0.100185 -0.180 0.835 (0.676-1.032) 0.095
0.145 1.156 (1.004-1.332) 0.044 0.000000

0.492 1.635 (1.233-2.168) 0.001 0.079895 0.044 1.045 (0.643-1.697) 0.860
-0.235 0.791 (0.637-0.982) 0.034 0.000000

0.394 1.483 (1.121-1.963) 0.006 0.010649 -0.082 0.921 (0.586-1.448) 0.721
-0.347 0.706 (0.551-0.906) 0.006 -0.119905 -0.153 0.858 (0.625-1.178) 0.344
0.361 1.435 (1.062-1.938) 0.019 0.000000

0.332 1.393 (1.040-1.867) 0.026 0.180997 0.330 1.391 (0.963-2.009) 0.079
0.357 1.429 (1.015-2.012) 0.041 0.000000

0.535 1.708 (1.290-2.262) 0.000 0.270596 0.259 1.296 (0.865-1.942) 0.209
0.246 1.279 (1.018-1.605) 0.034 0.000000

-0.164 0.849 (0.745-0.967) 0.014 -0.089458 -0.188 0.829 (0.708-0.970) 0.019
0.494 1.638 (1.194-2.249) 0.002 0.512805 0.608 1.836 (1.166-2.892) 0.009
0.370 1.448 (1.049-1.998) 0.024 0.238628 0.484 1.622 (1.120-2.348) 0.010
0.201 1.337 (1.019-1.755) 0.036 0.000000

0.350 1.419 (1.044-1.928) 0.025 0.012330 0.133 1.142 (0.759-1.720) 0.524
-0.126 0.882 (0.786-0.988) 0.030 0.000000

0.409 1.506 (1.029-2.204) 0.035 0.000000

0.166 1.181 (1.011-1.380) 0.036 0.149560 0.220 1.247 (1.088-1.497) 0.018
-0.168 0.846 (0.749-0.954) 0.007 -0.146708 -0.201 0.818 (0.714-0.937) 0.004
0.307 1.359 (1.030-1.793) 0.030 0.000000

0.204 1.227 (1.018-1.479) 0.032 0.034363 0.076 1.079 (0.842-1.382) 0.549
0.460 1.583 (1.147-2.184) 0.005 0.318416 0.578 1.783 (1.086-2.926) 0.022
0.237 1.267 (1.042-1.540) 0.018 0.000000

0.581 1.789 (1.284-2.492) 0.001 0.025548 -0.055 0.946 (0.560-1.600) 0.837
0.279 1.322 (1.031-1.697) 0.028 0.000000

-0.106 0.900 (0.828-0.978) 0.013 0.000000

0.313 1.368 (1.058-1.768) 0.017 0.000000

-0.160 0.852 (0.734-0.989) 0.036 0.000000

-0.252 0.777 (0.675-0.896) 0.000 -0.179244 -0.249 0.780 (0.653-0.931) 0.006
0.335 1.398 (1.029-1.899) 0.032 0.000000

0.258 1.295 (1.072-1.564) 0.007 0.019890 0.144 1.154 (0.864-1.542) 0.331
-0.393 0.675 (0.501-0.909) 0.010 -0.281363 -0.453 0.636 (0.425-0.952) 0.028
-0.301 0.740 (0.567-0.966) 0.027 -0.054323 -0.103 0.902 (0.666-1.222) 0.506
-0.187 0.829 (0.732-0.940) 0.004 -0.011256 0.006 1.006 (0.878-1.151) 0.936
0.608 1.836 (1.347-2.503) 0.000 0.085764 -0.064 0.938 (0.613-1.434) 0.767
-0.097 0.907 (0.831-0.990) 0.029 -0.048561 -0.090 0.914 (0.830-1.007) 0.068
0.407 1.502 (1.057-2.134) 0.023 0.000000

0.286 1.331 (1.002-1.769) 0.048 0.000000

0.471 1.601 (1.080-2.374) 0.019 0.000000

0.371 1.449 (1.057-1.986) 0.021 0.000000

0.341 1.407 (1.033-1.915) 0.030 0.000000

0.411 1.508 (1.130-2.011) 0.005 0.008188 0.062 1.064 (0.694-1.632) 0.774
0.399 1.491 (1.176-1.890) 0.001 0.000000

0.630 1.878 (1.359-2.597) 0.000 0.478655 0.561 1.752 (1.201-2.556) 0.004
0.499 1.648 (1.199-2.264) 0.002 0.056403 -0.001 0.999 (0.640-1.560) 0.997
0.510 1.666 (1.112-2.499) 0.014 0.000000

-0.245 0.783 (0.618-0.992) 0.042 0.000000

0.333 1.394 (1.050-1.852) 0.021 0.019793 0.182 1.200 (0.804-1.790) 0.373
0.396 1.487 (1.069-2.087) 0.022 0.000000

0.168 1.183 (1.002-1.396) 0.048 0.000000

-0.456 0.634 (0.455-0.884) 0.007 -0.372656 -0.516 0.597 (0.408-0.875) 0.008
0.263 1.301 (1.028-1.647) 0.029 0.000000

LASSO, least absolute shrinkage and selection operator; Coef, coefficient; Bold values indicates P < 0.05.
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