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Editorial on the Research Topic 


Women in gynecological oncology: 2021





Introductions

This editorial summarizes the contributions to the Frontiers Research Topic “Women in gynecological oncology 2021”. The cohort comprises 33 articles with one clinical trial, 25 original research, 6 systemic analyses, and 1 review article. They were published from September 2021 through August 2022 period. As of May 2023, the article’s impact analysis has over 61,000 views, with US and China leading viewers. The editorial has over 300 authors, and the article view ranges from 1000- 4000. These Research Topic aimed to explore recent developments in the area of gynecological oncology diagnosis, treatment, and the latest research.





Clinical trial

The only clinical trial (ChiCTR2000035061) in the editorial by Wang et al. comprised a screening program to investigate the prevalence of human papillomavirus (HPV) and HPV genotype distribution to reveal cervical cancer and its precursor, which led to morbidity among women in northern Tibet. They reported total HPV infection rate among women in Nagqu was 13.42%. In addition, they identified the five most common HPV genotypes, accounting for more than 60% of all HPV infections in Nagqu people, were HPV 16, 58, 31, 18, and 52.





Original articles

While summarising all the original research articles in the cohort will be beyond the scope of the editorial. We have discussed the four most viewed articles below.

Wei et al. analyzed the heterogeneity from transcriptional to immune infiltration between HPV+ and HPV- samples by Single-cell RNA sequencing (scRNA-seq) and bulk RNA sequencing. The study revealed heterogeneity from the transcriptional state to immune infiltration. They believe that single-cell transcriptomics is a powerful tool to explore the heterogeneity of HPV+ and HPV- tumors, which can facilitate assessing the impact of HPV infection on cancer biology by identifying gene markers for diagnosis, prognosis, and therapy.

The study by Ni et al. aimed to perform homologous recombination deficiency (HRD) testing of ovarian cancer in the real world in China and correlate HRD status and clinical characteristics with therapeutic outcomes. The results demonstrated that patients with high HRD scores tended to enrich in BRCA mutation and HRR mutation. The study is the first real-world study of Next-Generation Sequencing (NGS) -based HRD in Chinese ovarian and fallopian tube cancer patients.

The pilot study by George et al. evaluates population-level patterns of ovarian cancer in Black women globally and locally and describes the correlative patterns between age and histologic distribution in our Transatlantic Gynecologic Cancer Research Consortium. -member cohorts. The analysis revealed that the burden of ovarian cancer is increasing annually. By 2040, there is an expected 49.6-86.8% increase in ovarian cancer incidence in Africa, Latin America, and the Caribbean, which is much greater than the modest 9.6-25.9% increase expected among the predominantly White regions of Europe and North America.

`Xing et al. aimed to screen ferroptosis- and immune-related differentially expressed genes (FI-DEGs) to identify appropriate prognostic signatures for cervical squamous cell carcinoma patients endocervical adenocarcinoma (CESC). They found that Dual oxidase 1 (DUOX1) expression increased in CESC patients and suggested that DUOX1 may play different roles in different cancers, and the abnormal DUOX1 expression was only the result of CESC.





Review article

The only review article by Zannoni et al. focused on summarizing the histological features and immunohistochemical and molecular biomarkers useful to characterize endometrial cancer. The authors believe molecular classifiers should be combined with clinical risk groups and pathological parameters in an integrated histo-molecular approach to better discriminate outcomes for different patients.





Systemic review

The systemic analysis primarily focused on treatment, with one focusing on the association between endometriosis and ovarian cancer (Chen et al.).

Zhang et al. performed a meta-analysis to compare and evaluate medium- (3-year) and long-term (5-year) survival outcomes in patients with early-stage cervical cancer who underwent MIS (laparoscopic or robot-assisted radical hysterectomy) or Abdominal radical hysterectomy (ARH). The meta-analysis included 48 studies with 23346 patients and reported that early-stage cervical cancer undergoing MIS had a poorer prognosis than those undergoing ARH.

Inzani et al. reviewed the post-treatment pathological scoring systems for gynecological malignancies. According to current guidelines, the chemotherapy response score (CRS) system applied to the omental tissue is mandatory in pathological reports to evaluate the response of post-neoadjuvant high-grade serous carcinoma. Pressurized intraperitoneal aerosol chemotherapy (PIPAC) has emerged in recent years as a novel method of intraperitoneal drug administration to treat inoperable peritoneal metastasis from different origins. A 4-degree system called peritoneal regression grading score (PRGS) is used to monitor histological response on biopsies made during PIPAC procedures.

Maiorano et al. systematically reviewed the clinical trials regarding immune checkpoint inhibitors (ICIs) for the treatment of advanced Endometrium Cancer (EC). They reported that ICIs were an effective option for pretreated advanced EC patients with tolerable profiles and combining ICIs and Tyrosine kinase inhibitors (TKIs) are more effective in Microsatellite stable (MSS) women than monotherapy and pretreated advanced/recurrent EC.

Wang et al. meta-analysis evaluated the efficacy and safety of a placebo during the maintenance therapy of ovarian cancer (OC) patients in randomized controlled trials (RCTs). In total, 41 articles with 20,099 patients were included in this meta-analysis and reported that placebo did not improve or reduce the progression-free survival (PFS) and overall survival (OS) benefits of OC patients in RCTs but increased the incidences of common adverse effects (AEs).

Ren et al. performed a network pharmacology analysis to explore traditional Chinese medicine’s potential pharmacological mechanisms and targets (TCM) in treating gynecological cancer (GC). The study, which included 11 RCTs of 863 GC patients, showed that TCM plus chemotherapy could provide more durable disease control and improve GC patients’ Quality of life (QOL) without substantially increasing AEs compared with chemotherapy alone.

In the meta-analysis conducted by Chen et al. to uncover the differences in PFS and OS within endometriosis-associated ovarian cancer (EAOC) and non-EAOC patients. Twenty-one studies involving 38641 patients were included and reported that EAOC patients tended to have better OS and PFS than non-EAOC patients.





Conclusion

This Research Topic is very insightful and helpful in understanding the accurate research methodology and getting up to date with biomarkers in gynecological oncology. The authors hope to impact the reader’s interest in respective Research Topic and will push them to pursue their future endeavors in gynecological oncology.
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Research Question

The use of a power morcellator in laparoscopic myomectomy is a controversial topic. The application of single-port laparoscopy solves this problem, but its safety, efficacy and prognosis are also challenges. The purpose of this study was to compare the clinical application of single-port laparoscopy and traditional three-port laparoscopy in myomectomy.



Design

This is a retrospective review of a total of 120 patients who underwent single-port laparoscopic myomectomy (n=60) or traditional three-port laparoscopic myomectomy (n=60), performed between January 2019 to December 2020. The operation time, intraoperative blood loss, specimen removal time, hemoglobin change after operation, postoperative ambulation time, first exhaust time after surgery, the length of hospital stay, pain score on the day, the first day after operation and the satisfaction of abdominal wall scar were evaluated for the surgical outcomes.



Results

Compared with the traditional three-port laparoscopic group, the specimen removal time, postoperative ambulation time, first exhaust time after surgery, the length of hospital stay were all shorter, the satisfaction of abdominal wall scar were higher in single-port laparoscopic group. The duration of surgery was longer in single-port laparoscopic group significantly. The differences were statistically significant (P<0.05). The intraoperative blood loss, hemoglobin change after operation, pain score on the day of operation and the first day after operation of the two groups had no differences (P>0.05).



Conclusions

The clinical effect of single-port laparoscopic myomectomy is satisfactory and can be popularized in clinic.





Keywords: myomectomy, single-port access (SPA) laparoscopic surgery, three-port laparoscopic surgery, uterine fibroids, gynecological surgery



Introduction

Uterine myoma is a common benign tumor of female reproductive organs, the overall incidence rate was 40% to 60% at the age of 35 years, 70% to 80% at 50 years of age (1). About 30% of the patients had abnormal uterine bleeding (increased menstruation, secondary anemia) and pelvic compression symptoms (abnormal urination, constipation and diarrhea) (2). A large number of clinical practice shows that the main treatment is still surgery. In recent years, laparoscopic myomectomy has become the first choice because of its less invasive and better surgical outcome (3). Single-port laparoscopic technology has become a hot spot recently, the advantages of it can be maximized by reducing postoperative pain and improving aesthetics. However, the feasibility and safety of it has not been determined. This study aims to explore the feasibility of single-port laparoscopic myomectomy in the field of gynecology by studying the efficacy and recovery of patients with uterine fibroids undergoing single-port laparoscopic myomectomy and traditional three-port laparoscopic myomectomy.



Methods


General Information

This study selected 120 patients with uterine fibroids who underwent laparoscopic myomectomy in the gynecologic department of Shengjing Hospital of China Medical University from January 2019 to December 2020. The medical information of each patient was reviewed retrospectively. The inclusion criteria: ①All patients were diagnosed as hysteromyoma by pelvic ultrasound and pelvic MR before operation. ②The patients had signed the informed consent. ③The umbilicus is normal. Exclusion criteria: ①Conversion to open surgery or other surgical methods (Massive bleeding occurred during laparoscopic surgery, and it was impossible to stop bleeding under the laparoscopy; It was found that the anatomical structure was unclear and the adhesion was serious during the operation, which made the laparoscopic surgery could not be carried out; Intraoperative frozen pathology showed malignant transformation of hysteromyoma,etc). ②Malignant transformation of uterine fibroids. ③Submucosal fibroids. ④Severe medical system diseases (heart, lung, brain, liver, kidney and other organ abnormalities). The patients were randomly divided into the observation group and the control group (60 cases in each group) according to the different operation methods. The patients in the observation group were treated with single-port laparoscopic surgery, and the patients in the control group were treated with traditional three-port laparoscopic surgery. Postoperative pathology was uterine leiomyoma. There were no significant differences in age, pregnancy, birth and other general conditions between the two groups. The study was approved by the China Medical University Research Ethics Committee. All of the operations were performed by surgeons experienced in laparoscopic surgery.



Surgical Procedure

All patients in the two groups received standardized preoperative nursing preparation and general anesthesia. Single-port laparoscopic surgery was performed using the following techniques. After partial eversion of the umbilicus, a 2-3cm longitudinal incision was made at the umbilicus. The umbilical incision was lifted, the skin and subcutaneous tissue were incised layer by layer, and the peritoneum was incised after confirming that there was no intestinal adhesion below the incision. The disposable incision protection sleeve (Lookmed, Jiangsu, China) was placed in the incision, the inner ring was placed in the abdominal cavity, and the outer ring was left to the abdominal wall to form a single-port laparoscopic approach platform (Figure 1A). A sterile glove was connected with the outer ring. The thumb of the glove was cut, and 10mm trocar (Dike, Guangzhou, China) was placed as the access of a scope and laparoscopic instruments. In order to prevent air leakage and loosening at the joint, No. 7 silk thread was used to fix and tie tightly, and the 5mm (Dike, Guangzhou, China) trocars were inserted into the other two fingers as the instrument port (Figures 1B, C). This is a self-made simple laparoscopic single-port (Figures 1C, D). The advantage is that it can save the cost for the patients without affecting the operation.




Figure 1 | (A) The disposable incision protection sleeve (Lookmed, Jiangsu, China) was placed in the incision. (B) Single-port laparoscopic approach connection instrument. (C) Self-made simple single-port laparoscopic access. (D) The instruments enter the abdominal cavity through single-port laparoscopic access.



The remaining procedures were the same as those of multi-port laparoscopic surgery. Carbon dioxide was injected at a pressure of 13 mm Hg and a rigid 0° or 30° 5-mm laparoscope was inserted (Karl Storz, tutlingen, Germany). 30° laparoscope is a better choice because it provides a wide field of vision. The presence, location and size of leiomyomas were examined. In order to reduce the bleeding of leiomyoma, the uterus was injected with Pituitrin after dilution, and the blood pressure and heart rate were observed. The myomas were completely removed by longitudinal incision along the capsule of uterine myoma and hemostasis was performed by bipolar electrocoagulation. Uterine fibroids were removed from the umbilicus using endopouch specimen retrieval bag (Wellead, Guangzhou, China). 1-0 absorbable sutures were used for the uterine wound closure. Through the umbilicus, a drainage tube was left in place after surgery. The umbilicus was sutured in three layers. The operation pictures are shown as follows (Figures 2A–F).




Figure 2 | (A–F) The operation pictures.





Observation Index

①The duration of surgery, specimen removal time, intraoperative blood loss during surgery, Changes of hemoglobin after operation, first exhaust time after surgery, postoperative ambulation time and the duration of the postoperative hospital stay were observed and recorded. ②Visual analogue scale (VAS) was observed and recorded. Mild pain (1-3, slight pain can be tolerated), moderate pain (4-6, pain and affect sleep, can be tolerated), severe pain (7-10, gradually strong pain, unbearable, affect appetite and sleep). ③30 days after operation, the satisfaction of the two groups on abdominal scar was compared. The score was 1-5 according to the wound recovery basing the subjective evaluation of patients after operation. The higher the score, the higher the satisfaction.



Statistical Analysis

SPSS ver. 26.0 (SPSS Inc., Chicago, IL, USA) was used to perform the Statistical analysis. The p-values less than 0.05, as calculated using the chi-square test or Fisher’s exact test, were considered to indicate statistical significance.




Results

The mean age of the women who accepted single-port laparoscopic myomectomy was 38.1 years (range, 25–47 years). Their average number of gravidity and parity were 1.57 ± 1.33 and 0.83 ± 0.65. The number of previous abdominal operations was 0.70 ± 0.75. There was no significant difference between single-port laparoscopic group and traditional three-port laparoscopic group in age, pregnancy, labor and other general conditions (Table 1).


Table 1 | Clinical characteristics of the patients in single-port laparoscopic group and traditional three-port laparoscopic group.



Surgical outcomes are shown in Table 2. During the surgery, the mean number of myomas resected by myomectomy and size of myomas in single-port laparoscopic group were 1.70 ± 1.02 and 7.85 ± 3.10cm which had no differences with the traditional three-port laparoscopic group. The surgical outcomes were not affected by the size and number of myomas. The operation time in single-port laparoscopic group was 80.67 ± 18.37 minutes, which was longer than the traditional laparoscopic group(P<0.05). The specimen removal time was 1.70 ± 0.65 minutes, which was shorter than the traditional laparoscopic group(P<0.05). After operation, the ambulation time and first exhaust time were 12.65 ± 4.32 hours and 27.70 ± 9.14 hours in single-port laparoscopic group. Calculated (P<0.05), indicating a statistically significant difference with the traditional laparoscopic group. There was no extension of the postoperative hospital stay in single-port laparoscopic group. On the contrary, the postoperative hospital stay was shortened(P<0.05). The intraoperative blood loss of single-port laparoscopic group was 57.00 ± 35.44 ml, which was not significantly different from that of the 54.67 ± 34.01 ml in traditional laparoscopic group (P>0.05). The hemoglobin change after operation was 19.00 ± 10.44g/L in the single-port laparoscopic group which was not significantly different between the two groups.


Table 2 | Surgical outcomes of the patients in single-port laparoscopic group and traditional three-port laparoscopic group.



After operation, we evaluated the pain score of the two groups and the follow-up of scar satisfaction 30 days after operation to evaluate the operation effect. The data were shown in Table 3. Visual analogue scale (VAS) was observed and recorded to evaluate the pain score. Mild pain (1-3, slight pain can be tolerated), moderate pain (4-6, pain and affect sleep, can be tolerated), severe pain (7-10, gradually strong pain, unbearable, affect appetite and sleep). On the day of the operation, the VAS in the single-port laparoscopic group 4.13 ± 0.63. On the first day after operation, the VAS was 3.07 ± 0.89 in the single-port laparoscopic group. There were no statistical differences between the single-port laparoscopic group and traditional laparoscopic group(P>0.05). 30 days after operation, the satisfaction of the two groups on abdominal scar was compared. The score was 1-5 according to the wound recovery basing the subjective evaluation of patients after operation. The higher the score, the higher the satisfaction. The score of the single-port laparoscopic group was 4.17 ± 0.46 which was higher than the traditional laparoscopic group(P<0.05).


Table 3 | Comparison of VAS score and abdominal scar satisfaction score of each group.





Discussion

Uterine myoma is a very common disease of female reproductive system. The pathogenesis is related to many factors, such as race, age, menarche age, genetic factors and so on (4). Many myomas are asymptomatic, about 30-40% of cases can show different symptoms, depending on the location and size of myoma, which can lead to abnormal menstruation, dysuria, abortion, infertility and so on (5). In previous epidemiological studies, the prevalence of uterine myoma was underestimated as the majority of studies focused on symptomatic women (6) Menorrhagia can be secondary to anemia, and even life-threatening (7). In previous epidemiological studies, the prevalence of leiomyoma was underestimated because the majority of studies focused on symptomatic women (8). Myomectomy is a common surgical method for the treatment of uterine fibroids. The choice of treatment depends on the age of the patient and the desire to preserve fertility or avoid radical surgery (9). With the increase of marriage age and the increase of infertility associated with myomas, this kind of operation method has increased (10). In recent years, minimally invasive surgery has been widely used in the field of gynecology. A meta-analysis of 576 cases compared transabdominal myomectomy with laparoscopic myomectomy showed that laparoscopic myomectomy had faster recovery, less intraoperative blood loss, less postoperative pain, and lower overall complications, which was a better choice than open surgery (11). Laparoscopic myomectomy is considered more difficult by many gynecologists, but its advantages are real, and there is no difference in reproductive outcomes compared with traditional open surgery (2, 12). With the continuous development of minimally invasive concept, it is the pursuit of surgeons to minimize surgical trauma and achieve the best cosmetic effect. Single-port laparoscopic surgery has become a hot spot because it uses the natural pores of the navel to hide the surgical incision and has the characteristics of beautiful incision and fast postoperative recovery.

In our study, we compared the effect of single-port laparoscopy and traditional three-port laparoscopy in myomectomy. Compared with the control group, the specimen removal time, the first exhaust time after surgery, the postoperative ambulation time and the Postoperative hospital stay in the observation group were shorter, and the differences were statistically significant (P<0.05). It showed that single-port laparoscopy had the characteristics of less trauma and faster recovery. This was consistent with the research results of You et al (13) that compared with traditional laparoscopy, single-port laparoscopic surgery didn’t lead to prolong suture time and hospital stay. As the incision at the belly button can reach 3cm after being opened, the specimen is easier to take out which makes the single-port laparoscope having more advantageous. Postoperative pain is an important indicator that affects the patient’s recovery, not only affecting the patient’s time to get out of bed after surgery, but also causing a serious psychological burden on the patient. In our study, the VAS score on operation day was 4.13 ± 0.63 and the VAS score on the first day after operation was 3.07 ± 0.89. The VAS scores of the single-port laparoscopic group had no difference with traditional laparoscopic group. It indicated that although the umbilical incision of single-port laparoscopic surgery was larger relatively, it did not increase the postoperative pain of the patients. In a follow-up study of patients’ satisfaction with abdominal scars at 30 days after surgery, the score of the single-port laparoscopic group was higher than those of the traditional three-port laparoscopic group significantly. It showed that single-port laparoscopic surgery uses the skin folds naturally formed in the belly button as a channel, truly achieving “scar-free”, the incision was more beautiful and patients’ satisfaction improved.

In the study, there was no significant difference in intraoperative blood loss and postoperative hemoglobin changes between the observation group and the control group, suggesting that single-port laparoscopic myomectomy didn’t increase the risk of bleeding, and there was no difference in surgical safety between the two groups. The results of this study also showed that the operation time of the observation group was longer than that of the control group (P<0.05). The possible reason was that the operation space of single port laparoscopic surgery was limited, the operation time was short, the operation technology was difficult and more clinical experience was needed. Through skilled operation, the operation time could be shortened (14).

In traditional three-port laparoscopic myomectomy, we used the laparoscopic uterine power morcellation to remove the fibroids. One of the main problems with power morcellation was that the removed tissue spreads to the surrounding area (15). The spread of benign lesions such as leiomyomas can lead to recurrence (16). Paul (17) et al. reported a case of recurrence in a short period of time after laparoscopic myomectomy in a young woman, which was considered to be caused by the residual tumor body during the first operation or the spread of tumor fragments caused by the laparoscopic uterine power morcellation. More worrying is the risk of the spread of malignant tumors, such as endometrial cancer, which may lead to a decline in overall survival rate (18). In 2014, the U.S. FDA issued a statement warning that in order to prevent the damage caused by the spread of unknown uterine fibroids to patients, it opposes the use of uterine power morcellation in laparoscopic hysterectomy or myomectomy (19). It is worthwhile to integrate that the single-port laparoscopic myomectomy procedure avoids the risk of tumor dissemination caused by the traditional three-port laparoscopic uterine power morcellation. During single-port laparoscopic myomectomy, the removed fibroids were placed in the specimen retrieval bag and lifted to the umbilical incision and removed by cold knife, which reduced the risk of fibroids dissemination. The endopouch specimen retrieval bag is an innovative single-use disposable device designed to be used as a receptacle for benign tissue mass during gynecological procedures such as laparoscopic myomectomy or laparoscopic hysterectomy. There is another new type of tissue morcellation bag which can be used in conjunction with the tissue morcellation system to safely contain and remove the shredded benign tissue mass. The device has unique features to allow for quick deployment, insufflation, morcellation and spill-proof withdrawal of the bag. Thereby reducing the patients’ pain and surgical trauma caused by recurring diseases and even life threatening caused by medical dissemination.

Single-port laparoscopic surgery also has limitations in the treatment of uterine fibroids. Because the relevant instruments can only enter the abdominal cavity through the umbilical incision, the instruments are relatively concentrated and interfere with each other. It is difficult to form an operation triangle. The operation lacks a sense of space and three-dimensionality. The difficulty increases in operation and an experienced surgeon is required to perform the operation. The operation time of the single-port laparoscopic group in our study is higher than that of the traditional three-port laparoscopic group, which reminds that the surgeon needs to master skilled techniques and continuously accumulate experience in order to reduce the operation time. Moreover, the conditions of the operation should be comprehensively evaluated, the indications should be grasped and choose a more appropriate surgical method for patients with contraindications before the operation.



Conclusion

In summary, the use of single-port laparoscopic surgery to treat uterine fibroids can effectively reduce postoperative pain, accelerate postoperative recovery of patients, improve incision beauty and patients’ satisfaction which can be applied to the treatment of uterine myoma and is worthy of promotion.
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Alterations in glycosylation regulate fundamental molecular and cellular processes of cancer, serving as important biomarkers and therapeutic targets. However, the potential association and regulatory mechanisms of E6 oncoprotein on glycosylation of cervical cancer cells are still unclear. Here, we evaluated the glycomic changes via using Lectin microarray and determined the corresponding enzymes associated with endogenous high-risk HPV16 E6 expression in cervical cancer cells. α-2,6 sialic acids and the corresponding glycosyltransferase ST6GAL1 were significantly increased in E6 stable-expressing HPV− cervical cancer C33A cells. Clinical validation further showed that the expression of ST6GAL1 was significantly increased in patients infected with high-risk HPV subtypes and showed a positive association with E6 in cervical scraping samples. Interfering ST6GAL1 expression markedly blocked the oncogenic effects of E6 on colony formulation, proliferation, and metastasis. Importantly, ST6GAL1 overexpression enhanced tumorigenic activities of both E6-positive and E6-negative cells. Mechanistical investigations revealed that E6 depended on activating YAP1 to stimulate ST6GAL1 expression, as verteporfin (inhibitor of YAP1) significantly suppressed the E6-induced ST6GAL1 upregulation. E6/ST6GAL1 triggered the activation of downstream cGMP/PKG signaling pathway and ODQ (inhibitor of GMP production) simultaneously suppressed the oncogenic activities of both E6 and ST6GAL1 in cervical cancer cells. Taken together, these findings indicate that ST6GAL1 is an important mediator for oncogenic E6 protein to activate the downstream cGMP/PKG signaling pathway, which represents a novel molecular mechanism and potential therapeutic targets for cervical cancer.




Keywords: cervical cancer, E6 protein, YAP1, ST6GAL1, cGMP/PKG



Introduction

Cervical cancer remains the fourth most frequently diagnosed cancer and the fourth leading cause of cancer-related deaths among women worldwide (1). The major causative factor that leads to the development of cervical cancer has been identified as human papillomavirus (HPV) persistent infection (2). High-risk HPV16 is the most common carcinogenic HPV subtype and is responsible for more than half of cervical cancers (3–5). Due to the wide coverage of cancer screening and HPV vaccination programs, incidence and mortality rates of cervical cancer have progressively declined in well-developed countries (6), but an increasing incidence and mortality trend is observed in China, especially in young women (7). Furthermore, the vaccine ISA101, one of the most promising therapeutic vaccines that directly targeted the HPV16 E6 and E7 oncoproteins, has been shown to be ineffective for invasive cancer by itself alone (8).

In infected malignant cells, HPV16 genome frequently (>76%) integrated into the host cell DNA (9). The E6 oncoprotein is one major driver of oncogenesis in the normal cervical epithelium and plays important roles for controlling epithelial differentiation, cellular growth, and immune function (10, 11). Mechanistically, E6 forms a complex with host E3 ubiquitin ligases and mediates proteasomal degradation of a number of host targets, such as tumor suppression protein p53 (12), and also increases telomerase activity to prevent apoptosis and promote the immortalization of infected cells (13). Specifically, E6 protein of high-risk HPV16 and HPV18 can further bind and regulate a selection of PSD95/DLG/ZO-1 (PDZ) domain-containing proteins, like DLG1 and SCRIB, to increase oncogenic potential (14). However, HPV16 E6 preferentially binds SCRIB over DLG1 and vice versa for HPV18 E6. Furthermore, HPV16 E6 also promotes NHERF1 degradation to enhance the metastasis of cervical cancer cells, whereas NHERF1 is not targeted by HPV18 E6 (15). Recently, disruption of the direct interaction between E6 and host proteins or chimeric antigen receptor T cells (CAR-T cells) targeted to E6 have been shown to be effective for HPV16+ cervical cancers (16, 17). Thus, a further detailed clarification of the oncogenic molecular mechanisms of high-risk HPV16 E6 would be beneficial for the development of therapeutic interventions directed against HPV16+ malignancies.

Glycosylation alterations frequently occurred in tumor cells and participate in numerous fundamental biological processes, including cellular signaling, proliferation, adhesion, extracellular matrix interactions, proximal and distal communication, inflammation, and immune surveillance (18). For example, with the ability to enhance the biosynthesis of poly-N-acetyllactosamine chains and generation of the backbone components of dimeric sialyl Lewis A, B3GNT3/B3GNT2-mediated glycosylation of both PD-L1 and PD-1 enhances their interaction, and downregulation of these enzymes represents a potential strategy to enhance immune checkpoint therapy (19–21). Sialylation is another important abnormal glycan modification found in the vast majority of cancers, which leads to the hyperactivation of the receptor tyrosine kinases (RTKs), like epidermal growth factor receptor (EGFR), MET, and RON (22, 23). Increased expression of β-galactoside α2,6-sialyltransferase I (ST6GAL1), an enzyme generated α2,6-sialylated lactosamine, is often associated with invasive phenotype and poor prognosis in several cancers, including colon, stomach, and ovarian cancers (24). Moreover, ST6GAL1 endows resistance of cancer cells to gefitinib (EGFR inhibitor) and trastuzumab (anti-ErbB2 antibody) and also predicts the sensitivity of lenvatinib treatment to patients with hepatocellular carcinoma (25). Thus, targeting glycosylation alterations holds potent promise to augment the available strategies in both therapy and biomarker field of cancers.

Recently, increased sialylation, GlcNAcylation, and reduced fucosylation have been found to be upregulated in carcinomas of the cervix (26–28) and patients with metastatic cervical cancer (29). However, the glycosylation alterations of cervical cancer in response to high-risk HPV16 E6 stimulation, and the potential regulatory mechanisms remain largely unknown. In the present study, we confirmed that E6 increases level of α2-6 sialic acids in cervical cancer HPV− C33A cells via using Lectin microarray, and ST6GAL1 is an important mediator for E6 to perform oncogenic activities. In details, E6 depends on activating YAP1 to stimulate ST6GAL1 expression and subsequently results in the activation of downstream cGMP/PKG pathway. Importantly, knockdown ST6GAL1 or blocking cGMP/PKG pathway with specific inhibitor ODQ suppressed the oncogenic activities of both E6-positive and E6-negative cervical cancer cells. Therefore, our findings provide novel insights into the molecular mechanisms involved in HPV16 E6-induced oncogenesis and suggest that targeting ST6GAL1 or cGMP–PKG signaling might be potential therapeutic strategies for cervical cancer.



Materials and Methods


Cell Culture

The human embryonic kidney (HEK293T) cells, C33A (HPV−) cells, were purchased from the cell bank of the Chinese Academy of Sciences (Shanghai, China) as we previously described (30). HEK293T cells and C33A and C33A-E6 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)–low glucose (Gibco, USA) containing 10% fetal bovine serum (FBS) (Gibco, USA), 100 U/ml penicillin, and 100 µg/ml streptomycin (Beyotime, Shanghai, China) under a humidified atmosphere containing with 5% CO2 at 37°C.



Collection of Cervical Specimens

Samples of all patients were collected with a clinically approved disposable cervical abscission cell sampler (158-0001, Kang Jian Medical, Jiangsu, China). The instructions for use of these cervical sampling brush were as follows: expose the cervix, wipe off the secretions with a cotton swab, carefully insert the brush head into the endocervical canal until the outer bristles touch the outer cervical neck, rotate clockwise five to eight times, and finally insert the brush head into the preservation solution bottle. Genomic DNA was first extracted from the collected samples using a DNA extraction kit (Chaozhou Hybribio Biochemical Co., Ltd., Chaozhou, China) according to the manufacturer’s instructions. According to the clinical detection results of HPV typing as we presented in our previous study (31), 10 samples of five groups were collected respectively and stored at −80°C, and then, ST6GAL1 and E6 gene tests were performed. The five groups including (1) single HPV16-positive specimens, (2) mixed HPV16-positive specimens, (3) other high-risk HPV-positive specimens, (4) low-risk HPV-positive specimens, and (5) HPV-negative specimens. The overview of the clinical characteristics of patients are shown in Supplementary Table S1. The study was approved by the Institutional Review Board of the Wuhan Children’s Hospital (Wuhan Maternal and Child Healthcare Hospital) (2020R079-E01).



Lentivirus Production and Transduction

HPV16 E6 stable-expressing C33A cells were constructed according to our previous study (32). In brief, HPV16 E6 (GenBank accession no. FJ415228.1) was cloned into the lentiviral backbone pLVX-mCMV-ZsGreen-IRES-Puro. Then, the plasmids, pCAG-HIVgp (RDB04394, Riken, Japan) and pCMV-VSV-G-RSV-Rev (RDB04393, Riken, Japan), were simultaneously transfected into HEK293T using Lipofectamine 2000 (Invitrogen, Shanghai, China). Lentiviral particles in the supernatant were harvested at 72 h after transfection. C33A cells were then infected with pLVX-E6 or control pLVX lentivirus [multiplicity of infection (MOI) = 50] in the presence of 8 μg/ml polybrene. The cells were treated with puromycin (5 μg/ml) for 2 weeks to select the stably transfected cells.



Lectin Microarray

A lectin microarray was produced using 95 lectins (Raybiotech Lectin Array 95 kit, Cat. No. GA-Lectin-95, RayBiotech, Inc.) with different binding preferences covering N- and O-linked glycans and analyzed as previously described (33, 34). Whole-cell lysates labeled with fluorescent dye Cy3 (GE Healthcare, UK) were applied to the lectin microarrays, which were then scanned with a Genepix 4000B confocal scanner (Axon Instruments, CA, USA). The acquired images were analyzed at 532 nm for Cy3 detection by Genepix 3.0 software (Axon Instruments, Inc.). Raw values of fluorescent intensities less than the average background were removed. The median of the valid data for each lectin was globally normalized to the sum of the medians of all valid data for 95 lectins. The relative change in protein glycosylation in response to HPV16 E6 stimulation was evaluated by comparison of the data from E6 stable-expressing versus control C33A cell lysates.



Transient Transfection

Short-hairpin RNA targeting human ST6GAL1 (pSilencer 1.0-U6-shST6GAL1) and negative control shRNA (pSilencer 1.0-U6-shNC) were designed and chemically synthesized by the TSINGKE Biological Technology (Wuhan, China). According to the targeting sequences, oligonucleotides coding for each short-hairpin RNA (shRNA) were designed and listed as follows: shRNA ST6GAL1, forward 5′-GGGAGTTACTATGATTCCTTTTTCAA GCTTAAAGGAATCATAGTAACTCCCTTTTT-3′; reverse, 5′-AATTAAAAAGGG AGTTACTATGATTCCTTTAAGCTTGAAAAAGGAATCATAGTAACTCCCGGCC -3′); shRNA-negative control (NC) (forward, 5′-TTCTCCGAACGTGTCACGTTCAA GCTTCGTGACACGTTCGGAGAATTTTT-3′; reverse, 5′-AATTAAAAATTCTCC GAACGTGTCACGAAGCTTGAACGTGACACGTTCGGAGAAGGCC-3′). Messenger RNA (mRNA) of ST6GAL1 (GenBank accession no. NM_173216.2) was synthesized and inserted into the pcDNA3.1 vector (Invitrogen, Carlsbad, CA, USA); empty vector transfection was transfected as the control. C33A or C33A-E6 cells were grown to a density about 70–80% in 6-cm dishes and then transfected with indicated plasmids by Lipofectamine 2000 Transfection Kit (Invitrogen, Shanghai, China) following the manufacturers’ instruction. Forty-eight hours posttransfection, the selective overexpression or silencing of ST6GAL1 was detected by Western blot.



mRNA Sequencing

Total RNA was extracted from C33A and C33A-E6 cells with Trizol reagent (Invitrogen, CA, USA). Then, the RNA was quantified using a NanoDrop ND-2000 (Thermo Scientific), and its integrity was assessed using the Agilent Bioanalyzer 2100 (Agilent Technologies, USA). Next, the mRNA molecules were purified from the total RNA using oligo (dT) magnetic beads and fragmented into small pieces and then subjected to transcriptome analysis (OEbiotech, Shanghai, China). The E6-dysregulated mRNAs were identified by the combination of the absolute value of the |log2 [fold change of reads per kilo base per million mapped reads (RPKM)]| ≥ 1 and p < 0.05. ST6GAL1-associated mRNAs were analyzed using R2: Genomics Analysis and Visualization Platform (http://r2.amc.nl) as we previously described (32); the cutoff correlation p-value was <0.01. Cluster Profiler R package was used for Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. MEV software was used for hierarchical cluster analysis of mRNA expression according to the protocol provided by OEbiotech.



Quantitative Real-Time PCR

Total RNA extracted from indicated cervical cancer cells with Trizol reagent (Invitrogen, CA, USA). Subsequently, complementary DNA was generated from 1 μg total RNA using Prime Script RT Master Mix (Takara Bio Inc., Kusatsu, Japan). Real-Time PCR (qRT-PCR) was conducted using 2× SYBR green PCR master mix (TaKaRa, Dalian, China) according to the manufacturer’s protocol to detect mRNA levels of indicated genes. The ABI 7500 (Applied Biosystems, CA, USA) was used to perform the amplification reaction. Each experiment was performed in triplicate. Gene expression values were normalized relative to expression of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) by the 2−ΔΔCt method. The gene-specific primer sequences are listed in Table 1.


Table 1 | Primer sequences for genes.





Western Blot

Cells were lysed on ice with radioimmunoprecipitation assay (RIPA) buffer (Beyotime, China) containing a protease inhibitor cocktail. The concentration of protein was detected by a BCA Protein Assay Kit (Beyotime). Protein samples (30 µg) were separated by 8–12% (v/v) sodium dodecyl sulfate polyacrylamide (SDS-PAGE) gel electrophoresis and transferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore, MA, USA) for subsequent experiments. The membranes were blocked by 5% defatted milk for 2 h at room temperature and then incubated with primary antibodies against HPV16E6 (sc-460; 1:1,000; 16 kDa; Santa Cruz), ST6GAL1 (14355-1-AP; 1:1,000; 47 kDa; Proteintech), B3GNT2 (sc-134231; 1:1,000; 46 kDa; Santa Cruz), FUT2 (sc-100742, 1:1,000; 39 kDa; Santa Cruz), B4GALT1 (sc-515551, 1:1,000; 50 kDa; Santa Cruz), Bcl-2 (ab196495; 1:1,000; 26 kDa; Abcam), Bax (50599-2-lg; 1:10,000; 21 kDa; Proteintech), p53 (ab26; 1:1,000; 53 kDa; Abcam), YAP1 (ab56701; 1:1,000; 49 kDa; Abcam), p-YAP1S397 (#13619; 1:1,500; 75 kDa; CST), VASP (13472-1-AP; 1:1,000; 46 kDa; Proteintech), p-VASPSer239 (ab194747; 1:1,000; 40 kDa; Abcam), Smad2 (ab119907; 1:1,000; 52 kDa; Abcam), p-Smad2S467 (ab53100; 1:1,000; 58 kDa; Abcam), E-cadherin (13-1700; 1:1,000; 110 kDa; Invitrogen), sGC (ab189176, 1:1,000; 71 kDa; Abcam), PKG1 (#3248, 1:1,000; 48 kDa; CST), PKG2 (55138-1-AP; 1:1,000; 87 kDa; Proteintech), PDE5A (ab28761, 1:1,000; 95 kDa; Abcam), and GAPDH (sc-47724; 1:1,000; 37 kDa; Santa Cruz) at 4°C overnight. Next, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies and visualized by chemiluminescence (Pierce ECL Western Blotting Substrate).



Cell Counting Kit-8 Assay

Cells (1.5 × 103) were seeded into 96-well plates and incubated with 5% CO2 at 37°C, after incubation for 24, 48, 72, and 96 h, 10 μl Cell Counting Kit-8 (CCK-8) reagent (Yeasen, Shanghai, China) was added into each well and incubated for another 4 h. Cell viability was assessed by detecting the absorbance of the dye solution at 450 nm in a microplate reader (Bio-Rad, CA, USA). All samples were prepared in triplicate and normalized to a blank control.



Colony Formation Assay

Cells (1 × 103) were plated in six-well plates for 24 h and then received indicated transfection or drug treatment. Cells were then cultured in fresh medium for another week. Colonies were fixed with methanol and stained with crystal violet (0.05%, w/v) for 30 min. Photographs were acquired, and colonies containing more than 50 cells were counted. All the experiments were performed in triplicate.



Cell Apoptosis Assay

For cell apoptosis analysis, cells were incubated with Annexin V-FITC and propidium iodide using an Annexin V-FITC Apoptosis Detection Kit (Biolegend) according to the manufacturer’s protocol at 4°C in the dark for 30 min. The fluorescence of the stained cells was examined by flow cytometry (FACSCanto II, Becton-Dickinson, USA) and analyzed by FlowJo 10.5.4 software.



Wound-Healing Assay

A wound-healing assay was used to evaluate the migration of C33A and C33A-E6 cells. Briefly, cells (1 × 105) were seeded in 24-well plates for growth to 80–90% confluence. Then, the monolayers were wounded by scratching the surface as uniformly as possible with a pipette tip. The remaining cells were washed thrice in phosphate-buffered saline (PBS) to remove cellular debris and incubated at 37°C with serum-free medium. Migrating cells at the wound front were photographed under an Olympus IX73 microscope after 24 h. The area of the wound was measured with ImageJ software (NIH, USA).



Transwell Assay

Transwell assay was used to investigate cells invasion in C33A and C33A-E6 cells as we described previously (30, 32). Briefly, 24-well Transwell plates (pore size, 8 µm; Corning, Inc.) with 100 µl Matrigel (BD Biosciences) in upper chamber were used for cell invasion assays. Cells (5 × 104) were resuspended in serum-free medium and placed into the upper chamber. Complete medium in the lower chamber was considered as a chemical attractant. After incubating for 24 h, the invaded cells attached to the lower surface were fixed with 4% formaldehyde for 15 min and then stained with 0.05% crystal violet for 30 min. The invasion cells were photographed under an Olympus IX73 microscope. Experiments were performed in three independent times and six random fields were scanned in each time.



Statistical Analysis

The data were presented as mean ± standard deviation of at least three independent experiments and analyzed by GraphPad Prism 8.0 Software (GraphPad Software Inc., La Jolla, CA, USA). Unpaired t-test or one-way ANOVA followed by Newman–Keuls post-hoc test was performed for data analysis. A p < 0.05 was considered as statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001).




Results


The High-Risk HPV16 E6 Protein Results in Altered Glycosylation in Cervical Cancer Cells

To examine the relationship between HPV16 E6 and altered glycosylation in cervical cancer, we constructed HPV16 E6-stable expressing HPV− C33A cervical cancer cells (C33A-E6) and detected the glycan repertoire of cellular glycoproteins via using 95-lectins microarray. In general, C33A-E6 cells showed higher levels of α-2,6 sialic acids (bound by lectin SNA-I), N-acetylgalactosamine (WFA, SHA), α-1,3- and α-1,6-linked mannose (HHA, NPL), β-galactosidase (GAL9), and lower levels of lactose/galactose (RCA120, RCA60, PHA-E), and α-1,2 fucose structures (UEA-I) than the corresponding control C33A cells (Figures 1A, B; Table 2). To gain insight into the biosynthetic underpinnings of these changes, we then focused on glycogenes (glycosyltransferases) known to be involved in the synthesis of glycan epitopes bound by these lectins. Consistent with our observed glycan changes, C33A-E6 cells displayed higher expression levels of N-acetylgalactosamine branching enzymes (B3GALNT1 and B4GALNT1), sialyltransferases (ST6GAL1 and ST6GAL2), and α-1,3- and α-1,6-linked mannose extension enzymes (MAN2A1) than control C33A cells, and lower levels of lactose/galactose branching enzyme B4GALT1 and α-1,2 mannosidases (FUT1 and FUT2) (Figures 1C, D). In addition, poly-N-acetyllactosamine (DSA, WGA) and its corresponding enzymes (B3GNT2 and B3GNT3) showed no changes (Figures 1A–D). These results indicate that E6 results in altered glycosylation in cervical cancer cells. Given the strong evidence for a relationship between the glycosylation and cancer progression (18), we hypothesized that altered expression of these glycogenes and their corresponding changes in glycan epitopes may be involved in the oncogenic activities of HPV16 E6.




Figure 1 | The high-risk HPV16 E6 protein results in altered glycosylation in cervical cancer cells. (A) C33A cells were infected with pLVX-E6 or empty control pLVX lentivirus (MOI = 50) to select the stably transfected cells with the presence of puromycin (5 μg/ml). Then, glycosylation changes in whole-cell lysates of C33A and C33A-E6 cells (E6 stable expressing) were detected by lectin microarray (included 95 lectins). The slide with two replicates of the lectin array is shown. The lectin microarrays with high fluorescence intensities in C33A-E6 cells are marked with red frames, and low fluorescence intensities in C33A-E6 cells are marked with white frames. (B) Fluorescence intensities of samples from C33A and C33A-E6 cells were scanned and analyzed. Heat map and hierarchical clustering analysis of the 95 lectins with two biological replicates were presented. The significant different lectins were marked with red frames. (C) qRT-PCR was performed to detect the mRNA expression of lectin-corresponding glycotransferases of C33A and C33A-E6 cells. Data were presented as mean ± SD from the three independent replicates. (D) Protein expression of several glycotransferases were confirmed by Western blot. **p < 0.01, ***p < 0.001.




Table 2 | Differences in glycan patterns between C33A and C33A-E6 cells by lectin microarray analysis.





ST6GAL1 Is a Pivotal Oncogenic Mediator of the High-Risk HPV16 E6

Knockdown of ST6GAL1 suppresses subcutaneous tumor growth and increases cisplatin sensitivity of cervical cancer cells (35); we therefore presumed that ST6GAL1 may be a candidate oncogenic mediator of HPV16 E6 protein. To validate this speculation, we first detected ST6GAL1 expression in cervical scraping samples of patients with different subtypes of HPV infection. The expression of ST6GAL1 was significantly higher in patients infected with high-risk HPV subtypes, including HPV16+, HPV18+, or others (Figure 2A). Moreover, Ct value of ST6GAL1 showed a positive association with E6 in E6-detected cervical scraping samples (Figure 2B). Then, ST6GAL1 was silenced in both C33A and C33A-E6 cells via transient transfecting with short-hairpin RNA targeting ST6GAL1 (shST6GAL1) or a non-targeting control (shNTC) (Figure 2C). CCK-8 and clonogenic assays revealed that ST6GAL1 knockdown markedly attenuated the oncogenic effects of E6 on cellular proliferation (Figure 2D) and colony formulation (Figures 2E, F). Comparing to shNTC-transfected C33A-E6 cells, the apoptotic rate (Figures 2G, H) and expression of proapoptotic proteins, Bax and p53, were also significantly increased in cells transfected with shST6GAL1, and antiapoptotic factor Bcl-2 was significantly decreased (Figure 2I). Furthermore, ST6GAL1 knockdown significantly attenuated the metastatic potential of C33A-E6, including migration (Figures 2J, K) and invasion (Figures 2L, M) in wound-scratching and Transwell assays. Therefore, these data demonstrate that ST6GAL1 is a pivotal mediator for E6 to perform oncogenic activities in cervical cancer cells.




Figure 2 | ST6GAL1 is a pivotal oncogenic mediator of the high-risk HPV 16 E6. (A) Analysis of ST6GAL1 expression in cervical scraping samples of five patient groups (n = 10 in each group). HPV-negative samples were used as control group, and ST6GAL1 expression values were normalized relative to expression of the housekeeping gene GAPDH by the 2−ΔΔCt method. (B) The association of ST6GAL1 to E6 in E6-detected samples was analyzed by Spearman analysis (n = 30). (C) C33A and C33A-E6 (E6 stable expressing) cells were transiently transfected with short hairpin RNA targeting ST6GAL1 (shST6GAL1) or a non-targeting control (shNTC). Then, protein expression of E6 and ST6GAL1 were detected by Western blot. (D) Proliferation of indicated cells were detected by CCK-8 assay. (E) The clones of indicated cells were visualized by crystal violet staining. (F) Statistical analysis of colony numbers in C33A and C33A-E6 cells. (G, H) Apoptosis of indicated cells were detected by flow cytometry, and then, apoptotic rates were statistically analyzed. (I) Western blot was used to detect the expression of apoptosis-related proteins. (J, K) Migrative abilities of indicated cells were detected by wound-healing assay and statistically analyzed. (L, M) Invasive abilities of indicated cells were detected by Transwell assay and statistically analyzed. Data were presented as mean ± SD from the three independent replicates. *p < 0.05; **p < 0.01; ***p < 0.001.





ST6GAL1 Promotes Oncogenic Activities in Both E6-Positive and E6-Negative Cervical Cancer Cells

Knockdown of ST6GAL1 suppresses the oncogenic activities of HPV18+ Hela cells (35) and also HPV− C33A cells (Figure 2). To further confirm the oncogenic potential of ST6GAL1 with or without the status of HPV infection, we then transiently overexpressed ST6GAL1 in both C33A and C33A-E6 cells (Figure 3A). Cellular proliferation (Figure 3B) and colony formulation (Figures 3C, D) of both C33A and C33A-E6 cells were significantly increased in response to ST6GAL1 overexpression. In addition, overexpression of ST6GAL1 also significantly decreased the apoptotic rates (Figures 3E, F) and the expression of proapoptotic proteins, Bax and p53 (Figure 3G) in both C33A and C33A-E6 cells. Antiapoptotic protein Bcl-2 was significantly increased in response to ST6GAL1 overexpression (Figure 3G). With regard to the metastatic potential, ST6GAL1 overexpression significantly increased migrating (Figures 3H, I) and invading (Figures 3J, K) abilities of both C33A and C33A-E6 cells as revealed in wound-scratching and Transwell assays. Taken together, these data demonstrate a crucial oncogenic role of ST6GAL1 in both E6-positive and E6-negative cervical cancer cells.




Figure 3 | ST6GAL1 promotes oncogenic activities in both E6-positive and E6-negative cervical cancer cells. (A) C33A and C33A-E6 (E6 stable expressing) cells were transiently transfected with pcDNA3.1-ST6GAL1 overexpressing plasmid (ST6GAL1) or empty vector (EV). Then, protein expression of E6 and ST6GAL1 were detected by Western blot. (B) Proliferation of indicated cells were detected by CCK-8 assay. (C) The clones of indicated cells were visualized by crystal violet staining. (D) Statistical analysis of colony numbers in C33A and C33A-E6 cells. (E, F) Apoptosis of indicated cells were detected by flow cytometry, and then, apoptotic rates were statistically analyzed. (G) Western blot was used to detect the expression of apoptosis-related proteins. (H, I) Migrative abilities of indicated cells were detected by wound-healing assay and statistically analyzed. (J, K) Invasive abilities of indicated cells were detected by Transwell assay and statistically analyzed. Data were presented as mean ± SD from the three independent replicates. **p < 0.01; ***p < 0.001.





HPV16 E6 Promotes ST6GAL1 Expression by Activating YAP1

To identify the potent regulatory mechanism of HPV16 E6 on ST6GAL1, mRNA sequencing was performed on both C33A and C33A-E6 cells, and the results showed that E6-stable expression resulted in dysregulation of 658 mRNAs, including 439 upregulated and 219 downregulated mRNAs (Figures 4A, B). Importantly, 466 of 658 mRNAs were significantly associated with ST6GAL1 expression in TCGA cervical cancer dataset (Figure 4C). KEGG enrichment analysis revealed that these 466 mRNAs were mainly involved in glycan biosynthesis, pathways in cancer, and TGF-β, cGMP/PKG, and Hippo signaling pathways (Figure 4D). Next, selective enzyme inhibitors were used to examine which signaling pathway mediated the upregulation of ST6GAL1 in C33A-E6 cells. The mRNA expression of ST6GAL1 was significantly suppressed with the presence of verteporfin, an inhibitor of YAP1 in the Hippo signaling, whereas cGMP/PKG inhibitor ODQ and TGF-β inhibitor LY-364947 showed no obvious effects (Figure 4E). E6 stable expression in C33A cells significantly suppressed Ser397-phosphorylated YAP (degradation status) and enhanced total YAP expression (Figure 4F). Consistent with mRNA results, only the addition of verteporfin significantly downregulated ST6GAL1 protein expression in both C33A and C33A-E6 cells (Figure 4F) but not ODQ (Figure 4G) and LY-364947 (Figure 4H). Thus, these findings provide compelling evidence that activation of YAP1 is critical to ST6GAL1 expression and is a major mediator of E6-induced ST6GAL1 upregulation.




Figure 4 | HPV16 E6 promotes ST6GAL1 expression by activating Hippo signaling pathway. (A) Dysregulated mRNAs between C33A and C33A-E6 (E6 stable expressing) cells were detected by mRNA sequencing. (B) Heat map and hierarchical clustering analysis of 658 dysregulated mRNAs with three independent biological replicates were presented. (C) Venn diagram of 658 E6-dysregulated mRNAs and 6,913 ST6GAL1-asscociated mRNAs in TCGA dataset (N = 305). ST6GAL1-associated mRNAs were identified using R2: Genomics Analysis and Visualization Platform (http://r2.amc.nl). (D) KEGG enrichment analysis of 466 mRNAs that simultaneously associated with E6 and ST6GAL1. (E) C33A and C33A-E6 cells were treated with verteporfin (5 μM, Hippo signaling inhibitor), ODQ (10 μM, cGMP/PKG inhibitor), and LY-364947 (5 μM, TGF-β inhibitor) for 24 h, and then, qRT-PCR was used to detect ST6GAL1 mRNA expression. DMSO was used as solvent control. ST6GAL1 protein expression of C33A and C33A-E6 cells in response to (F) verteporfin, (G) ODQ, and (H) LY-364947 treatment was detected by Western blot. Data were presented as mean ± SD from the three independent replicates. ***p < 0.001.





ST6GAL1 Activates cGMP/PKG Signal Axis to Play Oncogenic Activities

We next examined the effects of ST6GAL1 on TGF-β, cGMP/PKG, and Hippo signaling pathways. The phosphorylation of VASP (a major effector indicates cGMP/PKG signaling activation) and Smad was significantly increased by ST6GAL1 overexpression and vice versa for ST6GAL1 knockdown (Figure 5A). The expression of E-cadherin was significantly reduced, and YAP1 expression showed no response to ST6GAL1 overexpression (Figure 5A). These results indicated that ST6GAL1 activates both cGMP/PKG and TGF-β signaling. Activation of cGMP/PKG promotes chemoresistance and maintenance of cancer stem cells in cervical, breast, ovarian, and gastric cancers (32, 36). Thus, we further investigated the therapeutic potential of cGMP/PKG inhibitor ODQ on ST6GAL1 overexpression. The ST6GAL1-enhanced cellular proliferation (Figure 5B) and colony formulation (Figures 5C, D) of C33A cells were significantly suppressed by ODQ treatment. In addition, ODQ also significantly promoted apoptosis (Figures 5E, F) and blocked the migration (Figures 5G, H) and invasion (Figures 5I, J) of ST6GAL1-overexpressing cells. Taken together, these results demonstrate that ST6GAL1 depends on activating cGMP/PKG signaling axis to play oncogenic activities in C33A cervical cancer cells.




Figure 5 | ST6GAL1 activates cGMP/PKG signal axis to play oncogenic activities. (A) C33A cells were transiently transfected with pcDNA3.1-ST6GAL1 overexpressing plasmid (ST6GAL1), empty vector (EV), short hairpin RNA targeting ST6GAL1 (shST6GAL1), or a non-targeting control (shNTC). Forty-eight hours later, expression of classic proteins involved in TGF-β, cGMP/PKG, and Hippo signaling pathways were detected by Western blot. (B) Proliferation of indicated cells were detected by CCK-8 assay. (C) The clones of indicated cells were visualized by crystal violet staining. (D) Statistical analysis of colony numbers in C33A cells received indicated treatment. (E, F) Apoptosis of indicated cells were detected by flow cytometry, and then, apoptotic rates were statistically analyzed. (G, H) Migrative abilities of indicated cells were detected by wound-healing assay and statistically analyzed. (I, J) Invasive abilities of indicated cells were detected by Transwell assay and statistically analyzed. Data were presented as mean ± SD from the three independent replicates. **p < 0.01; ***p < 0.001.





HPV16 E6 Activates cGMP/PKG Signaling Pathway Through ST6GAL1

The activation of cGMP/PKG signaling plays oncogenic roles in both HPV16+ Siha and HPV18+ Hela cells (37). Thus, we further evaluated whether HPV16 E6 activates cGMP/PKG signaling and the role of ST6GAL1 in this process. As expected, the molecules indicate that cGMP/PKG signaling activation, including sGC, PKG1, PKG2, PDE5A, and p-VASP, was significantly upregulated by E6-stable expression in HPV− C33A cells (Figure 6A). ST6GAL1 knockdown markedly attenuated E6-induced activation of cGMP/PKG signaling, and its overexpression further elevated p-VASP levels in C33A-E6 cells (Figure 6B). These results indicate that HPV16 E6 activates cGMP/PKG signaling in cervical cancer cells, and ST6GAL1 is critical for this process. The effects of ODQ on E6-mediated oncogenic activities were next evaluated, and the results revealed that ODQ significantly suppressed cellular proliferation (Figure 6C) and colony formulation (Figures 6D, E) in both C33A and C33A-E6 cells. The apoptotic rates were also increased in response to ODQ treatment (Figures 6F, G). Furthermore, the migration (Figures 6H, I) and invasion (Figures 6J, K) of both C33A and C33A-E6 cells were significantly decreased with the presence of ODQ. Taken together, these data demonstrate a requirement for ST6GAL1-cGMP/PKG signaling axis in oncogenic properties of E6 and supports its inhibition as a viable therapeutic strategy against cervical cancer.




Figure 6 | HPV16 E6 activates cGMP/PKG signaling pathway through ST6GAL1. (A) C33A and C33A-E6 (E6 stable expressing) cells were transiently transfected with short hairpin RNA targeting ST6GAL1 (shST6GAL1) or a non-targeting control (shNTC). Forty-eight hours later, the expression of cGMP/PKG signaling pathway-related proteins were detected by Western blot. (B) C33A and C33A-E6 cells were transiently transfected with pcDNA3.1-ST6GAL1 overexpressing plasmid (ST6GAL1) or empty vector (EV). Forty-eight hours later, phosphorylated VASP expression in indicated cells were detected by Western blot. (C) Proliferation of indicated cells were detected by CCK-8 assay. (D) The clones of indicated cells were visualized by crystal violet staining. (E) Statistical analysis of colony numbers in indicated cells. (F, G) Apoptosis of indicated cells were detected by flow cytometry, and then, apoptotic rates were statistically analyzed. (H, I) Migrative abilities of indicated cells were detected by wound-healing assay and statistically analyzed. (J, K) Invasive abilities of indicated cells were detected by Transwell assay and statistically analyzed. Data were presented as mean ± SD from the three independent replicates. **p < 0.01; ***p < 0.001.






Discussion

HPV16 E6 oncoprotein plays multifunctional roles on post-translational modifications (PTMs), including ubiquitination, acetylation, and phosphorylation, and thereby contributes to the viral life cycle and to the induction of malignancy (38–40). Serving as an important kind of PTMs, glycosylation can act as a key regulatory mechanism to control cancer progression and highlight its application in the clinical setting as appealing targets for personalized medicine (41). However, the glycosylation alterations that associated with HPV infection and their role in controlling the progression of cervical cancer remain largely unknown. In the present study, our results confirmed that HPV16 E6 oncoprotein induces significant glycosylation alterations in HPV− C33A cells via using 95-lectins microarray, including increased expression of α-2,6 sialic acids (corresponding glycotransferases, ST6GAL1, ST6GAL2), α-1,3- and α-1,6-linked mannose (MAN2A1), and N-acetylgalactosamine (B3GALNT1, B4GALNT1), and decreased levels of lactose/galactose (B4GALT1) and α-1,2 fucose structures (FUT1, FUT2).

Remarkably, numerous studies have confirmed that these glycosylation alterations induced by E6 stable expression play important roles in modulating cancer signaling, tumor progression, metastasis, antitumor immunity, and responses of current cancer-targeted therapies (18). For example, FUT1 and FUT2 promote growth, adhesion, migration, and cancer stem cell (CSC) properties of breast cancer (42). Increased expression of B4GALNT1 promotes metastasis of lung adenocarcinoma and melanoma (43, 44). B4GALT1 upregulates glycosylation of CDK11p110 and therefore confers chemoresistance of pancreatic ductal adenocarcinomas (45). Although poly-N-acetyllactosamine and its corresponding glycotransferases (B3GNT2 and B3GNT3) that facilitate PD-L1/PD-1 stabilization and interaction (19–21) showed no changes in response to exogenous E6 expression, the enhanced MAN2A1 expression has been reported to result in the dysfunction of T cells in tumor microenvironment, and its inhibition enhances the immune response to anti-PD-L1 in human tumors (46). More importantly, HPV16 or HPV18 E6 enhances c-MYC stability via promoting its O-GlcNAcylation on Thr58 (28). Knockdown of O-GlcNAc transferase (OGT) or ST6GAL1 suppresses tumorigenesis and metastasis of HPV18+ cervical cancer Hela cells (28, 35). Hence, alteration of glycosylation is apparently a crucial step for the E6 to initiate and promote cervical cancer progression and urgently needs to be clarified in future.

ST6GAL1, responsible for the terminal α2,6-sialylation of N-glycans, can be upregulated by HPV16 E5 oncoprotein, and its inhibition increases cisplatin sensitivity of HPV18+ cervical cancer cells (35, 47). In the present study, we found that ST6GAL1 expression in cervical scraping samples is significantly increased in patients infected with high-risk HPV subtypes (HPV16, HPV18, HPV52, etc.) compared to low-risk subtypes or HPV-negative samples. Because all the samples with various groups of patients (HPV positive and/or negative) were collected from Asian origin, this could represent a limitation. For further studies, possibly multicenter (e.g., American Indian or Alaska Native, Indian, Black or African American, and White ethnicity) and with a larger number of patients (especially in developing countries where cervical cancer is still widespread) will be enrolled. Furthermore, ST6GAL1 positively associates with E6 expression in cervical samples and serves as an important oncogenic mediator in both HPV16 E6-positive and E6-negative C33A cervical cancer cells. Due to having a type I PDZ binding motif (PBM) at the C-terminus, high-risk HPV E6 proteins interacts with many PDZ proteins, like PTPN3, LRCC1, and DLG1, and thus promotes the nuclear localization of transcriptional coactivator YAP1, the major effector of the Hippo pathway (48). Through mRNA sequencing and associated molecular analysis, we found that YAP1 is a pivotal mediator for E6 to induce ST6GAL1 expression. Taken together, we thus speculated that ST6GAL1 may have an important role in cervical cancer, especially in high-risk HPV-induced carcinogenesis.

Hippo/YAP signaling pathway plays a critical role in the progression of cervical cancer and can further interact with the ErbB2 and EGFR RTKs to form a positive feedback autocrine/paracrine loop (49). ST6GAL1 endows resistance of cancer cells to gefitinib (EGFR inhibitor) and trastuzumab (anti-ErbB2 antibody) (25) and also confers tumor cell resistance against hypoxia via enhancing hypoxia-inducible factor-1α (HIF-1α) expression (50). Recently, molecular analysis has confirmed that ST6GAL1 decreases the sensitization of cancer cells to trastuzumab-induced cytotoxicity through directly enhancing α2,6-sialylation of ErbB2, which results in the increased activation of both ErbB2 and EGFR RTKs (51). Thus, ST6GAL1 may serve as a linker that bridges Hippo/YAP signaling and RTKs activation. With the fact that hyperactivation of genes involved in Hippo/YAP signaling–RTKs-positive feedback loop occurring in most advanced/recurrent cervical cancer patients (>70%) (9, 49, 52) and directly targeting the HPV-16 E6 has been shown to be ineffective for invasive cancer by itself alone (8), target inhibition of ST6GAL1 may be a promising combinational therapeutic strategy for RTK inhibitors or E6-directed therapies in cervical cancer.

In the present study, since we did not perform in-depth mass spectrometry-based glycomic and glycoproteomic analysis, the exact target proteins of ST6GAL1 cannot be confirmed. However, we found that ST6GAL1 activates cGMP/PKG and TGF-β signaling according to the data obtained in mRNA sequencing and association analysis. Aberrant activation of cGMP/PKG signaling promotes chemoresistance, maintenance of cancer stem cells, and cell survival in various human cancers, including lung, cervical, breast, ovarian, and gastric cancers (32, 37). Moreover, we found that blocking cGMP/PKG signaling with ODQ eliminates the oncogenic activities of both E6 and ST6GAL1 in cervical cancer cells. The puzzled question is that activation of cGMP/PKG signaling induces MST/LATS kinases, resulting in the phosphorylation and cytosolic degradation of YAP1 in prostate cancer cells (53), while HPV16 E6 has been showed to have little or no effect on the LATS1/2 (49). Thus, E6 may play a sophisticated role in the progression of cervical cancer, and the detailed molecular targets of ST6GAL1 need to be further identified for unveiling its contribution in E6-induced carcinogenesis.



Conclusion

In this paper, we demonstrated that high-risk HPV16 E6 oncoprotein induced significant glycosylation alterations in cervical cancer cells. In-depth analyses further revealed that α2,6-sialyltransferase, ST6GAL1, was a novel E6-induced oncogenic protein and performed oncogenic activities in both E6-positive and E6-negative cervical cancer cells. E6 depended on YAP1 to stimulate ST6GAL1 expression and subsequently resulted in the activation of downstream cGMP/PKG pathway. Most importantly, knockdown ST6GAL1 or target inhibition of cGMP/PKG pathway suppressed colony formulation and metastasis of cervical cancer cells. Therefore, ST6GAL1 or cGMP/PKG signaling might be novel targets for the development of drugs against cervical cancer.
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Purpose

To compare the clinical outcomes of patients with early-stage cervical cancer who underwent minimally invasive surgery (MIS) by surgeons in different phases and evaluate whether the proficiency of surgeons affects the survival outcomes.



Materials and Methods

A total of 851 patients with early-stage cervical cancer who underwent radical hysterectomy between January 2008 and June 2018 (every year from January to June) at a tertiary hospital were retrospectively analyzed. We categorized patients into four phases according to their sequence (phase one, 1-10 cases; phase two: 11-20 cases; phase three: 21-30 cases; phase four: > 30 cases). Demographics and clinical and pathological data were collected and analyzed.



Results

There were no statistical differences between the open surgery and MIS groups regarding three- and five-year overall survival (OS) and disease-free survival (DFS). The OS and DFS of patients in the MIS group in phase one were significantly lower than those in later phases and those in the open surgery group after adjustment (OS, P = 0.009; HR, 2.896; 95%CI, 1.303-6.435; DFS, P = 0.009; HR, 2.712; 95%CI, 1.289-5.706). Survival outcomes were not statistically significant when comparing different surgeons.



Conclusion

The phase one cases of MIS had lower OS and DFS than those in later phases and those in the open surgery group. Thus, we suggest that the proficiency of surgeons is associated with survival outcomes of MIS. Favorable outcomes can be obtained after a certain number of MIS cases.





Keywords: early-stage cervical cancer, minimally invasive surgery, open surgery, surgeon’s proficiency, survival outcomes



Introduction

According to statistics from the International Agency for Research on Cancer, the incidence of cervical cancer was 604,000 in 2020, making it the fourth most common gynecological cancer worldwide (1). Radical hysterectomy (RH) with lymphadenectomy remains one of the preferred treatments for patients with cervical cancer diagnosed at the International Federation of Gynecology and Obstetrics (FIGO) stage IA-IIA (2). In recent decades, minimally invasive surgery (MIS) has become more common, displacing the use of traditional open surgery for early-stage cancer. However, the Laparoscopic Approach to Cervical Cancer (LACC) trial observed that disease-free survival (DFS) at 4.5 years and overall survival (OS) at three years of MIS were significantly lower than those of open surgery among women with stage IA1-IB1 cervical cancer, which remains controversial (3). Potential explanations include increasing tumor spillage due to the application of a uterine manipulator, the effect of CO2 insufflation, the volume of surgery, and the surgeon’s proficiency (4–7). Several studies have focused on the correlation between surgeon proficiency and clinical outcomes in recent years. Lan Ying Li et al. found that compared to open surgery, more cases were required for surgeons performing minimally invasive RH to reach an acceptable five-year DFS (8). Kim et al. demonstrated that surgeons’ proficiency in the MIS group significantly affected progression-free survival (PFS) (9). Liu et al. concluded that the learning curve could be a probable reason for poor outcomes of MIS by analyzing stage IB cervical cancer patients treated with RH by one surgeon for 15 years (10). Nevertheless, existing studies have limitations such as low sample sizes, incomplete follow-up information, and the absence of clinicopathological features of patients. There is still insufficient evidence regarding whether a surgeon’s proficiency is associated with survival outcomes in MIS. We aimed to explore the effects of surgeons’ proficiency in MIS on short- and long-term clinical outcomes and whether it accounts for the clinical outcomes of MIS.



Materials and Methods


Study Design and Participants

This study was approved by the Institutional Ethics Committee of West China Second University Hospital, and all participants provided their written informed consent to participate in this study. Cervical cancer patients with consecutive FIGO (2009) stage IA-IIA treated with RH between January 2008 and June 2018 (every year from January to June) were retrospectively analyzed. The inclusion criteria were: (1) patients with FIGO stage IA1 with lymphovascular space invasion (LVSI), IA2, IB, and selected IIA cervical cancer; (2) patients who underwent standard surgical treatment, which was performed by five specific surgeons according to the National Comprehensive Cancer Network guidelines, a modified RH (Type B of the Querleu and Morrow (Q-M) surgical classification system) with pelvic lymphadenectomy (PLND) in stage IA1 with LVSI and stage IA2, and an RH (Type C of the Q-M surgical classification system) with PLND with/without para-aortic lymphadenectomy in stage IB to IIA (2, 11, 12). (3) Patients with histological subtypes of squamous cell carcinoma, adenocarcinoma, or adenosquamous carcinoma, regardless of histological grading. The exclusion criteria were as follows: (1) patients with incomplete data or complete loss to follow-up; (2) patients with severe fundamental diseases such as immune deficiency or other malignant tumors; and (3) patients with cervical cancer in pregnancy.

Complete information, including demographics and clinical and pathological information, was extracted from the hospital information system by two investigators (Y.Y. and Y.H.). The demographics extracted included age, menstruation (menopause or not), and body mass index (BMI). The clinical information extracted included diagnosis, FIGO (2009) stage, surgical approach, surgeon name, date of surgery, hospital stay, duration of surgery, estimated blood loss, CO2 pneumoperitoneum in MIS, number of resected lymph nodes, pre- and post-operative treatment, and imaging data. Pathological information included histologic subtype, grading, LVSI, stromal invasion depth, parametrial involvement, vaginal margin involvement, and lymph node metastasis. Recurrence was confirmed by clinical findings, radiological examinations, and pathology reports. OS and DFS were the primary outcomes of this study. OS was defined as the time interval between the date of surgery and the date of death. DFS was defined as the time interval between the date of surgery and either the date of the first recurrence or death.



Statistical Analysis

The data were analyzed using the Statistical Package for the Social Sciences software version 22.0 (IBM Corp, Armonk, NY, USA). Missing values were statistically imputed by multiple imputations using logistic regression and predictive mean matching (13). The enumeration data were analyzed using the chi-square test. The measurement data were analyzed via t-test and Mann-Whitney U test between two groups, while an analysis of variance and Kruskal-Wallis H test were used to compare multiple groups. Survival curves were generated using the Kaplan-Meier method and analyzed using the log-rank test and multivariable Cox proportional hazards regression models. All the P-values reported are two-sided. A P-value of < 0.05 was considered statistically significant.




Results


Study Population

A total of 851 patients were included in the study: 510 in the open surgery group and 341 in the MIS group (no robotic RH). Their general characteristics are summarized in Table 1. The mean age of the patients was 46.51 years (range 18-73 years; standard deviation [SD] 9.33), and most patients (471, 55.35%) were diagnosed with stage IB1. There were no significant differences between the open surgery and MIS groups in terms of age, menopause, BMI, histologic subtype, and grading. Advanced FIGO stage and deep cervical stromal invasion were more frequent in the open surgery group. The median length of hospital stay was eight days (range 3-30) in the open surgery group and seven days (range 3-21) in the MIS group (P < 0.001). The median duration of surgery was 200 minutes (range 85-510) in the open surgery group and 240 minutes (range 75-450) in the MIS group (P < 0.001), and the median volume of blood loss was 400 mL (range, 50-2500 mL) in the open surgery group and 200 mL (range, 10-4500 mL) in the MIS group (P < 0.001).


Table 1 | General characteristics of the study population stratified by surgical approach.





Clinical Outcomes in Different Surgical Approaches

The median follow-up duration was 88.6 and 62.2 months in the open surgery and MIS groups, respectively. With regard to the three- and five-year OS and DFS, statistically significant differences were not observed (three-year OS, 94.5% vs. 96.4%; five-year OS, 93.4% vs. 96.0%; P = 0.291; three-year DFS: 94.4% vs. 94.6%, five-year DFS: 92.8% vs. 94.2%, P = 0.585). After adjusting for age, BMI, FIGO stage, histologic subtype, and grading, identical results were obtained using multivariable Cox proportional hazards regression models [OS: P = 0.894, HR 1.039, 95%CI (0.593, 1.820); DFS, P = 0.647; HR, 0.891; 95%CI (0.544, 1.460); Figure 1]. In addition, we analyzed the survival outcomes of the open surgery and MIS groups for every surgeon and found that the survival outcomes were still not statistically significant (all p-values > 0.05).




Figure 1 | Kaplan-Meier analysis of the OS and DFS for patients stratified by surgical approach (A, B). The OS and DFS adjusted for clinicopathological factors for patients stratified by surgical approach (C, D). MIS, minimally invasive surgery.





Survival Outcomes in Different Phases and Surgeons

For every surgeon, we categorized patients who underwent surgery into four phases according to their sequence (phase one, 1-10 cases; phase two, 11-20 cases; phase three, 21-30 cases; phase four, more than 30 cases). Considering open surgery as an advanced technique, we did not categorize patients in this group into different phases. When stratified by surgical phases, the OS and DFS of the MIS group in phase one were significantly lower than those in later phases and in the open surgery group after adjusting for age, BMI, FIGO stage, histologic subtype, and grading. The three-year OS was 91.8% (45/49), and the five-year OS was 87.8% (43/49) in phase one of the MIS group (P = 0.009; HR, 2.896; 95%CI, 1.303-6.435). The three-year DFS was 91.8% (45/49) and the five-year DFS was 85.7% (42/49) in phase one of the MIS group (P = 0.009; HR, 2.712; 95%CI, 1.289-5.706; Figure 2). We obtained similar results when analyzing the surgeons separately (Table 2). Statistical differences were observed in the median number of resected lymph nodes (p < 0.001). There were no significant differences among the four phases with respect to perioperative characteristics, including hospital stay, duration of surgery, volume of blood loss, and volume of CO2 pneumoperitoneum after adjustment (Table 3).




Figure 2 | The OS and DFS adjusted for clinicopathological factors for patients stratified by phase (A, B). MIS, minimally invasive surgery.




Table 2 | Survival outcomes of different surgeons in different phases in minimally invasive surgery.




Table 3 | Perioperative outcomes in different phases in minimally invasive surgery.



When comparing different surgeons, the survival outcomes were not statistically significant after adjustment. Furthermore, the subgroup analysis in the corresponding phases showed the same result (all P > 0.05; Figure 3).




Figure 3 | The OS and DFS adjusted for clinicopathological factors for patients stratified by surgeon (A, B), patients stratified by surgeon in MIS phase one (C, D).






Discussion

The World Health Organization proposed that patients with cervical cancer must be managed appropriately to accelerate the elimination of the disease, prompting more attention to the treatment of cervical cancer in recent years. Previous studies demonstrated that MIS and open surgery had comparable oncological outcomes (14–16). In contrast, several recent studies showed poorer oncological outcomes, especially lower DFS in patients treated with MIS (3, 17–19). As the findings were conflicting, the superiority or inferiority of MIS remains unclear. In our study, there were no statistical differences in the MIS and open surgery groups with regard to three- and five-year OS and DFS, and the subgroup analysis performed by different surgeons reached the same conclusion. However, when we compared different phases in MIS with open surgery, the OS and DFS of phase one were in line with those of the LACC trial. The perioperative outcomes such as hospital stay and blood loss were significantly better in the MIS group, whereas the duration of surgery was significantly shorter in the open surgery group, which is in accordance with many other studies.

According to the NCCN guideline (2), the standard approach for RH is the open surgery, and the oncologic risks of MIS should be informed carefully to patients given the findings of poorer survival outcomes of MIS recently. The development of MIS was affected by relevant research works. Therefore, it is essential to clear the reasonable application of MIS to achieve maximum benefits for patients. Pedestrian et al. showed that patients with tumor dimension less than two centimeters still suitable for MIS, but more studies are needed to refine on criteria (20).

Several potential reasons may explain the limitations of MIS, such as the use of a uterine manipulator, insufflation gas, intracorporeal colpotomy under CO2 pneumoperitoneum, and the proficiency of the surgeon (7, 21–23). Gynecologic oncologists have designed innovative techniques and devices to reduce the potential negative consequences of these risks in recent years. For example, Hiroyuki Kanao et al. devised the “no-look, no-touch” technique for preventing intraoperative tumor spillage (24). Moreover, Peng Yuan et al. performed abdominal uterine manipulation and enclosed colpotomy (23). However, prospective studies are needed to evaluate the effects of these surgical techniques on oncological outcomes.

Previous studies have examined the learning curve in terms of some clinical parameters, such as the number of cases needed to reach a stable operation duration or to obtain a relatively low hemorrhage volume (25). Survival outcomes have rarely been reported. A recent study by Kim et al. concluded that improvement of surgical performance could be achieved after 13 cases of MIS (9). Pedestrian et al. demonstrated that the peak of reduction of the recurrence risk was the 19th MIS (26). Sert et al. showed that there was a higher number of recurrences in the first 50 cases (27). In this regard, our findings were in line with the results of previous studies that the first ten cases were significantly inferior to subsequent cases. Moreover, favorable survival outcomes observed after the first ten cases also demonstrated the effect of surgeon proficiency. There was no statistical significance when comparing the different surgeons, indicating that favorable outcomes can be obtained by practicing the MIS technique after a certain number of cases. Based on our findings, we offer the following suggestions. First, surgeons should undergo standardized training to improve their surgical skills (28). Second, surgeons performing MIS should have some standard qualification. For example, surgeons can only perform laparoscopic surgery after completing a certain number of virtual surgeries through surgery simulators. Third, beginners should be overseen by experienced surgeons, particularly for the first dozen or so cases.

The main strength of this study is the large sample size. In addition, compared with other studies, we analyzed more clinical parameters, making our results more robust and applicable to a larger population. However, our study has several limitations. Due to its retrospective nature, there could be bias in the patient selection. Furthermore, we did not evaluate the effect of different surgical techniques and devices in different phases. More studies on specific surgical approaches and techniques, including conventional multiport laparoscopic and laparo-endoscopic single-site surgery with/without technological innovations, are needed. Although there was no robotic case in our study, some relevant studies showed that robotic and laparoscopic approaches were similar in perioperative and postoperative outcomes (29), future studies could consider this aspect.

In conclusion, our retrospective study demonstrated that phase one cases of MIS had lower OS and DFS than those in later phases or that underwent open surgery. Thus, we suggest that the proficiency of the operating surgeon is associated with the survival outcomes of MIS. More favorable outcomes can be obtained after a certain number of MIS cases have been performed.
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Objective

Ovarian cancer in Black women is common in many West African countries but is relatively rare in North America. Black women have worse survival outcomes when compared to White women. Ovarian cancer histotype, diagnosis, and age at presentation are known prognostic factors for outcome. We sought to conduct a preliminary comparative assessment of these factors across the African diaspora.



Methods

Patients diagnosed with ovarian cancer (all histologies) between June 2016-December 2019 in Departments of Pathology at 25 participating sites in Nigeria were identified. Comparative population-based data, inclusive of Caribbean-born Blacks (CBB) and US-born Blacks (USB), were additionally captured from the International Agency for Research on Cancer and Florida Cancer Data Systems. Histology, country of birth, and age at diagnosis data were collected and evaluated across the three subgroups: USB, CBB and Nigerians. Statistical analyses were done using chi-square and student’s t-test with significance set at p<0.05.



Results

Nigerians had the highest proportion of germ cell tumor (GCT, 11.5%) and sex-cord stromal (SCST, 16.2%) ovarian cancers relative to CBB and USB (p=0.001). CBB (79.4%) and USB (77.3%) women were diagnosed with a larger proportion of serous ovarian cancer than Nigerians (60.4%) (p<0.0001). Nigerians were diagnosed with epithelial ovarian cancers at the youngest age (51.7± 12.8 years) relative to USB (58.9 ± 15.0) and CBB (59.0± 13.0,p<0.001). Black women [CBB (25.2 ± 15.0), Nigerians (29.5 ± 15.1), and USB (33.9 ± 17.9)] were diagnosed with GCT younger than White women (35.4 ± 20.5, p=0.011). Black women [Nigerians (47.5 ± 15.9), USB (50.9 ± 18.3) and CBB (50.9 ± 18.3)] were also diagnosed with SCST younger than White women (55.6 ± 16.5, p<0.01).



Conclusion

There is significant variation in age of diagnosis and distribution of ovarian cancer histotype/diagnosis across the African diaspora. The etiology of these findings requires further investigation.





Keywords: ovarian cancer, black women, germ cell, Caribbean, Nigeria, sex cord stromal, epithelial ovarian cancer (EOC)



Introduction

Globally, ovarian cancer remains a deadly disease (1). In 2021, GLOBOCAN estimates there will be 313,959 new diagnoses of ovarian cancer worldwide (2, 3). Ovarian cancer is a heterogeneous disease with three major histologic types: epithelial ovarian cancer (EOC), germ cell tumors (GCT), and sex cord stromal tumors (SCST). EOC is the most diagnosed histologic type and high-grade serous ovarian carcinoma (HGSC) is the most common epithelial tumor. EOCs like HGSC are aggressive and are usually diagnosed at advanced stages with poor overall survival. GCTs and SCSTs are rare, diagnosed at early stages and have relatively better overall survival. Women of African ancestry have a low incidence of ovarian cancer (1, 4–6). Unfortunately, like many other cancer diagnoses, Women of West African ancestry (Black women) with ovarian cancer experience worse outcomes than White women. In the US, Black women have higher morbidity and mortality rates and higher un-staged or unclassified tumors compared with White women, resulting in undertreatment with subsequent compromise in progression-free survival (5, 7, 8). The 5-year ovarian cancer survival rate is 51% for Black women under 65 years of age and 22% for those 65 years and older. In contrast, among White women, these rates go up to 60% and 29% respectively (5, 9). Between 2005 and 2014, the age-adjusted incidence of ovarian cancer decreased by 1.4% in non-Hispanic Whites, but was stable in Blacks, Hispanics, American Indians and other ethnic groups (10). In addition to differential outcomes, recent data suggest that there are differences in the proportion of ovarian cancer histologies diagnosed in Black women in general (8, 11).

The Transatlantic slave trade was the largest forced immigration in history, transporting Africans to the US and the Caribbean (10). In the US, non‐Hispanic Blacks comprise the second‐largest racial/ethnic minority group and are disproportionately affected by high cancer mortality and morbidity. The Black population in the US is polylithic and is composed of both US native-born Black (UBB) and immigrant Black populations from the Caribbean (CBB) and Africa. Blacks from the US and the Caribbean have predominant West African ancestry, the majority from Nigeria, Ghana, and Benin (12). Understanding the global distribution of ovarian cancer histologic types among women of African ancestry is important to identify modifiers of disease etiology as well as opportunities for therapeutic interventions; both can improve ovarian cancer outcomes in a number of different treatment environments.

Notwithstanding the social, economic and health inequities linked to ovarian cancer outcomes in women of African descent in the US, we proceeded to study the prevalence of ovarian cancer histologies and age at diagnosis across the African diaspora. In this pilot study, our two-fold objective is first, to evaluate population-level patterns of ovarian cancer in Black women both globally and locally, and second, to describe the correlative patterns between age and histologic distribution in our TAGCReC-member cohorts. Such data may suggest variable etiologies of disease and generate hypotheses regarding global biologic variations in ovarian cancer in Black women.



Methods


Ethical Approval

This study was approved by the University of Miami Institutional Review Board (IRB) (Protocols 2015-1022, 2018-0822, 2019-0756) and the National Health Research Ethics Committee of Nigeria (NHREC/01/01/2007- 23/08/2019).



Study Population

All women diagnosed with ovarian cancer between 2005 and 2017 (in Florida) and July 2016-July 2019 (in Nigeria) were identified through the state cancer registry (Florida) or each institution’s Department of Pathology (Nigeria), respectively. Only data for cases with self-identification as non-Hispanic White, non-Hispanic Black, referred to as Caribbean-born Black or US-born Black in this report, were included.

Categories for histologic type included: EOC (serous, clear cell, endometrioid, mucinous and carcinosarcoma); germ cell tumors (immature teratoma, dysgerminoma, endodermal sinus tumor [yolk sac tumor], choriocarcinoma and carcinoid); SCST (granulosa cell and Sertoli-Leydig cell tumors). Histology and grade were reviewed by consortia lead Pathologists (AP and AO) to ensure consistency, with tumors being segregated into low-grade (low/moderately differentiated) or high-grade (poorly differentiated), when applicable. Borderline ovarian cancer histotypes were not included. If the grade and histology were inconsistent (e.g. carcinosarcoma classified as low-grade), they were adjusted through pathologist review to meet WHO classifications of the ovary.

In Nigeria, data extracted from pathology reports were captured in REDCap, a mature, secure web application which is encrypted, HIPAA-compliant, and hosted on a server at the University of Miami. Variables obtained included date of diagnosis, age of diagnosis in years, treatment facility (by country and state, if relevant), tumor grade and histology when available. Age was recorded as a continuous variable. Patients’ country of birth was classified as US-born, Caribbean-born, or West African-born. Country of birth, race, and ethnicity were all self-reported.



Consortium

The Transatlantic Gynecologic Cancer Research Consortium (TAGCReC) was established to facilitate gynecologic cancer research across the nations that represent African diaspora people. TAGCReC’s primary mission is to take a comprehensive approach to gynecologic oncology challenges across this population and to leverage opportunities present at our different institutions. The consortium’s focus areas include cancer prevention, treatment, and survivorship, with transnational education opportunities. We have used this platform to interrogate race, genetics, environment, and health care practices to address health and health disparities in Africa and across the diaspora. Currently, the consortium is comprised of members in Nigeria, the USA, and the Caribbean; members include gynecologists with an interest in gynecologic oncology, board certified gynecologic oncologists, general and gynecologic pathologists, molecular geneticists, epidemiologists, and behavioral and basic scientists. The members were linked initially through existing African diasporic consortia and societies in Nigeria (Gynecological Oncology Society of Nigeria), the Caribbean (Caribbean Gynecologic Cancer Society), and USA (African Cancer Consortium – AC3).



Data Sources

Data from the Surveillance, Epidemiology and End Results (SEER) (13) were used to capture nationwide ovarian data cancer data for comparison. Variables obtained from SEER included race/ethnicity, age ranges, tumor characteristics such as stage at diagnosis, histology, and grade. Country of birth is not an accessible variable. The age range categories provided in SEER were used to compare Nigerians, Black and White populations in the US by cancer histotype.

Florida Cancer Data System (FCDS) is the legislatively mandated, population-based central cancer registry for Florida. Cases are abstracted from patient medical records in hospitals, free-standing ambulatory surgical facilities, radiation therapy facilities, private physicians, and death certificates codes (14, 15). Variables obtained from FCDS included age, race/ethnicity, patients’ country of birth, and tumor characteristics such as stage at diagnosis, histology, and grade. Race/ethnicity was based on self-identification and was present in nearly all (more than 98%) of the health records. These data are de-identified and therefore exempt from IRB approval. Women were included if they self-identified as Black and were born in the United States or one of the English- or French speaking Caribbean nations (Anguilla, Antigua, Bahamas, Barbados, Belize, British Virgin Islands, Cayman Islands, Cuba, Dominica, British Guyana, Grenada, Haiti, Jamaica, St. Kitts and Nevis, St. Lucia, St. Vincent, Trinidad Tobago, Turks and Caicos Islands, Suriname, US Virgin Islands or West Indies). Women who were born in Africa were excluded from the analysis due to low representation (1 Algeria, 1 Kenya, 1 Morocco, 2 Nigeria, 1 Tanzania, 2 Uganda and 1 South Africa).

The ovarian cancer cases were identified using International Classification of Diseases for Oncology, Tenth Revision (ICD-10). Tumor site and histology codes included in the analysis were as follows: primary site (C56.9, C57.0) classified as malignant tumors; serous (8050, 8120, 8122, 8130, 8140, 8201, 8260, 8440–8442, 8450, 8452, 8460–8463, 9014); clear cell (8005, 8310, 8313, 8443, 8444); endometrioid (8290, 8380–8383); carcinosarcoma (8575, 8950, 8951, 8980, 8981); mucinous (8144, 8384, 8470–8472, 8480–8482, 9015); mixed, undifferentiated, unspecified carcinoma (other/NOS; 8000–8004, 8010, 8020–8022, 8030–8033, 8046, 8052, 8070–8072, 8074, 8084, 8230, 8255, 8261–8263, 8323, 8560, 8562, 8570, 8574, 8940, 9000) (16). Non-epithelial histologic types; GCT - 9060, 9070, 9071, 9082, 9100, and SCST – 8620-8623, 8630-8633) were also included. Similarly to SEER, we used FCDS data to compare age range categories in Nigerians, Caribbean born blacks, US born blacks and US born whites. We also used age numerical values to create boxplots comparing these four groups. Finally, the percentages of tumor histotypes across four groups were compared: Epithelial ovarian cancer types between Nigerians, CB Blacks and USB Blacks (Serous vs Non-serous).




Globocan

GLOBOCAN 2020 provides cancer incidence estimates across 185 countries or territories by sex and age. For ovarian cancer, incidence and mortality data were available for World Health Organization (WHO) regions as well as individual countries and territories. We selected ovarian cancer incidence and mortality data for Africa, Latin America, and the Caribbean, and extracted age-standardized rates; data on cancer histotype were not available (17).


Statistics

Statistical analyses were performed using STATA IC 14.2 (StataCorp, College Station, TX); SAS software 9.4 (SAS Institute Inc., Cary, NC) and Prism 9.1.2 (Graphpad Prism LLC). The R packages ggpubr and ggplot2 (16) were used to create line charts and boxplots showing the age at cancer diagnosis distribution across subgroups. Summary statistics were used to describe the patient cohorts. Wilcoxon rank-sum was used for continuous variables in nonparametric distributions. Associations between categorical covariates and continuous variables were assessed with chi-squared tests and independent sample t-tests, respectively. Differences across means in all subgroups were tested using the analysis of variance (ANOVA). All tests were 2-tailed and p-value of < 0.05 was statistically significant.




Results

Interrogation of the WHO GLOBOCAN 2020 data showed that globally, 313 959 incident ovarian cancer cases were forecasted in 2020. These numbers are expected to increase by 86.8% in Africa and 49.6% in Latin America and the Caribbean by 2040, compared to 25.9% in North America and 9.6% in Europe (Figure 1A). In Africa, ovarian cancer has the 5th highest incidence rate among cancers in women (3.8%) (ASR, 5.4/100,000), whereas in the Caribbean (26 countries) and the US, new ovarian cancer cases rank 9th (4.6/100,000) and 11th (8.0/100,000) respectively. The mortality to incidence ratio is high both in African and Caribbean countries when compared to North America countries such as the United States and Canada. In Africa, the age-standardized incidence rate (ASR) is highest in Ghana at 8.6/100,000, 5.6/100,000 in Nigeria and lowest in Mozambique at 1.8/100,000. In the Caribbean, the ASR was highest in Trinidad and Tobago (11.6/100,000) and lowest in Belize (0.87/100.000). The ratio of mortality to incidence in West and East African countries is high at 0.97, similar to the Caribbean ratio of 0.92 (Figure 1B).




Figure 1 | (A) Estimated number of ovarian cancer cases expected globally. Low- and middle-income countries expect to see significant increase in newly diagnosed cases. (B) Mortality versus incidence rates of ovarian cancer in countries with majority Black women compared to USA and Canada.



In Nigeria, data were collected in two phases. During Phase I, members were asked to identify within their institutions all ovarian cancer cases diagnosed within a 12-month period (June 2018-July 2019), with reported age and histotype. Twenty-one (21) sites across 6 political geographic regions in Nigeria provided data. In Phase II, in which 16 sites (12 from Phase I and 4 additional sites) participated, an independent pathology review of available archival tissue from ovarian cancer cases diagnosed between 2017-2019 was performed (Supplementary Table 1 and Figure 2A). In total, 621 cases were identified. Of these, 594 cases had a confirmatory pathology report and/or tissue blocks. Epithelial tumors were the most common (Figure 2B), comprising 64.7% of cases, followed by SCST (16.2%), GCT (11.5%), sarcoma (0.8%) and other (lymphoma, Brenner and undefined tumors, 6.9%)). Epithelial tumors were serous (n=232, 60.4%); mucinous (n=97, 25.2%); endometrioid (n=12, 3.1%); clear cell (n=9,2.3%); carcinosarcoma (n=5, 1.3%) and undefined (7.6%). There were differences in the proportions of tumor types reported by regions across Nigeria (Supplementary Table 1). Nigerians had a higher proportion of GCT relative to the other groups assessed from the African diaspora (Figure 3A). Of the epithelial ovarian cancer (EOC) cases, Nigerians (60.4%) had the smallest proportion of serous cancers, compared to Caribbean-born Blacks (CBB, 79.4%) and US-born Blacks (USB, 77.4%) cases, p<0.0001 (Figure 3B and Supplementary Table 2).




Figure 2 | (A) Study sites across Nigeria that participated in study. (B) Distribution of ovarian cancer cases by histology in Nigeria.






Figure 3 | (A) Distribution of tumor histology by cohort. (B) Distribution of Serous tumor types in Black women.



Age at diagnosis for the three major histologic types – epithelial, sex cord stromal, and germ cell – varied significantly across Nigerian, CBB, USB and US White women (Table 1 and Figures 4A–F). In our comparative analysis of the FCDS and Nigerian ovarian cohorts, the mean age of EOC patients in Nigeria was significantly younger, 51.7± 12.8 years (95% CI 17-80), than USB (58.9 years, 95% CI 21-88) and CBB (59.0 years, 95% CI 23-87) (p<0.001). SEER data showed a similar trend where Nigerians diagnosed with EOCs skewed to the left of US Black and White EOC patients (Supplementary Figure 1). Whereas there were non-significant differences amongst the ethnic minorities, Black women, independent of country of birth (West Africa, USA, or the Caribbean), were diagnosed at a younger age with both germ cell (p=0.011) and SCST compared to White women (p<0.01) (Table 1 and Figure 4C–E). We assessed stage at presentation of incident ovarian cancer cases in Florida. The rare histologic tumors, germ cells and sex cord stromal tumors, there were no significant difference at stage at presentation. However, with epithelial ovarian cancers, there was a significant difference in stage at diagnosis amongst the three groups: CBB, USB and majority White EOC population. Both CBB and USB EOC patients had higher proportions of stage 3-4 and unstaged diagnoses (p=0.0006, Supplementary Table 3).


Table 1 | Distribution by age at diagnosis and ovarian histotype across groups.






Figure 4 | Distribution of cases by age across the comparative groups. (A, C, E) Histograms by histologic type EOC, Germ Cell and Sex Cord Stromal tumors. (B, D, F) ANOVA comparing mean age at cancer diagnosis across different cohorts and histologic type.





Discussion

In 2020, ovarian cancer will account for about 313,000 cases worldwide, representing 3.4% of global cancer incidence in women, but 4.7% of cancer-related deaths. Our analysis of GLOBOCAN data revealed that the burden of ovarian cancer is increasing annually. By 2040, there is an expected 49.6-86.8% increase in ovarian cancer incidence in Africa, Latin America, and the Caribbean, which is much greater than the modest 9.6-25.9% increase expected among the predominantly White regions of Europe and North America.

Black women in Africa and the African diaspora develop distinct proportions of ovarian cancer histotypes across ancestry, ethnicity, and geography. The geographic regions in this study represent both indigenous Africans and diasporic Africans through forced immigration and enslavement, and now including voluntary emigration. As a result of this movement of people, African diaspora populations are genetically admixed (12, 18, 19). In the US, substantial demographic data collected on cancer patients demonstrate health disparities among people of African ancestry. Black women in the US have lower incidence of ovarian cancer but continue to experience worse outcomes. Smaller studies in West African countries such as Nigeria have documented similar poor survival in women diagnosed with ovarian cancer (20, 21).

Known factors that both modify and predict development of ovarian cancer include family history of breast and/or ovarian cancer; fertility factors such as decreased parity, earlier onset of menses, smaller family size, later age at time of first pregnancy, reproductive behavior; and environment. Risk factors associated with race and ethnicity are less well defined. Among populations with West or East African ancestry, these risk factors are poorly understood or in some cases not known at all. Our data collected in Nigeria represent a large-scale collection from the 7th most populated country in the world with a population of 206 million people, in which there are over 250 ethnic groups.

Our data show that there was a significant difference in the proportions of serous cancer across the three international cohorts. In addition, Black women diagnosed with EOC are diagnosed at more advanced stages, as have been shown in larger SEER data (11, 22). Nigerian women had a lower proportion of EOC cases, an observation previously published in a single institutional study (23–25). Further, differences in reported ovarian histotypes across Nigeria potentially suggest different cultural – health behavioral practices and thus exposures that may influence risk of ovarian cancer histologic development. Additionally, there may be unknown genetic, reproductive, and biologic influences (e.g. unreported prevalence of endometriosis, a precursor to clear cell and endometrioid ovarian cancers) as contributors to ovarian cancer histotypes. In the US, sex cord stromal tumors (SCST) only represent approximately 1% of ovarian cancer cases in White women, but a higher percentage in USB (6%) and CBB (5%) women; Nigerian women have the highest percentage (18%).

In Nigeria, 1 in 8 women diagnosed with breast cancer has hereditary breast and ovarian cancer syndrome (HBOC) (26). Women with HBOC develop cancers at younger ages that are typically high-grade, and of serous histology. Among CBB, the percentage of women with breast or ovarian cancer who have HBOC is variable: the Bahamas, 24%, with a pathogenic variant in BRCA1, BRCA2 or RAD51C; Trinidad and Tobago, 12%; and Jamaica, 3% (27–30). No such data about ovarian cancer risk specifically in women in Africa are currently available; at present it is unknown if the histologic prevalence described here is representative of variations in HBOC or other hereditary cancer syndromes.

Reproductive factors like gravidity, parity and age at pregnancies influence ovarian cancer risks and etiology. A Norwegian study reported that pregnancy and age at the first and last births are sometimes associated with an differential risks of developing non-EOC malignancies (31). More specifically for SCST a decrease in risk was observed with increasing age at last birth. In contrast, increasing age at first and last births was associated with an increased risk for GCT. The total fertility rate (TFR, the average number of children per woman) in Nigeria is 5.3. This ranged from 3.9 in the southwest to 6.6 in the northwest. The lowest rate was Lagos state with 3.4, and the highest was Katsina state with 7.3. On average in Nigeria, women aged 45-49 years have given birth to 6.4 children, with 2% never having given birth at all (infertile rather than voluntarily childless) (32). Total fertility rates in the Caribbean range from 2.96 in Haiti to 1.44 in St. Lucia, a steady decline from the 1950s when the TFR was 5.4 for the entire region (33). Similarly, in the USA, Black women have experienced a decrease in TFR to 1.8, compared to 1.7 in US White women (34). These differences in TFRs may suggest fertility correlations with non-EOC tumors, although more data are required to substantiate observations about higher incidence of these rare ovarian tumors in all Black women.

Women in Nigeria were also diagnosed at a younger age with EOC compared to Black women in the US and the Caribbean. There are reproductive factors such as age at first pregnancy and number of pregnancies that may account for this observation. Additionally, broadly in Western Africa life expectancy is 61 years compared to 75 years in the Caribbean and 83 years in the USA. Early age at menarche, multiparous and shorter lifespan, as opposed to living longer and having the opportunity to age into developing higher-risk disease, may explain, in part, the 10-year shift in EOC age at diagnosis among Nigerian women, CBB, and USB. A recent report from northern Nigeria (Zaria) reported that 80% of patients with ovarian cancer were pre-menopausal (24). Environmental factors such as air quality, and social determinants of health including housing, access to healthy food, equitable and proper health infrastructure, and systemic racism (in the US) are variables that can influence ovarian cancer etiology across the three regions studied. These variables are known to modulate genetic expression through epigenetics and will be important to assess disease pathogenesis in future investigations (35). The differences in the proportion of ovarian cancer histotypes between USB, CBB, and Nigerians undoubtedly involve a complex underpinning of genetic, epigenetic, lifestyle, and reproductive factors, which must be explored.


Limitations

As a pilot study, this work includes data from only one West African country. The findings may not necessarily be applicable to other geographic locations and should be considered hypothesis-generating. There is a selection bias in that the US-based cohort was drawn from Florida, which may not be representative of other North American regions. Further the cohort in Nigeria will only capture women who had resources (financial and social) to attend the clinics in participating sites. Comprehensive clinicopathologic data on each case were not available for all patients during the pilot study interval. There is limited chronological overlap between the US and Nigerian cohorts which may influence incident cases between the regions. A more thorough medical chart review, currently ongoing, is expected to reveal additional reproductive, familial, and epidemiologic factors associated with different types of ovarian cancers observed in these populations, and perhaps can better explain our preliminary observations.




Conclusion

Ovarian cancer in some West African and Caribbean countries is highly prevalent. The differences in prevalence and type are more pronounced in West African ovarian cancer cases for which genetics (familial), environmental, and reproductive factors may influence the etiology and pathogenesis in the spectra of ovarian cancer histotypes observed. Further, the exponential increase in ovarian cases expected by 2040 in Africa and the Caribbean, regions with low- to middle-income countries, highlights the need not only for robust health system infrastructure to decrease the mortality burden, for comprehensive studies to better understand the complex etiologies of this disease. Currently, there are no screening guidelines for ovarian cancer beyond risk-reduction surgeries and opportunistic salpingo-oophorectomies. It will be important to study both epidemiology and genetic factors influencing ovarian cancer pathogenesis in the diverse group of women across the African diaspora to identify factors contributing to both higher incidence and mortality. Such research will ultimately inform strategies for cancer prevention, early detection, and treatment optimization for these routinely underserved populations.
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Supplementary Figure 1 | Distribution of cases by age across comparative groups using SEER data. Black, White, and Nigerian cohorts. (A). Nigerian women diagnosed with EOC skew left of both Black and White women using SEER categorical age distribution. (B). No observed differences in age at diagnosis between Nigerian women Germ Cell versus women in the US. (C). No observed differences in age at diagnosis between Nigerian women Sex Cord Stromal tumors versus women in the US.
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Objectives

To investigate the prognostic role of radiomic features based on pretreatment MRI in predicting progression-free survival (PFS) of locally advanced cervical cancer (LACC).



Methods

All 181 women with histologically confirmed LACC were randomly divided into the training cohort (n = 126) and the validation cohort (n = 55). For each patient, we extracted radiomic features from whole tumors on sagittal T2WI and axial DWI. The least absolute shrinkage and selection operator (LASSO) algorithm combined with the Cox survival analysis was applied to select features and construct a radiomic score (Rad-score) model. The cutoff value of the Rad-score was used to divide the patients into high- and low-risk groups by the X-tile. Kaplan–Meier analysis and log-rank test were used to assess the prognostic value of the Rad-score. In addition, we totally developed three models, the clinical model, the Rad-score, and the combined nomogram.



Results

The Rad-score demonstrated good performance in stratifying patients into high- and low-risk groups of progression in the training (HR = 3.279, 95% CI: 2.865–3.693, p < 0.0001) and validation cohorts (HR = 2.247, 95% CI: 1.735–2.759, p < 0.0001). Otherwise, the combined nomogram, integrating the Rad-score and patient’s age, hemoglobin, white blood cell, and lymph vascular space invasion, demonstrated prominent discrimination, yielding an AUC of 0.879 (95% CI, 0.811–0.947) in the training cohort and 0.820 (95% CI, 0.668–0.971) in the validation cohort. The Delong test verified that the combined nomogram showed better performance in estimating PFS than the clinical model and Rad-score in the training cohort (p = 0.038, p = 0.043).



Conclusion

The radiomics nomogram performed well in individualized PFS estimation for the patients with LACC, which might guide individual treatment decisions.
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Introduction

Cervical cancer is one of the most common cancer in women worldwide and an important cause of cancer-related death among women (1). In developing countries, screening has not yet been fully universal, and the incidence and mortality of cervical cancer are still on the rise. In China, most cervical cancer patients are at advanced stages when diagnosed (2). Radical hysterectomy or concurrent chemoradiotherapy is the standard treatment protocol for locally advanced cervical cancer (LACC) (3). Nevertheless, recurrence or metastasis frequently occurred in these patients, with only 50%~60% 5-year survival rate. Thence, pretreatment prediction for the high-risk recurrence or distant metastasis is important for the development of individualized treatment protocols.

Several clinical factors have already been identified as risk factors in cervical cancer patients, including International Federation of Gynecology and Obstetrics (FIGO) stage, lymph node metastasis (LNM), lymph vascular space invasion (LVSI), and depth of invasion (4, 5). Nevertheless, even if the clinical stage and treatment plan of the patient are similar, the clinical outcome can vary widely. These findings imply that the present prognostic model could not provide adequate prognostic information and correctly assess the intrinsic heterogeneity of tumors. Hence, new prognostic biomarkers are required for individual treatment.

Pretreatment magnetic resonance imaging (MRI) can supply more details about tumor heterogeneity than tissue samples and assist in determining the tumor size, location, degree of invasion into adjacent organs, and LNM (6, 7). The emerging radiomics holds great potential for facilitating better clinical decision-making. Radiomics refers to the conversion of medical images into mineable high-dimensional data via automatic high-throughput extraction of data characterization algorithms (8, 9). The main function of radiomics is that the image data-mining method can detect the intrinsic heterogeneity of tumors, unidentifiable by radiologists, and provide decision support noninvasively for oncology at low cost (10, 11). According to previous studies, radiomics features could predict the survival outcomes and recurrence, evaluate tumor subtype and stage, monitor therapeutic response, and detect LNM or distant metastasis (12–14). It is unknown whether radiomics signatures of pretreatment MRI can predict progression-free survival (PFS) in LACC patients who received radical hysterectomy without preoperative neoadjuvant chemotherapy.

Therefore, the purpose of our study is to develop and validate a noninvasive radiomics signature based on pretreatment MRI for the PFS prediction in patients with LACC.



Materials and Methods


Patients

We identified 181 consecutive women with LACC who underwent surgeries following pretreatment MRI using a 3.0-T scanner at our institution between January 2011 and February 2017 (to ensure a minimum follow-up of 3 years). The inclusion criteria were as follows (Supplementary Figure S1): (i) patients who underwent radical hysterectomies and pelvic lymphadenectomies; (ii) patients who have not received treatment before surgery and the clinicopathological data are complete; and (iii) sagittal T2-weighted imaging (T2WI) and axial diffusion-weighted imaging (DWI) were performed less than the 2-week period before surgery. The exclusion criteria were as follows: (i) lesions invisible on axial DWI or sagittal T2WI; (ii) poor image quality due to the movement of the patient during examination or the chemical shift artifact of the gas in the colorectum; (iii) patients who underwent preoperative therapies; and (iv) patients with other cancers at the same time.



Follow-Up and Prognosis Evaluation

Information was collected from telephone consultations, outpatient medical records, and social security death indices. In our study, the endpoint event was PFS, which was defined as the time from the date of surgery until any recurrence (local or distant recurrence, metastasis). Clinical follow-up was every 3 months for the first 2 years, every 6 months for the next 3 years, and annually thereafter. Gynecological examinations, cervical cytology, and imaging tools such as computed tomography (CT), MR, and positron emission tomography (PET)/CT imaging were used to evaluate the patients during the follow-up.



MRI Scan Acquisition and Tumor Segmentation

All patients underwent pelvic 3.0-T MRI scans (Signa EXCITE; GE Medical Systems, 3200N, Grandview Blvd, Waukesha, WI 53188, USA; or Achieva, Philips Healthcare, The Netherlands), using a 16-channel phased-array encoding abdominal coil. The scanning range was set to cover the entire pelvis from the level of the anterior superior iliac spine to the inferior level of the symphysis pubis. Patients had to fast at least 6 h before the examination. The standard pelvic MR scan protocol was used in this retrospective study, including multiple b-value DWI (repetition time (TR)/echo time (TE) = 3,625/74 ms, field of view (FOV): 420 × 420 mm, matrix: 256 × 128, slice thickness/gap = 5 mm/6 mm, b-values: 0.700 s/mm2), sagittal T2-weighted fat suppression (FS) images: (TR/TE = 3,200/106 ms, FOV = 320 × 320 mm, matrix = 320 × 224, slice thickness/gap = 4 mm/5 mm); axial T2-weighted fat suppression (FS) images: (TR/TE = 3,600/104 ms, FOV = 380 × 380 mm, matrix = 320 × 224. slice thickness/gap = 5 mm/6 mm); coronal T2-weighted fat suppression (FS) images: (TR/TE = 3,400/107 ms, FOV = 360 × 360 mm, matrix = 320 × 192, slice thickness/gap = 4 mm/5 mm); and axial T1-weighted imaging (T1WI): (TR/TE = 245 ms/2 ms, FOV: 380 × 380 mm, matrix: 384 × 180, slice thickness/gap = 5 mm/6 mm).

Pelvic MRI Digital Imaging and Communications in Medicine (DICOM) original images of all patients were downloaded from the Picture Archiving and Communication System (PACS) and uploaded into the ITK-SNAP (open source software; www.itksnap.org) for three-dimensional manual segmentation of MR images (15). The regions of interest (ROIs) of the entire tumor were manually outlined layer by layer by a radiologist with 5 years of experience in gynecological imaging, and the results were verified by a senior radiologist with 15 years of work experience. The radiomics workflow is displayed in Figure 1.




Figure 1 | The radiomics workflow.





Feature Extraction

Before feature extraction, the image was preprocessed, including resampling the MR image to a 1 × 1 × 1-mm3 voxel size and normalizing the image gray scale to 0 to 255. The purpose of image preprocessing is to reduce heterogeneity bias caused by different equipments and scanning parameters. Radiomic feature extraction was implemented in Artificial Intelligence Kit Version 3.0.0.R, which is a commercial software of GE Healthcare. We extracted 396 radiomic features of tumor on T2WI and DWI, respectively, and a total of 792 quantitative features for each patient. The features were divided into four groups: (I) intensity histogram (n = 84), (II) morphology (n = 40) and (III) texture (n = 668), including (a) gray-level co-occurrence matrix (GLCM, n = 288), (b) gray-level run length matrix (GLRLM, n = 344), and (c) Haralick (n = 36).



Feature Selection

High-dimensional extraction produced various radiomic features, but not all of them were significantly associated with PFS in LACC. To develop the radiomics model, we designed a two-step procedure for dimensionality reduction and selection of radiomic features. We applied the least absolute shrinkage and selection operator (LASSO) algorithm jointly with the Cox survival analysis to select the importantly prognostic features in the training cohort (16, 17). Then, the multiple-feature-based radiomic signatures were created for predicting patients’ PFS in the training cohort. The LASSO Cox regression model analysis was completed by the “glmnet” package (18, 19).



Building and Validation of the Radiomics Signature

The radiomics score (Rad-score, which was defined as the radiomics signature in the current study) was computed in the training cohort by the LASSO Cox regression model analysis. Above all, we evaluated the potential relationship of the Rad-score with PFS in the training cohort and then tested it in the validation cohort. In addition, all patients were divided into high-risk and low-risk groups according to the optimum cutoff value of the Rad-score by applying X-tile software (20). The relationship of the radiomic risk score with PFS was assessed in the training cohort and then verified in the validation cohort by using Kaplan–Meier analysis and log-rank test.



Construction of an Individualized PFS Prediction Model

The univariate Cox analysis was used to determine clinicopathologic factors associated with PFS in all patients (n = 181). LASSO Cox regression model analysis was applied to select variables with a p value < 0.1 in the univariate Cox analysis. Except the Rad-score, a clinical model which incorporated only the independent clinicopathologic risk factors was also built to predict the 3-year PFS. The prognostic performance of the models was measured by Harrell’s concordance index (C-index), C-index = 0.5 describes a random prediction, and C-index = 1.0 implies a perfect prediction ability (21). Since the C-index method may be wrong when predicting a fixed time point (22), we also use the time-dependent area under the receiver operating characteristic (ROC) analysis to assess the t-year risk of an event (23, 24).

To provide the clinician with a quantitative approach to predict patients’ probability of 3-year PFS, and to show the incremental value of the Rad-score to the clinicopathologic risk factors, we further built a combined nomogram (combined model) as an individualized PFS prediction model that incorporated both the Rad-score and clinicopathologic risk factors for PFS prediction. The prognostic performance of the nomogram was estimated by C-index and ROC analysis. Besides, calibration curves were used to compare the predicted PFS with the actual PFS.



Statistical Analysis

Statistical analysis was executed by R software (version 3.6.3) and SPSS (version 23.0). Rad-scores were divided into two groups according to the cutoff value selected by X-tile. In addition, the continuous clinical variables were converted into categorical variables on the basis of cutoff values, which were determined by ROC analysis or routine cutoff points (for size). Differences in distributions between the training and validation cohorts were assessed with the chi-squared test as appropriate. A quantitative comparison of the area under the curve (AUC) was made with the Delong test (25). The glmnet package was adopted for running LASSO–Cox. The survival package was adopted for building the Cox proportional risk model, drawing the Kaplan–Meier analysis, and calculating the C-index. The rms package was used for nomograms and calibration curves. All two-sided p values less than 0.05 were considered significant.




Results


Patient Characteristics

The clinicopathologic factors of all patients are summarized in Table 1. Of the 181 patients included in the study, the mean age of the patients was 50.67 ± 10.81 years. Disease recurred in 33 of 181 patients (18.2%). The median follow-up time was 50.5 months (40.75–66.0) for the training cohort and 48.0 months (40.0–66.0) for the validation cohort. There were no significant differences between the training cohort and the validation cohort in clinicopathologic features (p = 0.146–0.714).


Table 1 | Patient characteristics in the training and validation cohorts.





Feature Selection, Radiomics Signature Building and Validation

The LASSO Cox regression model was used to build a prognostic Rad-score. Eight potential predictors, six features from T2WI, and two features from DWI were included in the training cohort. Finally, the Rad-score was constructed based on the eight features, and the calculation formula is as follows: Rad-score = -0.253 × T2WI_MinIntensity + 0.210 × T2WI_ClusterShade + 0.076 × T2WI_GLCM-IDM + 0.201 × T2WI_RLM-LongRunEmphasis × T2WI_RLM-LongRunHighGreyLevelEmphasis + 0.391 × T2WI_LowIntensityLargeAreaEmphasis + 0.198 × DWI_HighIntensitySmallAreaEmphasis + 0.493 × DWI_SmallAreaEmphasis. Distributions of the Rad-score in the training and validation cohorts are displayed in Supplementary Figure S2.

The optimum cutoff generated by X-tile was 0.543. According to the optimal cutoff value, patients were classified into high-risk (Rad-score ≥ 0.543) and low-risk (Rad-score < 0.543) groups. A Kaplan–Meier analysis (Figure 2) was demonstrated that the patients in the high-risk group had shorter PFS than did the low-risk group in the training [hazard ratio (HR) = 3.279, 95% CI: 2.865–3.693, p < 0.0001] and validation cohorts (HR = 2.247, 95% CI: 1.735–2.759, p < 0.0001). Figure 3 shows typical patients who had similar clinicopathological characteristics, but their PFS time was significantly different (9 vs. 37 months). The Rad-score of patient 2 was significantly higher than that of patient 1 (1.380 vs. 0.029). In the LASSO Cox regression analysis, the Rad-score yielded a C-index of 0.778 [95% confidence interval (CI): 0.699–0.858] for the training cohort (Table 2). The favorable prognostic performance of the Rad-score was further confirmed in the validation cohort (C-index, 0.816; 95% CI: 0.673–0.958).




Figure 2 | Kaplan–Meier survival curves of progression-free survival according to the Rad-score in the training cohorts (A) and independent validation data set (B). Shadows represent 95% confidence interval. HR, hazard ratio.






Figure 3 | MR images showed that the sagittal T2WI and axial DWI lesions were cervical cancer. Although patient 1 and patient 2 had similar clinicopathological characteristics, their Rad-score were significantly different. Patient 1 did not find obvious signs of recurrence or metastasis after 37 months of postoperative follow-up, while the Patient 2 relapsed 9 months after surgery. The Rad-score of patient 2 was significantly higher than that of patient 1. FIGO, International Federation of Gynecology and Obstetrics; LVSI, lymph vascular space invasion; LNM, lymph node metastasis; SCC, squamous cell carcinoma; PFS, progression-free survival.




Table 2 | Model performance on predicting 3-year PFS.





Univariate Cox Analysis of the Risk Factors for PFS

In addition to Rad-score, we included a total of 12 clinicopathologic factors into the univariate analysis (Table 3), and the results showed that age (HR = 0.511, 95% CI: 0.247–1.053, p = 0.069), LVSI (HR = 2.286, 95% CI: 1.151–4.538, p = 0.018), squamous cell carcinoma antigen (HR = 0.427, 95% CI: 0.182–1.005, p = 0.051), albumin (HR = 0.530, 95% CI: 0.252–1.113, p = 0.091), hemoglobin (HR = 5.393, 95% CI: 2.560–11.363, p < 0.0001), white blood cell (WBC) (HR = 2.233, 95% CI: 1.128–4.420, p = 0.021), and Rad-score (HR = 2.647, 95% CI: 2.002–3.501, p < 0.0001), would be identified as candidate risk factors (p < 0.1) into the LASSO Cox regression analysis.


Table 3 | Univariate Cox analysis of risk factors for PFS in all patients.





Assessment the Performances of Various Models in 3-Year PFS Prediction

The LASSO Cox regression model analysis showed that age, LVSI, hemoglobin, and WBC were finally selected and integrated into a clinical model (Figure 4). The performance of the clinical model for 3-year PFS prediction yielded a C-index value of 0.778 (95% CI: 0.699–0.858) in the training cohort and 0.816 (95% CI: 0.673–0.958) in the validation cohort (Table 2). The combined nomogram (Figure 4) integrating the radiomic score and the above four clinicopathologic factors demonstrated a better discrimination both in the training (C-index, 0.821; 95% CI: 0.746–0.896) and in the validation cohort (C-index, 0.829; 95% CI: 0.699–0.959) when compared with radiomic score or clinical model alone (Table 2).




Figure 4 | The combined nomogram was developed to predict the risk of 3-year progression-free survival (PFS) of patients with locally advanced cervical cancer undergoing surgery. (A) The combined nomogram that integrates the Rad-score with the clinicopathologic features in the training data set. Calibration curves of the combined nomogram in the (B) training and (C) validation cohorts. The diagonal gray line represents a perfect evaluation, while the blue line represents the actual performance of the nomogram. A closer fit to the diagonal gray line indicates a better assessment. LVSI, lymph vascular space invasion; WBC, white blood cell.



In the training cohort (Table 2 and Figure 5A), the radiomics score (AUC, 0.804 [95% CI: 0.693–0.914]) showed a comparable prognostic performance with the clinical model (AUC, 0.774 [95% CI: 0.673–0.875]), with a p value of 0.719 (Figure 6). The combined nomogram was shown to be with the highest AUC value (0.879, [95% CI: 0.811–0.947]), demonstrating a significant improvement in PFS prediction compared to the clinical model or the radiomics score (p = 0.038, p = 0.043, respectively) (Figure 6). In the validation cohort (Table 2 and Figure 5B), the clinical model yielded an AUC of 0.707 (95% CI: 0.513–0.902). Although the radiomics score (AUC, 0.795 [95% CI: 0.653–0.937]) showed improvement compared with the clinical model, the Delong test found that no significant difference was shown between the AUCs (p = 0.458) (Figure 6). The combined nomogram (AUC, 0.820 [95% CI: 0.668–0.971]) also showed improvement over the clinical model or the radiomics score for the PFS prediction in the validation cohort. However, the difference was not significant (p = 0.150, p = 0.684, respectively) (Figure 6).




Figure 5 | Time-dependent receiver operating characteristic (ROC) curves comparing the predictive capacity of the three models. (A) Training cohort, N = 126. (B) Validation cohort, N = 55. PFS, progression-free survival.






Figure 6 | Delong test between different models. p-value of the Delong test between any two models.






Discussion

In this study, we developed and validated an MRI-based Rad-score for noninvasive PFS prediction in patients with LACC undergoing surgery. The study demonstrated that the Rad-score was significantly related with 3-year PFS in both the training and validation cohorts. The Rad-score stratified the patients into low-risk and high-risk groups, and the Kaplan–Meier analysis showed that the patients in the high-risk group portended a worse prognosis with shorter PFS than did the low-risk group in the training (HR = 3.279, 95% CI: 2.865–3.693, p < 0.0001) and validation cohorts (HR = 2.247, 95% CI: 1.735–2.759, p < 0.0001). The performance of the combined nomogram which integrated Rad-score and significant clinicopathologic parameters was demonstrated to have better performance than the Rad-score or clinical model alone in the PFS prediction. Furthermore, the nomogram showed a satisfactory discrimination performance, with C-indexes of 0.821 and 0.829 in the training and validation cohorts.

Cox regression analysis was used to build the clinical model for PFS prediction. Four clinical features including age, hemoglobin, WBC, and LVSI were found to be correlated with PFS. Inflammation is an important part of the tumor microenvironment and plays a key role in the initiation, promotion, progression, invasion, and metastasis of the tumor (26). Systemic inflammation biomarkers such as C-reactive protein (CRP), platelet count, hemoglobin, and WBC had already been shown to have prognostic values in different tumors (27, 28). In our study, hemoglobin and WBC were also identified as important prognostic factors for PFS which was coherent with the results of the previous studies. In addition, lymph-vascular space invasion is considered to be a crucial factor in the tumor cell dissemination (29) and is identified as an unfavorable prognostic factor in cervical cancer (30, 31), which is consistent with our study.

Radiomics analysis has developed as a non-invasive method to visualize and quantify intra-tumor heterogeneity by high-throughput quantitative characteristic extraction from medical images, thereby providing prognostic information in medical decision making (8). In the recent years, researchers have used radiomics in the prediction of pathological features, LNM, and response to neoadjuvant chemotherapy in cervical cancer (12–14, 32), rather than clinical outcomes such as PFS and overall survival (OS). Jin et al. reported that MRI-based radiomics signature was an independent predictor of DFS in patients with early-stage cervical cancer treated with radical hysterectomy, and their study demonstrated that the Rad-score yielded a C-index of 0.753 (95% CI: 0.696-0.805) on 3-year DFS prediction, which were higher than either clinical model or combined model (33). However, these studies focused on early-stage (IB-IIA) cervical cancer treated by surgery. Only two clinicopathological features (LNM and LVSI) were included in their clinical model, which did not contain another hematological parameter. Some previous studies applied PET/CT radiomics to evaluate patients’ responses to chemoradiotherapy with LACC (34, 35). Although PET/CT demonstrated good discrimination ability, its high cost and high radiation limited its wide use. The role of MRI-based radiomic signatures to evaluate PFS in patients with LACC who have surgical indicators has not yet been investigated. Therefore, in this context, it is necessary for us to do this research.

The LASSO-Cox-based method was used to construct the Rad-score, which derived from the joint T2WI and DWI. Wang et al. have published two articles about using Rad-score based on the joint T2WI and DWI for prediction of LNM or parametrial invasion (PMI) in patients with early cervical cancer (36, 37). These studies demonstrated that the Rad-score from the combined T2WI and DWI has a significant improvement performance for prediction of LNM or PMI, compared with the Rad-score from T2WI or DWI alone. The advantage of T2WI is that it can clearly show the anatomical features of tumors in the cervical cancer patients, and as a functional imaging, DWI can provide microscopic motion of water molecules in tissues and subsequently detect early pathological changes based on water diffusion properties (38). Therefore, the combination of T2WI and DWI could balance the shortcomings and gain more precise and comprehensive information about the tumors. In our study, the radiomic score that combined T2WI and DWI showed good performance for prediction of 3-year PFS in patients with LACC, which yielded a C-index of 0.803 (95% CI, 0.690–0.915) and an AUC of 0.795 (95% CI: 0.653-0.937) in the validation cohort.

To provide a clinically suitable and quantitative approach for the individual prediction of PFS in patients with LACC, a nomogram could enable gynecologists to evaluate the survival of patients based on their clinical and image characteristics. In the current study, a combined nomogram that combined both the Rad-score and other important clinicopathologic features was established for the 3-year PFS evaluation in patients with LACC for the first time. The combined nomogram was shown to have a significant improvement performance for the 3-year PFS prediction, compared with the Rad-score or clinical model alone (C-index of 0.821 vs. 0.778 and 0.816 in the training cohort; 0.829 vs. 0.816 and 0.803 in the validation cohort). This result was also verified by the conclusions of the ROC analysis. It indicated that the radiomics signature may contain information that is complementary to clinical factors, reflecting changes of human tissues at the molecular and genetic levels (9, 33). Another interesting finding of our research was that the Rad-score could serve as a marker in discriminating low-risk and high-risk patients. Patients with higher Rad-scores have the worse PFS. These results provided a new insight into the future treatment protocols in patients with LACC. For instance, LACC patients at high risk of recurrence and metastasis could be considered for preoperative neoadjuvant chemotherapy, whereas patients at low risk of recurrence could directly select surgeries, thereby avoiding unnecessary chemotherapy-related toxicities and disease progression due to delays in effective treatment. Therefore, the Rad-score may be used as an effective biomarker to improve the prognostic ability of pretreatment.

Our research has the following limitations. Firstly, its retrospective design and single-institution study may lead to inevitable selection bias. Prospective multicenter studies with larger populations will be required to confirm the robustness and reproducibility of the current research. Secondly, imaging data were collected by different MR scanners or imaging protocols. Although all the imaging data were normalized to reduce bias before extraction, the performance of the radiomics signature will be significantly improved by normalization of the imaging data. Finally, due to the limited number of patients with genetic data, we did not provide genomic characteristics in our study. In the future study, how to integrate genomic features, radiomics signature, and clinical characteristics together will become increasingly important.



Conclusion

We developed and validated a Rad-score as a non-invasive method for a preoperative evaluation of PFS in patients with LACC. The combined nomogram, which integrated the Rad-score and clinicopathologic factors, showed significant improvement in the prediction of PFS and may serve as a potential tool to guide individual treatment plans for patients with LACC.
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Homologous recombination deficiency (HRD) is an approved predictive biomarker for Poly (ADP-ribose) polymerase inhibitors (PARPi) in ovarian cancer. However, the proportion of positive HRD in the real world and the relationship between HRD status and PARPi in Chinese ovarian cancer patients remain unknown. A total of 67 ovarian cancer patients who underwent PARPi, either olaparib or niraparib, were enrolled and passed inclusion criteria from August 2018 to January 2021 in the Affiliated Cancer Hospital of Nanjing Medical University. HRD status correlation with Progression-free survival (PFS) was analyzed and summarized with a log-rank test. Univariate and multiple cox-regression analyses were conducted to investigate all correlated clinical factors. Approximately 68.7% (46/67) patients were HRD positive and the rest 31.3% (21/67) were HRD negative. The PFS among HRD-positive patients was significantly longer than those HRD-negative patients (medium PFS 9.4 m vs 4.1 m, hazard ratio [HR]: 0.52, 95% CI: [0.38–0.71], p <0.001). Univariate cox-regression found that HRD status, Eastern Cooperative Oncology Group (ECOG) status, BRCA status, previous treatment lines, secondary cytoreductive surgery and R0 resection were significantly associated with PFS after PARPi treatment. After multiple regression correction, HRD status and ECOG were the independent factors to predict PFS (HR: 0.67, 95% CI: [0.49–0.92], p = 0.01; HR: 2.20, 95% CI: [1.14–4.23], p = 0.02, respectively). In platinum sensitivity evaluable subgroup (N = 49), HRD status and platinum sensitivity status remain significant to predict PFS after multiple regression correction (HR: 0.71, 95% CI: [0.51–0.98], p = 0.04; HR: 0.49, 95% CI: [0.24–1.0], p = 0.05, respectively). This is the first real-world study of HRD status in ovarian cancer patients in China, and we demonstrate that HRD is an independent predictive biomarker for PARP inhibitors treatment in Chinese ovarian cancer patients.
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Introduction

Ovarian cancer is the most lethal gynecological malignancy (1). Approximately 70% of the patients with ovarian cancer are diagnosed at an advanced stage. Most ovarian cancers patients are sensitive to platinum-based chemotherapy (2). How to prolong the platinum-free interval (PFI) is an important issue in ovarian cancer treatment. PARPi has changed the treatment pattern of ovarian cancer. Many clinical trials and real-world studies have confirmed that PARPi can significantly prolong the PFI of patients with ovarian cancer (3–6).

Poly (ADP-ribose) polymerase (PARP) plays an important role in DNA repair, maintenance of genome integrity, and regulation of various metabolic and signal transduction processes. PARP1 and PARP2 enzymes are activated after DNA damage that manifests mainly as single-strand breaks (SSBs), double-strand breaks (DSBs) or replication fork stalling (7); they also recognize and bind to the DNA fracture site and mediate DNA single-strand damage repair in tumor cells. In HRD-positive tumor cells, such as the BRCA mutation (BRCAmt) or other germline mutations in homologous recombination repair (HRR) pathway genes (e.g., RAD51 and ATM), single-strand DNA damage cannot be repaired, forming a synthetic lethal effect (8). Therefore, BRCAmt or HRD-positive tumor cells are more sensitive to PARPi (9). Previous studies also demonstrated that HRD-positive ovarian cancer patients had more significant clinical benefits from PARPi treatment (4, 6, 10).

At present, the FDA approved two commercial kits for HRD detection: FoundationFocus®CDx BRCA LOH (integrated to FoundationOne®CDx, shortened as F1CDx) and Myriad myChoice®CDx. The determination of HRD status is based on genomic scars. Cells with HRD had DNA repair dysfunction, which will lead to genome damage and leave genomic scars. FoundationFocus®CDx mainly evaluates HRD by loss of heterozygosity (LOH) with 16% as the threshold value that has been used for companion diagnostic (CDx) of rucaparib (11), while Myriad myChoice®CDx includes LOH, telomere allele imbalance (TAI), and large fragment migration (LST) with 42 as the threshold value that has been widely applied for CDx of niraparib and olaparib (4, 6, 10, 12). Approximately 50% of patients with high-grade serous ovarian cancer are HRD positive in the western population (13, 14).

In China, although four PARPi, namely, Olaparib, Niraparib, Pamiparib, and Fluzoparib, have been approved in ovarian cancer, HRD status has not been approved as a CDx biomarker, and there is no National Medical Products Administration (NMPA)-approved kit for HRD detection yet. Thus, the correlation of HRD status with PARPi therapeutic outcomes could be retrospectively studied in the real world. Our study aimed to perform HRD testing of ovarian cancer in the real world in China and correlate HRD status and clinical characteristics with therapeutic outcomes.



Materials and Methods


Study Population

Between August 2018 and January 2021, a total of 79 ovarian cancer or fallopian tube cancer patients were treated with PAPRi for more than four weeks, including olaparib and niraparib in the Affiliated Cancer Hospital of Nanjing Medical University, were recruited (NCT:05044091). If patients experienced serious adverse events (Grades 3–4), the dose reduction and interruption would be done according to drug instruction of olaparib or niraparib. Treatment continued until the occurrence of radiological progression, as assessed by the Response Evaluation Criteria in Solid Tumors 1.1(RECIST 1.1), unacceptable adverse events or death. Five patients with no qualified FFPE samples or no signed informed consent forms were excluded. Seven patients with failure of quality control of experimental or sequencing data or lost follow-up clinic information were further removed for data analysis. All methods were performed in accordance with the relevant guidelines and regulations by the ethics committee of the Affiliated Cancer Hospital of Nanjing Medical University. The study flowchart is shown in Figure 1.




Figure 1 | Flow Diagram for the Real world PARPi treatment data cohort, patient inclusion and exclusion criteria of patients used for validation.





HRD Testing

The formalin fixation and paraffin embedding (FFPE) samples from cytoreductive surgery were obtained with the patients’ informed consent. DNA was extracted from FFPE biopsy/surgical specimens by MagPure FFPE DNA LQ kit (Kit# D6323). A total of 100 ng DNA (minimum 50 ng if the total DNA is less than 100 ng) was applied for library construction and 500 ng libraries were used for hybrid capture with an AmoyDx® HRD panel, which selected coding sequences (CDS) regions for 54 genes and 72,000 single nucleotide polymorphisms (SNPs). The list of 54 genes is shown in Supplementary Table 1. The selected libraries were pooled and sequenced on the Illumina Novaseq6000 with >500× unique coverage for 54 genes and >100× for SNP loci.

Sequence data were processed using a customized analysis pipeline designed to accurately detect multiple classes of genomic alterations: base substitutions, short insertions/deletions with detection sensitivity at variant allele frequency (VAF) ≥5%. Detected mutations for the 54 genes were annotated according to the American College of Medical Genetics (ACMG) guideline and classified as pathogenic, likely pathogenic, variants of unknown significance (VUS), likely benign and benign (15).

BRCA mutation positive (BRCAmt) was defined as BRCA1 and or BRCA2 pathogenic or likely pathogenic mutation was detected in patients and otherwise is BRCA wildtype (BRCAwt). HRR mutation positive was defined as pathogenic and likely pathogenic mutations in the following 15 HRR pathway genes as BRCA1, BRCA2, ATM, BARD1, BRIP1, CDK12, CHEK1, CHEK2, FANCL, PALB2, PPP2R2A, RAD51B, RAD51C, RAD51D, RAD54L, HDAC2, and FANCA. HRD score was calculated by the sum of three types of genomically unstable events, namely, LOH, TAI, and LST as defined by (16–19). HRD score cut-off was validated by BRCAness status and maintained the same as Myriad myChoice®CDx cut-off 42 (19). HRD-positive was defined by BRCA mutation positive and/or HRD score ≥42.



Clinical Assessments

All enrolled subjects received PARP inhibitor treatment, namely, olaparib or niraparib. Basic characteristics and follow-up information after PARPi treatment were collected. Serum CA125 and imaging examinations via computed tomography were performed on each patient at baseline, followed by a monthly examination of CA125 and bimonthly imaging examinations.

Adverse events (AEs) were graded according to the Common Terminology Criteria Adverse Events (CTCAE) V 5.0 to modulate the dosage. Progression-free survival was defined as the interval from the date of PARPi treatment to the date of disease progression or death from any cause, whichever occurred first.



Statistical Analysis

The Fisher exact test was used to test the difference of categorical variables, namely, BRCA mutation status and HRR mutation status, and the odds ratios (ORs) and 95% confidence intervals (CIs) were also calculated. For progression-free survival (PFS) analysis, Kaplan–Meier curves were compared by using a log-rank test, and the hazard ratio (HR) was determined through a Cox proportional hazards regression model to test the correlations between different variables and PFS. Baseline variables that achieved a level of significance of P <0.2 in the univariable analysis were entered into multivariable models. All reported P-values were 2-tailed, and P <0.05 was considered to be statistically significant. Statistical analyses were performed with python lifelines package version 0.22.3.




Results


Patient Characteristics

In total, 65 ovarian cancer patients and 2 fallopian tube cancer patients were enrolled. The median age of patients was 55 years (range 31–80 years), and most of them were high-grade serous carcinoma (86.6%). In total, 49 patients were diagnosed with FIGO III stage (73.1%) and thirteen patients had FIGO IV stage (19.4%). Twenty-nine patients were R0 resected with no macroscopic disease (43.3%). Thirty-seven patients were Eastern Cooperative Oncology Group performance status (ECOG PS) 0 (55.2%). Twenty-three patients underwent neoadjuvant chemotherapy (NACT) (34.3%). Approximately 26.9% of patients underwent secondary cytoreductive surgery. A total of 27 patients have done ≤2 lines of therapy before PARPi therapy (40.3%). Platinum sensitivity status was evaluable in 49 (73.1%) of the patients. In total, 47 patients (70.1%) were treated with olaparib, and the remaining patients (29.9%) were treated with niraparib. The median follow-up time was 7.9 months. Patients’ clinic and pathological characteristics are summarized in Table 1.


Table 1 | Baseline characteristics of patients with HRD test. Values are reported as frequency (n [%]) or as mean (range).





HRD Status Association With BRCA Mutation, HRR Mutation in Ovarian Cancer Patients

Approximately 35.8% (24/67) patients were BRCA mutation positive, and 41.8% (28/67) were HRR mutation positive. Approximately 68.7% (46/67) of the patients were HRD positive and the rest of the 31.3% (21/67) were HRD negative. Among the HRD positive patients, 52.2% (24/46) were BRCA mutation positive and 47.8% (22/46) were BRCA mutation negative. Both the HRD-positive and BRCA-positive populations are higher than the western population reported in QUADRA, PRIMA, and PAOLA-1 trials where the HRD-positive patients represent around 50% of western ovarian cancer patients (6, 10, 12). Meanwhile, recently, the ASCO2021 reported the L-MOCA: an open-label study of olaparib maintenance monotherapy in platinum-sensitive relapsed ovarian cancer in Chinese and Malaysian patients, where 47.3% (106/224) of the patients were BRCA mutation positive (20).

Further, we analyzed whether HRD score above cut-off (HRD score ≥42) patients were enriched in some patients with specific BRCA mutation or HRR pathway mutation. The results showed that patients with high HRD scores tend to be enriched in BRCA mutation and HRR mutation. However, the P-value is not significant due to the small sample size. The detailed results are shown in Supplementary Table 2.



HRD Status and Clinical Outcomes of Ovarian Cancer Patients Treated With PARPi

To unravel whether HRD status could identify patients benefiting from PARPi treatment, we compared the PFS difference between HRD positive patients (HRD score ≥42 or BRCA mutation positive, n = 46) and HRD negative patients (HRD score <42, n = 21). The PFS among HRD positive patients was significantly longer than those HRD negative patients (medium PFS 9.4 months vs 4.1 months, HR: 0.52, 95% CI [0.38–0.71], p <0.001) (Figure 2A). We further defined the HRD-positive group as having two subgroups: the BRCA mutation group (N = 24) and BRCA wildtype HRD positive (N = 22). We can see that both the BRCA mutation group and BRCA wildtype HRD-positive group showed significant higher PFS than the HRD-negative group (BRCAm: medium PFS 9.8 months vs 4.1 months, HR: 0.29, 95% CI[0.14–0.61], p = 0.001 and BRCAw HRD positive: medium PFS 9.2 months vs 4.1 months, HR: 0.52, 95% CI[0.36–0.76], p <0.001, respectively). The PFS difference between the BRCA mutation group and the BRCA wildtype HRD-positive group is not significant (PFS 9.8 months vs 9.2 months, HR: 0.85, 95% CI [0.40–1.80], p = 0.67) (Figure 2B).




Figure 2 | Association Between HRD status and PFS in Ovarian Cancer Patients treated with PARPi olaparib and niraparib. (A) Progression-free survival (PFS) by HRD status positive (N = 46) and negative (N = 21). (B) Progression-free survival (PFS) by three group: BRCA mutation HRD positive group (N = 24), BRCA wildtype HRD positive (N = 22), and HRD negative (N = 21).



In the univariable Cox proportional hazards regression model, in addition to the HRD status, Eastern Cooperative Oncology Group (ECOG) were also associated with PFS (ECOG: HR, 2.49; 95% CI [1.39–4.44]; p = 0.002). We further explored the association between HRD status and PFS in different ECOG statuses. The HRs and P-values still remained significant in better ECOG performance group (medium PFS 12.0 months vs 4.9 months; HR: 0.36; 95% CI [0.22–0.59]; p <0 .001) while the PFS in worse ECOG performance group were generally poor regardless of HRD status (medium PFS 4.5 months vs 3.2 months; HR: 0.79; 95% CI [0.52–1.18]; p = 0.23) (Supplementary Figures 1A–C).

Treatment lines, BRCA status, secondary cytoreductive surgery and R0 resection or not also tend to be associated with PFS (treatment lines: HR, 1.58; 95% CI [0.87–2.87]; P  = 0 .13; BRCA status: HR, 0.66; 95% CI [0.36–1.23]; P  = 0.19; Secondary cytoreductive surgery: HR, 1.59; 95% CI [0.85–2.98]; P = 0 .15; R0 resection or not: HR, 1.54; 95% CI [0.86–2.77]; P = 0 .15). Baseline variables that achieved a level of significance of P < 0.2 in the univariable analysis were entered into multivariable models. In the multivariate Cox proportional hazards regression model that included the above six factors, the association between HRD status and ECOG status remained significant (HRD status: HR: 0.67; 95% CI, [0.49–0.92]; p = 0.01; ECOG: HR: 2.20; 95% CI, [1.14–4.23]; p = 0.02) (Table 2 and Supplementary Figure 2).


Table 2 | Univariable and Multivariable Analysis of Progression-Free Survival for the total 67 patient cohort (N = 67).



Since HRD score was the sum of LOH, TAI or LST, we further analyzed that LOH, TAI or LST independently correlated with PFS status. Each median score of LOH, TAI or LST was used as the threshold, with the PFS among high LST score group was significantly longer than those low LST score group (medium PFS 10.1 months vs 5.6 months, HR: 0.95, 95% CI [0.93–0.98], logRank p = 0.02) (Supplementary Figure 3A and Supplementary Table 3). There was a trend that PFS among high TAI or LOH score group was longer than those low TAI or LOH score group, although the p-value is not significant (Supplementary Figures 3B, C). Univariable Cox proportional hazards regression model showed that LOH, TAI, and LST were all associated with PFS (LOH: HR, 0.95; 95% CI [0.90–0.99]; p  = 0 .026; TAI: HR, 0.95; 95% CI [0.91–0.98]; p = 0 .005; LST: HR, 0.95; 95% CI [0.93–0.98]; p <0 .001) (Supplementary Table 3). However, after multivariate regression correction, only LST status association with PFS remained significant (HR: 0.95; 95% CI [0.90–0.996]; p =  0.03) (Supplementary Table 3). From this dataset, we found that LOH, TAI and LST are not independent variables correlated with PFS and LST was the most significant.



Platinum Sensitivity Evaluable Subgroup Analysis

In the subgroup PARPi treated as first-line maintenance therapy and some exploratory therapy, platinum sensitivity status was not evaluable. However, platinum sensitivity status was recognized as a clinical marker to predict PARPi response in the second-line maintenance therapy. Thus we chose the platinum sensitivity evaluable subgroup (N = 49) to further analyze the HRD status, platinum sensitivity and other clinical factors associated with PFS of PARPi treatment. In the univariable Cox proportional hazards regression model, the HRD status, ECOG and platinum sensitivity were associated with PFS (HRD: HR, 0.70; 95% CI [0.51–0.96]; p = 0.03; ECOG: HR, 1.87; 95% CI [0.99–3.51]; p = 0.05; platinum sensitivity: HR, 0.47; 95% CI [0.24–0.94]; p = 0 .03). R0 resection or not tended to be associated with PFS (HR: 1.70; 95% CI [0.89–3.24]; p = 0 .11). In the multivariate Cox proportional hazards regression model that included the above four factors, the association between HRD status, and platinum sensitivity status remained significant (HRD status: HR, 0.71; 95% CI, [0.51–0.98]; p = 0.04; platinum sensitivity: HR, 0.49; 95% CI, [0.24–1.0]; p = 0.05) (Table 3 and Supplementary Figure 4).


Table 3 | Univariable and Multivariable Analysis of Progression-Free Survival for the platinum sensitivity status evaluable subgroup (N = 49).






Discussion

Epithelial ovarian cancer (EOC) has the highest mortality and morbidity in ovarian cancer (1). Germline pathogenic variants in EOC susceptibility genes, namely, those involved in homologous recombination and mismatch repair pathways are present in approximately 22 to 25% of EOC (21). High-grade serous ovarian cancer (HGSOC) is the most common type of EOC, accounting for 75% of all EOC, 15–20% of which western patients have germline BRCA1 or BRCA2 mutations. The BRCA mutation rate observed in our cohort was 35.8%, which was near the higher boundary of the previously reported range of 5 to 35% (14, 22). Similar to other studies, we also observed BRCA1 mutations occurring more frequently than BRCA2 mutations in Chinese ovarian cancer patients (23, 24). HRD is the first phenotypically defined predictive marker for therapy with PARP inhibitors in EOC (25). Genomic analyses show that homologous recombination is defective in nearly half of HGSOC (13, 14). To our knowledge, our study is the first real world study of NGS-based HRD in Chinese ovarian cancer and fallopian tube cancer patients. The proportion of HGSOC patients with HRD observed in our enrolled cohort was 68.7%, which was higher than the HRD positive proportion reported in western countries (50–60%) (14). Homologous recombination repair (HRR), namely, BRCA1, BRCA2, ATM, BARD1, BRIP1, CHEK1, CHEK2, RAD51C, and RAD51D, is an important pathway for normal cells to repair DNA DSB. HRR related mutations can induce HRD. Our results demonstrated that patients with high HRD scores tended to enrich in BRCA mutation and HRR mutation.

In our study, the HRD score was calculated by the Myriad myChoice®CDx test method, which was the sum of three HRD events: LOH, TAI, and LST. An HRD score cut-off of 42 represented the 95th percentile of BRCAness samples. BRCAness was defined as the set of known BRCA deficiency including the following three events: (i) one deleterious mutation in BRCA1 or BRCA2, with LOH in the wild-type copy, (ii) two deleterious mutations in the same gene, or (iii) promoter methylation of BRCA1 with LOH in the wild-type copy (26). From AmoyDx assay validation data, HRD score cut-off of 42 represented the 93th percentile of the set of BRCAness in Chinese ovarian cancer patients (N = 200) (Data was not shown in this paper). Previous studies demonstrated that LOH, TAI, and LST all proved to be useful markers in predicting response to a variety of therapeutic strategies exploiting defective DNA repair (19). Univariable Cox proportional hazards regression model showed that LOH, TAI, and LST were all associated with PFS and LST status association with PFS remaining the most significant after multiple regression correction.

The approval of PARPi is an important milestone in the treatment of ovarian cancer patients. Many clinical studies have confirmed that ovarian cancer patients with BRCAmt and HRD positive can benefit from PARPi. Olaparib as maintenance treatment significantly increased PFS for patients with BRCAmt in SOLO1 and SOLO2 study (5, 27). Both NOVA and PRIMA studies found that patients with HRD positive could get more profit from niraparib as maintenance treatment (4, 6). The QUADRA study demonstrated that niraparib works among 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 the population with BRCA wild-type (10). In the Chinese population, the NORA study found that niraparib maintenance treatment reduced the risk of disease progression or death by 68% and prolonged PFS in patients with platinum-sensitive recurrent ovarian cancer (28). However, a limited number of studies have investigated the relationship between HRD status and efficacy of PAPRi in the Chinese population. Our study performed the largest retrospective study to detect HRD status from Chinese ovarian cancer patients and correlate HRD status and clinical characteristics with PARPi therapeutic outcomes. However, PARP inhibitors have been available in China not for a long time, most of the patients we enrolled were taking it as multi-line monotherapy, which led to shorter PFS of our cohort.

Very consistent results were observed in both our cohort and the western population; whereby Chinese ovarian cancer patients with positive HRD had significantly better PFS after PARPi treatment. The single variant Cox proportional hazards regression analysis showed that the efficacy of PARPi was closely related to HRD status, ECOG score, treatment lines, BRCA mutation status, secondary tumor cell reduction and R0 resection or not. The multivariable analysis highlighted that HRD and ECOG were independent factors affecting the prognosis. Further analysis showed that the PFS in better ECOG performance group was significantly higher in HRD positive population while the PFS in worse ECOG performance group were generally poor regardless of HRD status. In the subgroup with the platinum sensitivity evaluable, HRD and platinum sensitivity were consistently significant to predict PFS no matter in univariable or multivariant regression analysis. However, BRCAmt was only significant to predict PFS in the univariable analysis. It was not statistically significant to the association between BRCAmt and PFS in the multivariate analysis, which may be due to a small cohort and more patients with multi-line monotherapy that underpowered statistical procedure.

In conclusion, our study highlights several important considerations. We firstly elucidated the HRD status of ovarian cancer patients from China in the real world. Chinese ovarian cancer patients with HRD positive also had a better response to PARPi therapy and our cohort also found other clinical characteristics that could affect the efficacy of PARPi. Studies with larger cohorts are needed to validate these observations to expand its therapeutic markers.
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Cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC) are among the most common malignancies of the female genital tract. Ferroptosis and immunity regulate each other and play important roles in the progression of CESC. The present study aimed to screen ferroptosis- and immune-related differentially expressed genes (FI-DEGs) to identify suitable prognostic signatures for patients with CESC. We downloaded the RNAseq count data and corresponding clinical information of CESC patients from The Cancer Genome Atlas database; obtained recognized ferroptosis- and immune-related genes from the FerrDb and ImmPort databases, respectively; and screened for suitable prognostic signatures using a series of bioinformatics analyses. We identified eight FI-DEGs (CALCRL, CHIT1, DES, DUOX1, FLT1, HELLS, SCD, and SDC1) that were independently correlated with the overall survival of patients with CESC. The prediction model constructed using these eight FI-DEGs was also independently correlated with overall survival. Both the sensitivity and specificity of the prediction model constructed using these eight signatures were over 60%. The comprehensive index of ferroptosis and immune status was significantly correlated with the immunity of patients with CESC. In conclusion, the risk assessment model constructed with these eight FI-DEGs predicted the CESC outcomes. Therefore, these eight FI-DEGs could serve as prognostic signatures for CESC.
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Introduction

Cervical cancer is the fourth most frequently diagnosed cancer and the fourth leading cause of cancer-related death in women (1). There were almost 600,000 new cases and 340,000 deaths worldwide in 2020 (1). The risk of death from cervical cancer in women in developing countries is 0.9%, which is higher than that in developed countries (0.3%) (2). Despite a series of advances in the prevention, screening, and treatment of cervical cancer, there has been no significant improvement in outcome (3, 4). The main treatments for patients with cervical cancer include surgery or postoperative concurrent chemoradiotherapy, such as T-cell therapy and checkpoint inhibitors (5). However, once local invasion and distant metastasis occur, the survival rate is significantly reduced, and complications significantly increase, which means that the efficacy of radiotherapy is diminished. Patients with metastatic or recurrent cervical cancer have a poor prognosis, with a 5-year overall survival (OS) rate of only 17% (2). Cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC) account for approximately 15% of cancer deaths in women, with the second-highest mortality rate (6). Therefore, it is necessary to identify suitable signatures to predict the outcomes of patients with CESC.

Ferroptosis is a novel type of cell death that was first proposed by Dixon in 2012 (7). Ferroptosis can be activated by diverse physiological conditions and pathological stress (8). Numerous studies have demonstrated that dysregulation of ferroptosis is involved in several cancers, including CESC (9–12). Immunotherapy is a new type of cancer treatment that boosts the immune system. Immunotherapy has shown promising advantages in terms of treatment efficiency and long-term patient survival (13). Previous studies have documented that immune cells and immune-related factors can regulate ferroptosis, thus achieving the antitumor effects of immunotherapy. For example, Wang et al. found that CD8+ T cells induce ferroptosis by downregulating SLC3A2 and SLC7A11. The induction of ferroptosis effectively improves the antitumor effects of immunotherapy, which suggests that immunotherapy may be achieved by regulating ferroptosis. Additionally, previous studies have indicated that ferroptosis can regulate the immune system. The lipid metabolites released by ferroptotic cells can exert immunomodulatory effects on adjacent immune cells and induce an immune response (14). Therefore, to improve cancer diagnosis and prognosis, it is necessary to investigate the comprehensive network of ferroptosis- and immune-related genes.

Based on the currently known ferroptosis- and immune-related genes, and open public databases like The Cancer Genome Atlas (TCGA), it is hypothesized that prognostic signatures associated with ferroptosis and immune response might help to distinguish subgroups of CESC patients with distinct ferroptosis and immune phenotypes and survival profiles.



Material and Methods


Data Acquisition and Processing

RNAseq counts data (3 controls and 304 cancers) and the corresponding clinical information (Supplementary Table 1) was obtained from TCGA database. DESeq2 package in R 3.6.2 was used to screen the differentially expressed genes (DEGs). We utilized the specific criteria as following padj < 0.05, |logFC| ≥ 2.0, and basemean > 500 to filter the DEGs.



Generation of Ferroptosis-Related Differentially Expressed Genes and Immune-Related Differentially Expressed Genes

Recognized lists of ferroptosis and immune-related genes were obtained FerrDb (http://zhounan.org/ferrdb) and ImmPort database (http://immport.org), respectively. There were 259 ferroptosis-related genes (FR-Genes), including 108 ferroptosis driver genes, 69 ferroptosis suppressor genes, and 111 ferroptosis marker genes. There were 1,793 immune-related (IR-Genes).



Development of the Comprehensive Index of Ferroptosis and Immune Status

The ferroptosis and/or immune-related DEGs were first subjected to univariate Cox regression. The genes significantly related to the OS of patients with CESC were filtered by least absolute shrinkage and selection operator (LASSO) Cox regression analysis. Then, the candidate DEGs were then filtered by multivariate Cox regression analysis. The filtered candidate signatures were used for the risk assessment model construction, as follows: Risk score = βgene1 * Expgene1 + βgene2 * Expgene2 + ··· + βgenen * Expgenen (15). The β value was obtained from the multivariate Cox regression analysis. The expression values were obtained by DESeq2 analysis. The comprehensive index of ferroptosis and immune status (CIFI) value of each patient was calculated by using the risk score of the patient subtracted by the minimum risk score of the cohort, which was then divided by the maximum risk score of the cohort, namely, CIFI = (Risk score − Min)/Max (15).



Immune Profile Analysis

The ESTIMATE package in R software (3.6.2) was performed to calculate the stromal score, immune score, tumor purity, and ESTIMATE scores by using the genes expression data. We downloaded the calculated data of immune cell infiltration of patients with CESC from the Tumor Immune Estimation Resource (TIMER) and carried out correlation analysis for the ESTIMATE value and candidate prognosis signatures.



Principal Component Analysis

Principal component analysis (PCA) was conducted to reduce dimension and visualize the CESC patients with different CIFI values by 3 ferroptosis-related DEGs (FR-DEGs), 6 immune-related DEGs (IR-DEGs), and 8 ferroptosis- and immune-related DEGs (FI-DEGs) filtered by univariate Cox, LASSO analysis, and multivariate Cox analysis.



Statistical Analysis

A repeated-measures ANOVA followed by unpaired two-tailed Student’s t-test was used as indicated. All results are expressed as mean ± SEM.




Results


Identification of Candidate Prognostic Signatures

A total of 307 TCGA samples were included in the present study. The DESeq2 package in R 3.6.2 was used to screen the DEGs. There were 1,295 DEGs (969 upregulated and 326 downregulated) (Figure 1A). Of these, 25 were FR-DEGs (21 upregulated and 4 downregulated) (Figure 1B), and 129 were IR-DEGs (83 upregulated and 46 downregulated) (Figure 1C). Through univariate Cox regression and LASSO analysis, five FR-DEGs were significantly related to the OS of patients with CESC (Figure 1D and Supplementary Figures 1A, B). Then, multivariate Cox regression analysis of the five FR-DEGs was performed, and three FR-DEGs were determined to be independently related to the OS of patients with CESC (Figure 1E). Similarly, 6 out of 17 IR-DEGs were significantly independently related to the OS of patients with CESC (Figures 1F, G and Supplementary Figures 1C, D).




Figure 1 | Identification of candidate prognostic signatures. (A–C) Volcano plot of DEGs, FR-DEGs, and IR-DEGs for CESC. (D, E) Univariate (D) and multivariate (C) Cox regression analyses illustrate 3 FR-DEGs independently associated with the OS of CESC. (F, G) Univariate (F) and multivariate (G) Cox regression analyses illustrate 6 IR-DEGs independently associated with the OS of CESC. (H, I) Univariate (H) and multivariate (I) Cox regression analyses illustrate 8 FI-DEGs independently associated with the OS of CESC. DEGs, differentially expressed genes; FR-DEGs, ferroptosis-related DEGs; IR-DEGs, immune-related DEGs; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; OS, overall survival.



Additionally, we performed a comprehensive combined analysis of the 25 FR-DEGs and 129 IR-DEGs and found that 8 out of 18 FI-DEGs were independently related to the OS of patients with CESC (Figures 1H, I and Supplementary Figures 1E, F). The expression of these candidate prognostic signatures is shown in Supplementary Figure 2.



Construction of the Comprehensive Index of Ferroptosis and Immune Status Classifier

The risk assessment scores were calculated by multiplying the gene expression of independent prognostic signatures and their corresponding coefficients, which were obtained by multivariate Cox regression analysis. A comprehensive index of ferroptosis and immune status (CIFI) values was calculated using the formula mentioned in the Materials and Methods section. The optimal cutoff value (Youden’s index) was used to regroup CESC patients (Figures 2A, E, I).




Figure 2 | Development of prognostic signatures based on FR-DEGs, IR-DEGs, and FI-DEGs. (A–D) Optimal cutoff value (A), distribution of the CIFI values (up) and survival status (down) (B), overall survival curves (C), and PCA plot (D) of the prognosis model constructed by three FR-DEGs. (E–H) Optimal cutoff value (E), distribution of the CIFI values (up) and survival status (down) (F), overall survival curves (G), and PCA plot (H) of the prognosis model constructed by six IR-DEGs. (I–L) Optimal cutoff value (I), distribution of the CIFI values (up) and survival status (down) (J), overall survival curves (K), and PCA plot (L) of the prognosis model constructed by eight FI-DEGs. DEGs, differentially expressed genes; FR-DEGs, ferroptosis-related DEGs; IR-DEGs, immune-related DEGs; FI-DEGs, ferroptosis- and immune-related DEGs; CIFI, comprehensive index of ferroptosis and immune status; PCA, principal component analysis.



In the CIFI classifier constructed using the three FR-DEGs, 169 and 135 patients were classified as having high and low CIFI values, respectively. The CIFI values and survival time of the 304 patients in the model based on three FR-DEGs are displayed in Figure 2B. CESC patients with low CIFI values exhibited significantly better OS (Figure 2C). PCA indicated that CESC patients with low CIFI values could be clearly distinguished from those with high CIFI values (Figure 2D). We also constructed two more CIFI classifiers using the six IR-DEGs or eight FI-DEGs and performed the same analysis. Similar results were obtained for these two CIFI classifiers (Figures 2E–L).

We then plotted receiver operating characteristic (ROC) curves and found that the area under the curve (AUC) values of the two CIFI models constructed using the six IR-DEGs or eight FI-DEGs were comparable with each other and higher than those of the CIFI model constructed using the three FR-DEGs (Figures 3A–C). All AUC values of the three prognosis models at 1, 3, 5, and 10 years were over 0.6 (Figures 3A–C).




Figure 3 | Evaluation of the three prognosis models constructed based on FR-DEGs, IR-DEGs, and FI-DEGs. (A–C), ROC plot analysis for FR-DEG model (A), IR-DEG model (B), and FI-DEG model (C). (D–F) The expression profile of the candidate prognosis biomarkers in different models. (D) FR-DEG model. (E) IR-DEG model. (F) FI-DEG models. (G–I) Correlation analysis of the CIFI value of the model with the candidate prognosis biomarkers. (G) FR-DEG model. (H) IR-DEG model. (I) FI-DEG models. *p < 0.05, **p < 0.01, ***p < 0.001. DEGs, differentially expressed genes; FR-DEGs, ferroptosis-related DEGs; IR-DEGs, immune-related DEGs; FI-DEGs, ferroptosis- and immune-related DEGs; ROC, receiver operating characteristic; CIFI, comprehensive index of ferroptosis and immune status.



We compared the expression of candidate signatures between the high and low CIFI groups in the corresponding models (Figures 3D–F). The correlation analysis indicated that three FR-DEGs (DUOX1, HELLS, and SCD) were significantly correlated with the CIFI value of the FR model (Figure 3G), two IR-DEGs (FLT1 and DUOX1) were significantly correlated with the CIFI value of the IR model (Figure 3H), and two FI-DEGs (DUOX1 and SCD) were significantly correlated with the CIFI value of the FI model (Figure 3I).



Independent Prognostic Value of the Comprehensive Index of Ferroptosis and Immune Status Classifier

To determine whether these CIFI models could serve as independent prognosis models for patients with CESC, clinical features (including age and pathological TNM) and the three CIFI models were used to perform univariate Cox regression analysis. As illustrated in Figures 4A–C, the clinical features and three CIFI models were significantly correlated with the OS of CESC patients (Figures 4A–C). Then, multivariate Cox regression analysis was performed, and the results indicated that the models based on six IR-DEGs or eight FI-DEGs were still correlated with OS (Figures 4D–F).




Figure 4 | Independent prognostic factors of overall survival. (A–C) Univariate Cox regression of prognostic factors in three different models. (A) FR-DEG model. (B) IR-DEG model. (C) FI-DEG models. (D–F) Multivariate Cox regression of prognostic factors in three different models. (D) FR-DEG model. (E) IR-DEG model. (F) FI-DEG models. (G–J) ROC curve plot of CESC patients with different clinical features. (G) Age. (H) Pathological T. (I) Pathological N. (J) Pathological M. DEGs, differentially expressed genes; FR-DEGs, ferroptosis-related DEGs; IR-DEGs, immune-related DEGs; FI-DEGs, ferroptosis- and immune-related DEGs; ROC, receiver operating characteristic; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma.



Moreover, the AUC values of the CIFI models based on six IR-DEGs or eight FI-DEGs were higher than those of the model based on clinical features (Figures 3B, C, 4G–J). The AUC values for the three CIFI models were 0.6226, 0.7008, and 0.7006, with sensitivities of 0.6250, 0.7917, and 0.6667 and specificities of 0.6121, 0.5603, and 0.6767, respectively (Table 1). The sensitivity and specificity of the model based on eight FI-DEGs were higher than those of the model based on three FR-DEGs. The sensitivity of the model based on six IR-DEGs was the highest, but the specificity was less than 0.6. Comparatively, the CIFI model based on the eight FI-DEGs may be the most suitable. Therefore, we used only this model in the following analysis.


Table 1 | Prognosis models for distinguishing patients with CESC from alive patients.



We investigated how different clinical features were associated with the expression of candidate prognostic signatures and the CIFI values of the FI-DEG model. As illustrated in Figure 5, SDC1 expression was significantly different between N0 and N1 patients with CESC. The CIFI values were significantly different between the T1+2 and T3+4 groups.




Figure 5 | Expression profile of 8 FI-DEGs (left) and CIFI value (right) in different clinical features. (A) Age. (B) Pathological T. (C) Pathological N. (D) Pathological M. **p < 0.01. DEGs, differentially expressed genes; FI-DEGs, ferroptosis- and immune-related DEGs; CIFI, comprehensive index of ferroptosis and immune status.





Association Between Tumor Immune Infiltration and Comprehensive Index of Ferroptosis and Immune Status

To characterize the relationship between the CIFI value and tumor immune infiltration, we utilized the ESTIMATE package in R 3.6.2 to calculate the stromal score, immune score, and tumor purity. As illustrated in Figures 6A–D, the stromal score, tumor purity, and ESTIMATE score were significantly different between the normal group and the patients with CESC. Moreover, the stromal score, immune score, and tumor purity were significantly correlated with the ESTIMATE score (Figure 7A).




Figure 6 | Estimation of the immunity in different groups. (A–D) Score of stromal (A), Immune (B), tumor purity (C), and ESTIMATE (D) between normal and cancer. (E–H) Score of stromal (E), Immune (F), tumor purity (G), and ESTIMATE (H) between low CIFI group and high CIFI group of eight FI-DEG models. (I) Identified immune molecules and factors verified by differential analysis between low CIFI group and high CIFI group. *p < 0.05, **p < 0.01, ***p < 0.001. CIFI, comprehensive index of ferroptosis and immune status; DEG, differentially expressed genes; FI-DEG, ferroptosis- and immune-related DEG.






Figure 7 | Correlation analysis of CIFI value with the ESTIMATE score and immune molecular and factors. (A, B) Correlation of the ESTIMATE scores with stromal, immune, and tumor purity in the sample of normal and CESC (A) in the CESC patients (B). (C) Correlation of the CIFI value with different immune molecular and factors. CIFI, comprehensive index of ferroptosis and immune status; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma.



Compared with CESC patients with low CIFI values, those with high CIFI values exhibited significantly decreased stromal scores, immune scores, and ESTIMATE scores, as well as significantly increased tumor purity (Figures 6E–H). The CIFI value was significantly correlated with the immune score, tumor purity, and ESTIMATE score (Figure 7B).

Since we initially examined the DEGs correlated with ferroptosis and immunity, we then investigated the correlation between CIFI and levels of tumor-infiltrating immune cells and immune-related factors. We found that the levels of 26 tumor-infiltrating immune cells and immune-related factors were different between the normal group and CESC patients (Supplementary Table 2), and 12 of the 26 were different between CESC patients with high and low CIFI values (Figure 6I). We found that the microenvironment score_XCELL was significantly correlated with CIFI (Figure 7C).




Discussion

Cervical cancer is the fourth most frequently diagnosed cancer and the fourth leading cause of cancer-related deaths in women (1). Despite a series of advances in the prevention, screening, and treatment of cervical cancer, there has been no significant improvement in the improvement of cervical cancer outcomes (3, 4). Patients with metastatic or recurrent cervical cancer have a poor prognosis, with a 5-year OS rate of only 17% (2). Almost 15% of cervical cancers are CESC (6). Therefore, it is important to find suitable biomarkers that can predict the occurrence or prognosis of CESC. Previous studies have demonstrated that the dysregulation of ferroptosis and immunity could play an important role in the progression of CESC. In the present study, we aimed to screen FI-DEGs to identify suitable prognostic biomarkers for CESC. The prognosis model constructed using eight FI-DEGs performed better than the models constructed using three FR-DEGs or six IR-DEGs. The FI-DEG prognosis model independently predicted the outcome of CESC.

In CESC patients, the expression of CHIT1, DUOX1, HELLS, SCD, and SDC1 was increased significantly, while that of CALCRL, DES, and FLT1 was decreased significantly, compared with that in the normal group. Chitotriosidase (CHIT1), encoded by CHIT1 gene, is a member of the chitinase family. Li et al. found that the variations rs61745299 and rs35920428 within the CDS region of CHIT1 were associated with the risk of colorectal cancer (CRC). These two variations significantly increased the expression of CHIT1 and were associated with CRC (16).

Dual oxidase 1 (DUOX1) is a member of the protein family of nicotinamide adenine dinucleotide phosphate oxidases. Previous evidence has shown that DUOX1 is frequently downregulated in lung and liver cancers. However, Zhang et al. found that knockdown of DUOX2 inhibited the invasion and migration of CRC cells by affecting the ubiquitination status of the ribosomal protein uL3 (17). In the present study, we found that DUOX1 expression was increased in patients with CESC, which is consistent with Cho’s previous report (18). These results suggest that DUOX1 may play different roles in different cancers, and it is also possible that the abnormal DUOX1 expression was only the result of CESC, rather than the cause.

Helicase, lymphoid-specific (HELLS) is a chromatin remodeling enzyme. Overexpression of HELLS was correlated with more aggressive clinical–pathological features and poorer prognosis (19). In retinoblastoma, Zocchi et al. found that downregulation of HELLS could drastically reduce the ectopic division of differentiating cells in Rb1/p107-null retinae, significantly decrease the incidence of retinoblastoma, delay tumor progression, and increase OS (20). However, in pancreatic cancer, Hou found that HELLS is upregulated; downregulation leads to tumor growth arrest and increased sensitivity to cisplatin (21). Additionally, Zhu et al. found that HELLS levels are increased in lung cancer. Overexpression of HELLS is correlated with the prognosis of lung cancer, indicating that HELLS may be a potential diagnostic biomarker for lung cancer (22). In the present study, we found that HELLS expression was upregulated. Patients with high HELLS expression displayed a better OS. These results indicate that HELLS plays different roles in the progression of different cancers.

Stearoyl-CoA desaturase (SCD) is an enzyme that catalyzes the rate-limiting step in monounsaturated fatty acid synthesis. SCD is highly expressed in ovarian cancer tissues and cell lines and inhibits SCD-induced cell death (23). The results from the study by Tesfay indicated that SCD inhibition could be an effective component of antitumor therapy (23). Other studies have also shown that SCD can promote cancer cell proliferation, migration, and metastasis (24, 25).

SDC1 is a transmembrane heparan sulfate proteoglycan and a member of the syndecan proteoglycan family. Previous studies have demonstrated that SDC1 has different effects in different cancers. For example, reduced expression of SDC1 could lead to advanced stages of gastric cancer and CRC, while increased expression could promote the growth and proliferation of pancreatic and breast cancers (26). Regardless of its inhibitory or activating effects, these studies indicate that SDC1 plays a pivotal role in cancer. Moreover, SDC1 could serve as a prognostic biomarker for various cancers, such as hepatocellular carcinoma, gastric cancer, laryngeal cancer, and squamous cell lung carcinoma (27–29). In the present study, we found that SDC1 was upregulated in CESC patients, and those with high expression of SDC1 displayed worse OS. The correlation between SDC1 expression and the OS of CESC patients was independent. Our results indicated that SDC1 could be a diagnostic and prognostic biomarker for CESC.

Calcitonin receptor-like (CALCRL) is a G-protein-coupled neuropeptide receptor. CALCRL was increased in some tumor types, such as acute myeloid leukemia, Kaposi’s sarcoma, and Ewing sarcoma (30–32). High expression of CALCRL has been shown to be associated with poor prognosis in acute myeloid leukemia. Angenendt et al. found that knockout of CALCRL significantly impaired colony formation in human myeloid leukemia cell lines, indicating that CALCRL may be a potential therapeutic target in AML (33). Additionally, Larrue et al. found that CALCRL depletion reduces leukemic stem cell frequency in relapse-initiating cells post-chemotherapy in vivo (34). These results indicate that CALCRL is closely associated with cancer. In the present study, we found that CALCRL expression was decreased in CESC patients, although those with low CALCRL expression displayed a better OS. Although the results of our study are inconsistent with those of previous studies of other cancers, they further support a close relationship between CALCRL and cancer. Our results also suggest that CALCRL may play different roles in different cancers.

FLT-1, also known as vascular endothelial growth factor receptor 1 (VEGFR-1), is a high-affinity tyrosine kinase receptor for VEGF. Previous studies have demonstrated that FLT1 expression is significantly correlated with OS in several cancers, including CRC, cholangiocarcinoma, and esophageal cancer (35–37). Additionally, Han et al. found that FLT1-rs9513111 was associated with a decreased risk of cervical cancer (38). Lv et al. found that the expression of FLT1 was significantly correlated with the proliferation and invasion of trophoblast cells (39). FLT1 can inhibit proliferation, migration, and invasion of several cell types, such as CRC cells and trophoblast cells (39, 40). In the present study, we found that FLT1 expression was independently correlated with the OS of CESC patients and could be used as a biomarker for CESC. Our present study reinforced that FLT1 may play an important role in the progression of CESC.

Arentz found that desmin (DES) expression was significantly increased in stage I and III tumors. In pancreatobiliary studies, Shin et al. found that DES could be used as a prognostic biomarker. We found that DES was downregulated in CESC patients. CESC patients with low DES expression had poorer survival than those with high expression.



Conclusion

We found that the expression of eight FI-DEGs was independently correlated with the OS of CESC patients. The model constructed using these eight FI-DEGs was correlated with the OS of CESC patients and effectively predicted outcomes. These results indicated that the eight FI-DEGs may serve as prognostic and diagnostic biomarkers for CESC. However, further research is needed to determine how these genes affect CESC progression by ferroptosis and immunity regulation and whether they can be used for clinical prognosis.
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Background

Although minimally invasive surgery (MIS) was commonly used to treat patients with early-stage cervical cancer, its efficacy remained controversial.



Methods

We systematically searched PubMed, Web of Science, and Cochrane Library databases until March 2021 to compare the prognosis of early-stage cervical cancer patients who underwent MIS (laparoscopic or robot-assisted radical hysterectomy) or ARH. The primary outcomes included rates of 3- and 5-year disease-free survival (DFS) and overall survival (OS). The study protocol was registered in PROSPERO: CRD42021258116.



Results

This meta-analysis included 48 studies involving 23346 patients (11220, MIS group; 12126, ARH group). The MIS group had a poorer medium-term (3-year) DFS (HR=1.08, 95% CI: 1.01-1.16, p=0.031) than the ARH group, without significant difference in medium-term OS as well as long-term (5-year) DFS and OS. Subgroup analysis of 3-year prognosis revealed that although patients in Western countries who underwent MIS had shorter DFS than those who underwent ARH (HR=1.10, p=0.024), no difference was observed in DFS among those in Asian countries. Moreover, MIS was linked to poorer 3-year DFS in patients with stage I cervical cancer (HR=1.07, p=0.020). Notably, subgroup analysis of 5-year prognosis revealed that patients with tumor size ≥2 cm undergoing MIS exhibited a shorter DFS than those who underwent ARH (HR=1.65, p=0.041).



Conclusion

Patients with early-stage cervical cancer undergoing MIS may have a poorer prognosis than those undergoing ARH. Therefore, applying MIS in early-stage cervical cancer patients should be conducted with caution.



Systematic Review Registration

The study protocol was registered in PROSPERO: CRD42021258116.





Keywords: abdominal radical hysterectomy, early-stage cervical cancer, prognosis, meta-analysis, minimally invasive surgery



Introduction

Cervical cancer was ranked as the fourth most frequently diagnosed cancer and the fourth leading cause of cancer death in women. Most of these cases occurred in sub-Saharan Africa, Melanesia, South America, and South-Eastern Asia, with the highest morbidity and mortality rates in sub-Saharan African (1). Surgery was the primary treatment option for early-stage cervical cancer to treat stage IA, IB1, and selected IIA1 cases (2). Conization alone or simple hysterectomy was an appropriate treatment option for patients with stage IA disease, whereas radical hysterectomy was the preferred treatment modality for stage IB1 or IIA1 patients (3). Abdominal radical hysterectomy (ARH) was a standard and historical treatment for early-stage cervical cancer (4, 5). As the research progressed, minimally invasive surgery (MIS) became the preferred treatment option for early-stage cervical cancer over the past two decades (6, 7).

The feasibility and safety of MIS (laparoscopic or robot-assisted radical hysterectomy) were gradually widely accepted (7, 8). Several retrospective studies and reviews (9–11) highlighted MIS benefits in reducing blood loss, shortening hospital stay, accelerating recovery time, and reducing the risk of postoperative complications, with equal survival outcomes as ARH. Nevertheless, preliminary results from a phase 3 multicenter randomized controlled trial (RCT) (12), presented at the Society of Gynecological Oncology (SGO) meeting in March 2018, indicated that early-stage cervical cancer patients undergoing MIS had a lower disease-free survival (DFS) and overall survival (OS) than those undergoing ARH. The RCT results were unexpected and sparked a huge debate (2). Since then, the guidelines from National Comprehensive Cancer Network (NCCN) (2) and International Federation of Gynecology and Obstetrics (FIGO) (13) have been revised to indicate that ARH remains the gold standard for treating early-stage cervical cancer.

Consequently, the comparison of prognosis between MIS and ARH in patients with early-stage cervical cancer remains controversial. Then, some clinical trials and reviews (14–17) demonstrated that patients with early-stage cervical cancer who underwent MIS or ARH had similar OS, but those who underwent MIS exhibited shorter DFS. Therefore, we performed a meta-analysis of available evidence to compare and evaluate medium- (3-year) and long-term (5-year) survival outcomes in patients with early-stage cervical cancer who underwent MIS or ARH.



Methods


Search Strategy

We conducted a systematic search of PubMed, Web of Science, and Cochrane Library to identify relevant reports published from inception until March 2021. The search terms included (uterine cervical neoplasms OR cervical cancer OR cervix cancer OR cervical carcinoma) AND (minimally invasive OR laparoscopic OR robotic OR robot-assisted OR Davinci) AND (open OR abdominal OR traditional) AND (radical hysterectomy OR surgery OR hysterectomy OR surgical procedure OR operation). Additionally, potential studies were identified by manually searching the references of included articles. From the initial search to the final selection of studies, the entire review process was mapped using the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) flow diagram. The study protocol was registered in PROSPERO: CRD42021258116.



Eligible Criteria

The included studies met the following criteria: (1) the articles were observational studies or RCTs comparing patients with early-stage cervical cancer who underwent MIS (laparoscopic and/or robot-assisted radical hysterectomy) or ARH. (2) The studies contained detailed data on prognosis (DFS and OS) for patients with early-stage cervical cancer. (3) At least 3-year survival data was provided in the study. (4) The articles were published in English.

The exclusion criteria were as follows: (1) there was no extractable data for the study. (2) The studies included patients treated with preoperative neoadjuvant therapy or fertility-saving surgery (such as cervical resection). (3) Patients with distant metastases or those who underwent non-radical hysterectomy were investigated. (4) When a publication has been continuously updated or is duplicated, the highest-quality article is selected.



Data Extraction and Quality Assessment

Two independent researchers extracted data from each relevant article, and a third researcher arbitrated disagreements. We recorded information on author, year of publication, country, age, number of patients, study design, MIS type, primary FIGO tumor stage, tumor size, pathologic type, lymph node metastasis, lymph-vascular space invasion, tumor differentiation, and follow-up time. Additionally, this meta-analysis used medium- and long-term prognosis endpoints, including 3- and 5-year DFS and OS. Following that, the methodological quality of included RCTs and observational studies was assessed using Cochrane Collaboration’s tool and Newcastle-Ottawa Quality Assessment Scale, respectively.



Statistical Analysis

All statistical analyses were performed using Stata 12.0 (18). Medium- and long-term prognoses in MIS and ARH groups were analyzed using a hazard ratio (HR) with a 95% confidence interval (95% CI) (19). Moreover, heterogeneity of HR was assessed based on I2 statistics. Due to differences in study design and surgical treatment, a random-effects model was used to improve the credibility of results. Furthermore, Egger’s test used p<0.05 as the significance level to evaluate publication bias (20). Sensitivity analysis for the stability of results was performed. All statistical tests were two-sided, and p<0.05 was considered statistically significant.




Results


Characteristics of Eligible Research

The initial search resulted in 2600 relevant studies from different electronic databases. Following screening, 48 studies (10–12, 14–17, 21–61) encompassing 23346 patients fulfilled the inclusion criteria. The detailed screening process of articles is summarized in Figure 1. The basic characteristics of selected studies are listed in Table 1. Two studies were RCTs (12, 29), and the remaining were observational studies (10, 11, 14–17, 21–28, 30–61) (n=46). Three treatment modalities were adopted by contrast: MIS (laparoscopic radical hysterectomy plus robot-assisted radical hysterectomy) versus ARH (n=10), laparoscopic radical hysterectomy versus ARH (involved 31 studies), and robot-assisted radical hysterectomy versus ARH (involved 10 studies). Of 48 studies, 23 were conducted in Asian countries and 24 in Western countries. The remaining study was conducted in both Asian and Western countries. Among the studies conducted in Asian countries, 11 were conducted in China, 10 in Korea, 1 in Singapore, and 1 in Turkey. Of the studies conducted in Western countries, 7 were conducted in America, 1 in Brazil, 1 in Canada, 1 in Denmark, 1 in France, 4 in Italy, 3 in multicenters, 2 in the Netherlands, 1 in Poland, 1 in Spain, 1 in Sweden, and 1 in the United Kingdom. All studies were published between 2004 and 2021. In these eligible studies, the number of patients was a minimum of 14 and a maximum of 1305. Almost all patients were diagnosed with FIGO stage IA-IIA cervical cancer. In addition, the proportion of patients with tumor size ≥2 cm ranged from a minimum of 18.8% to a maximum of 78.6%. Squamous cell carcinoma was the most common pathological type of cervical cancer in our study. Additional details of included studies are presented in Supplementary Table 1.




Figure 1 | A schematic flow for the selection of articles included in this meta-analysis.




Table 1 | Characteristics of all studies included in the meta-analysis.





Quality Assessment

Cochrane collaboration’s tool was employed to assess the quality of RCT enrolled in the study. For observational studies, quality assessment was performed based on the Newcastle-Ottawa Quality Assessment Scale, and only high-quality studies with a total score ≥6 were included in the final analysis. Details on quality assessment are displayed in Supplementary Table 2.



Prognostic Analysis

Random effect analysis of 14 of 48 reports on 3-year DFS encompassing 7003 patients with early-stage cervical cancer revealed a statistically significant difference, suggesting that the MIS group had a shorter 3-year DFS than the ARH group (HR=1.08, 95% CI: 1.01-1.16, p=0.031; Figure 2). Besides, 14 studies involving 7118 patients with early-stage cervical cancer were assessed for 3-year OS, without observing a significant difference in 3-year OS between MIS and ARH groups (HR=1.09, 95% CI: 0.99-1.20, p=0.082; Figure 3).




Figure 2 | Forest plot of the 3-year disease-free survival (DFS) of patients with early-stage cervical cancer on minimally invasive surgery (MIS) (p=0.031).






Figure 3 | Forest plot of the 3-year overall survival (OS) of early-stage cervical cancer patients on minimally invasive surgery (MIS) (p=0.082).



There were 32 studies that provided 5-year DFS, including 13025 patients with early-stage cervical cancer. Among them, there were 6471 cases in the MIS group and 6312 cases in the ARH group. The results revealed that MIS had no significant effect on long-term DFS in patients with early-stage cervical cancer compared with ARH (HR=1.02, 95% CI: 0.98-1.07, p=0.266; Figure 4). Moreover, 15551 patients were evaluated for 5-year OS in 32 studies. The results illustrated that long-term OS of patients undergoing MIS was similar to that of patients undergoing ARH (HR=1.01, 95% CI: 0.97-1.05, p=0.795; Figure 5).




Figure 4 | Forest plot for the 5-year disease-free survival (DFS) of early-stage cervical cancer patients on minimally invasive surgery (MIS) (p=0.266).






Figure 5 | Forest plot for the 5-year overall survival (OS) of early-stage cervical cancer patients on minimally invasive surgery (MIS) (p=0.795).





Subgroup Analysis of 3- and 5-Year Survival

Of 14 studies that provided 3-year DFS, a subgroup analysis was performed on cervical cancer stage, including nine studies for stage I (HR=1.07, 95% CI: 1.01-1.14, p=0.020) and five studies for IA-IB1 (HR=1.23, 95% CI: 1.02-1.49, p=0.034). Patients with stages I and IA-IB1 who underwent MIS had a poorer 3-year DFS than those with ARH. Additionally, five studies were conducted in Western countries (HR=1.10, 95% CI: 1.01-1.20, p=0.024), whereas eight studies were conducted in Asian countries (HR=1.04, 95% CI: 0.96-1.12, p=0.381). Overall, the pooled subgroup results demonstrated that in Western countries, patients treated with MIS exhibited a significantly shorter 3-year DFS than those treated with ARH. Nevertheless, in studies of Asian countries, no difference in DFS was observed between MIS and ARH groups. Regarding patients with tumor size <2 cm, a subgroup analysis revealed no statistically significant difference in 3-year DFS between both groups (HR=1.04, 95% CI: 0.98-1.09, p=0.186) (Table 2).


Table 2 | Subgroup analysis of the 3- and 5-year survival of early-stage cervical cancer patients.



Likewise, there were 14 studies that reported 3-year OS, with nine reporting stage I (HR=1.06, 95% CI: 0.99-1.14, p=0.096), five reporting stage IA-IB1 (HR=1.42, 95% CI: 0.71-2.85, p=0.321) and three reporting stage IB1-II (HR=1.02, 95% CI: 0.92-1.13, p=0.689). The subgroup analysis indicated that compared with patients undergoing ARH, no statistical difference was observed in 3-year OS in patients with stage I, IA-IB1, and IB1-II cervical cancer undergoing MIS. In addition, six studies were conducted in Western countries (HR=1.04, 95% CI: 0.95-1.14, p=0.36), while the remaining seven were conducted in Asian countries (HR=1.12, 95% CI: 0.96-1.31, p=0.134). Additionally, a subgroup analysis based on tumor size revealed that compared with patients undergoing ARH, those with early-stage cervical cancer undergoing MIS included tumor size <2 cm (HR=1.01, 95% CI: 0.98-1.05, p=0.441) and tumor size ≥2 cm (HR=2.26, 95% CI: 0.64-7.94, p=0.203), but no statistically significant difference was observed in 3-year OS (Table 2).

Of 32 studies on 5-year DFS, 16 were for stage I cervical cancer (HR=1.03, 95% CI: 0.98-1.09, p=0.247), 13 were for stage IA-IB1 (HR=1.04, 95% CI: 0.99-1.09, p=0.157), and 12 were for stage IB1-II (HR=1.06, 95% CI: 0.99-1.13, p=0.111). A total of 17 of 32 studies were conducted in Western countries (HR=1.03, 95% CI: 0.98-1.07, p=0.243), whereas 15 studies were conducted in Asian countries (HR=1.03, 95% CI: 0.92-1.17, p=0.577). Furthermore, nine studies evaluated 5-year DFS in patients with tumor size <2 cm (HR=0.86, 95% CI: 0.54-1.37, p=0.53). All above subgroup analyses revealed that MIS was not linked to long-term DFS in patients with early-stage cervical cancer. Notably, for early-stage cervical cancer patients with tumor size ≥2 cm, the pooled results disclosed that the MIS group may have a significantly shorter 5-year DFS than ARH group (HR=1.65, 95% CI: 1.02-2.66, p=0.041) (Table 2).

5-year OS was assessed in 32 studies, including 16 for stage I cervical cancer (HR=1.01, 95%CI: 0.96-1.06, p=0.665), 13 for stage IA-IB1 (HR=1.01, 95% CI: 0.97-1.05, p=0.626), 14 for stage IB1-II (HR=1.01, 95% CI: 0.97-1.06, p=0.606), and 2 for stage II (HR=1.03, 95% CI: 0.88-1.20, p=0.745). Moreover, 18 of 32 studies were performed in Western countries (HR=1.02, 95% CI: 0.95-1.10, p=0.597), while the remaining studies (n=14) were conducted in Asian countries (HR=1.00, 95% CI: 0.96-1.04, p=0.9). Briefly, in the above subgroup analyses, the results revealed that MIS was not correlated with 5-year OS in patients with early-stage cervical cancer. Additionally, subgroup analyses of 5-year OS were performed for patients with various tumor sizes. According to the results for patients with tumor size <2 cm, long-term OS was not statistically different between the MIS and ARH groups (HR=1.03, 95% CI: 0.98-1.07, p=0.25). Although patients with tumor size ≥2 cm undergoing MIS had a poorer long-term OS than those undergoing ARH, the difference was not statistically significant (HR=1.76, 95% CI: 0.97-3.19, p=0.063) (Table 2).



Publication Bias and Sensitivity Analysis of 3- and 5-Year Survival

Egger’s test revealed no significant publication bias in this meta-analysis (p>0.05). Additionally, sensitivity analysis of 3- and 5-year survival rates revealed that the results remained stable.




Discussion

Academics had cast doubt on previous surgical findings following the publication of 2018 Laparoscopic Approach to Cervical Cancer (LACC) trial. Additionally, the impact of MIS and ARH on the prognosis of patients with early-stage cervical cancer has been controversial. The RCT findings (12) revealed that MIS was associated with poorer DFS and OS than ARH, but some limitations were found. On the one hand, the trial of patients in the MIS group was terminated prematurely, and some patients received insufficient follow-up time. On the other hand, the results were inapplicable to assessing survival outcomes in “low-risk” cervical cancer patients. Moreover, the trial lacked specific preoperative imaging and central pathology (62). As a result, this meta-analysis systematically evaluated and compared prognosis (3- and 5-year DFS and OS) of patients with early-stage cervical cancer in MIS and ARH groups, and subgroup analyses of associated factors were conducted.

Our meta-analysis included 48 studies with 23346 patients. Based on evaluating 3-year prognosis, the results revealed that patients with early-stage cervical cancer undergoing MIS had a poorer 3-year DFS than those undergoing ARH, without observing a statistical difference in 3-year OS. In a multi-institution retrospective study, Uppal et al. (15) indicated that patients undergoing MIS had a poorer DFS, but no difference was observed in OS compared to those undergoing ARH, consistent with our findings. Meanwhile, subgroup analyses of tumor stage, region, and tumor size were performed on a 3-year prognosis. The pooled results of 3-year prognosis revealed that patients with stage I cervical cancer undergoing MIS exhibited poorer DFS than those undergoing ARH. Similarly, the pooled results in 3-year DFS demonstrated that patients with stage IA-IB1 and Western countries undergoing MIS indicated a shorter DFS than those undergoing ARH. Besides, no significant difference was observed in other subgroup analyses. For patients with stage I and IA-IB1, the poor results may be influenced by the frequency of the use of postoperative adjuvant therapy. In a Norwegian study (63), the incidence of postoperative radiotherapy was low in the MIS and ARH groups (6.1% vs. 12.5%). This study indicated that early-stage cervical cancer patients with stage IB1 and tumor size ≤2 cm who underwent MIS had significantly worse DFS than those with ARH. Nevertheless, a population-based study from Denmark (FIGO Stage IA2-IB1) (61) and a population-based study from Sweden (FIGO Stage IA1-IB1) (58) indicated a relatively high incidence of adjuvant therapy in the MIS and ARH groups (21.9% vs. 31.9%; 30.6% vs. 31.9%, respectively), with no difference in survival outcomes between the two groups. Since there was no difference in surgical techniques among the 3 closely related countries, it was tempting to speculate that the use of adjuvant radiotherapy had an impact on the survival outcomes. This speculation needs to be further confirmed. For patients from Western countries, DFS of MIS group was obviously inferior to that of ARH group. There was no clear explanation for this result. We suspected that it may be related to the different types of adjuvant therapy available in different geographic areas. Additionally, the frequency of use of adjuvant treatment in a study may influence the result. The relatively high number of patients receiving adjuvant therapy was likely to reduce the difference in survival between the two groups. NCCN guidelines (2) stated that for patients with stage IA2, IB1, or IIA1 who had negative lymph nodes after surgery but had other risk factors, pelvic external-beam radiation therapy was recommended with (or without) concurrent chemotherapy. A multicenter retrospective study from some Western countries (30) implicated that the incidence of postoperative adjuvant therapy was lower in the MIS group and the ARH group (29.2% vs. 30.7%), and the MIS group had worse prognosis after adjuvant therapy adjustment. By contrast, in a multi-center retrospective study from China (31), postoperative adjuvant therapy consisted of chemotherapy, radiotherapy or chemoradiotherapy. The study implicated that the incidence of postoperative adjuvant therapy was relatively high in the MIS and ARH groups (57.7% vs. 59.6%), with no significant difference between the two groups. Unfortunately, additional confirmation is required due to the scarcity of studies on adjuvant therapy and prognosis.

Likewise, 5-year prognosis was assessed in patients with early-stage cervical cancer. The results demonstrated no statistically significant difference between MIS and ARH groups. Brandt et al. (43) evaluated 196 cases and presented similar results that MIS had no association with a 5-year prognosis in patients with early-stage cervical cancer. Additionally, Abel et al. (33) revealed that stage II cervical cancer undergoing MIS or ARH revealed comparable 5-year survival rates. Nonetheless, some recent studies have demonstrated that early-stage patients undergoing MIS had poorer DFS and OS than those undergoing ARH. According to Dai et al. (32), patients with stage IB undergoing ARH had better DFS and OS than those undergoing MIS (5-year DFS rate, 94.1% vs. 87.5%; 5-year OS rate, 98.1% vs. 92.3%). Chiva et al. (25) reported in an international European cohort observational study that early-stage cervical cancer patients undergoing MIS increased the risk of recurrence and death compared with those undergoing ARH. In addition, we observed that in many retrospective studies (28, 30, 33, 41, 47, 51, 57, 59), the MIS group had a shorter follow-up time than that of the ARH group. In order to objectively evaluate the effect of MIS and ARH on the prognosis of patients with early-stage cervical cancer, more adequate follow-up time is needed. Furthermore, 5-year prognosis subgroups were analyzed based on tumor stage, region, and tumor size. Except for tumor size ≥2 cm, no statistical difference was observed in other subgroup analyses. The lack of discrepancy in stage II may be due to the relatively small number of studies.

Specifically, the pooled results revealed that patients with tumor size ≥2 cm treated with MIS had a poorer long-term prognosis than those treated with ARH. Consistent with the results of Li et al. (21) and Chen et al. (64), patients with tumor size ≥2 cm undergoing MIS had a shorter DFS than those treated with ARH. The following reasons may be responsible for poorer DFS in patients with tumor size ≥2 cm undergoing MIS: (1) Wagner et al. (65) pointed out that tumor size was an independent prognostic factor for each stage and greatly influenced the prognosis of cervical cancer patients. Larger tumors have a higher risk of lymphatic metastasis (66–69), requiring greater tumor resection (66). However, MIS might be less thoroughly resected than ARH. (2) Pressing the tumor while using a uterine manipulator may spread cancer or increase lymphatic vascular space infiltration (70–72). The SUCCOR study (25) indicated that the risk of recurrence was 2.76-fold higher in patients undergoing MIS with a uterine manipulator compared to those undergoing ARH. (3) When tumors are large, selection bias of surgical methods may affect the results (73). MIS probably brings some surgical difficulties to surgeons (21, 22, 66, 70, 74), reducing the surgical effect. (4) Pneumoperitoneum environment may be a prognostic factor in patients undergoing MIS. An in vitro study (75) demonstrated that when cervical cancer cells were stimulated in CO2 pneumoperitoneum environment in vitro, their proliferation ability was enhanced following a short period of inhibition. A retrospective analysis by Kong et al. (76) found that patients with early-stage cervical cancer undergoing MIS in pneumoperitoneal conditions increased the risk of recurrence and intraperitoneal tumor spread. In addition, the SUCCOR study (25) proposed that implementing a preoperative protective vaginal closure in patients undergoing MIS dramatically reduced the risk of recurrence and peritoneal metastasis compared to those undergoing ARH.

Compared with other studies, the strengths of this meta-analysis included the division of patients’ prognoses into medium- (3-year) and long-term (5-year) categories, as well as subgroup analyses for various factors such as tumor stage, region, and tumor size. Indeed, our meta-analysis had several limitations. First, only two of the included studies were RCTs, while the remaining were observational studies, resulting in inevitable risks such as selection bias. Second, the baseline characteristics of studies varied, such as tumor stage and surgical procedure. Besides, sentinel lymph node and adjuvant therapy assessments were not performed due to limited data. Furthermore, the sample size of our study was impacted by language restrictions associated with included literature. Finally, the retrieval time span was relatively long, allowing for MIS technology development, resulting in studies that may not accurately reflect changes in survival outcomes over time.



Conclusion

In patients with Western countries and stage I cervical cancer, MIS was linked to a shorter medium-term DFS, particularly in stage IA-IB1. Regarding long-term prognosis, patients with tumor size ≥2 cm were unsuitable for MIS and had shorter DFS than ARH. Accordingly, MIS should be chosen with caution in patients with early-stage cervical cancer. Nevertheless, more large-scale RCTs, including two ongoing trials (NCT03739944, NCT03719547), and clinical studies are required to provide relevant data.
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The abnormally methylated tumor suppressor genes (TSGs) associated with cervical cancer are unclear. DNA methylation data, RNA-seq expression profiles, and overall survival data were downloaded from TCGA CESC database. DMGs and DEGs were obtained through CHAMP and DESeq packages, respectively. TSGs were downloaded from TSGene 2.0. Candidate hypermethylated/down-regulated TSGs were further evaluated and pyrosequencing was used to confirm their difference in methylation levels of selected TSGs in cervical cancer patients. A total of 25946 differentially methylated CpGs corresponding to 2686 hypermethylated genes and 4898 hypomethylated genes between cervical cancer and adjacent normal cervical tissues were found in this study. Besides, 693 DEGs (109 up-regulated and 584 down-regulated) were discovered in cervical cancer tissues. Then, 192 hypermethylated/down-regulated genes were obtained in cervical cancer compared to adjacent tissues. Interestingly, 26 TSGs were found in hypermethylated/down-regulated genes. Among these genes, low expression of MRVI1 and NTRK3 was associated with poor overall survival in cervical cancer. Moreover, GEO data showed that MRVI1 and NTRK3 were significantly decreased in cervical cancer tissues. The expression levels of MRVI1 and NTRK3 were negatively correlated with the methylation levels of their promoter CpG sites. Additionally, elevated methylation levels of MRVI1 and NTRK3 promoter were further verified in cervical cancer tissues by pyrosequencing experiments. Finally, the ROC results showed that the promoter methylation levels of MRVI1 and NTRK3 had the ability to discriminate cervical cancer from healthy samples. The study contributes to our understanding of the roles of MRVI1 and NTRK3 in cervical cancer.
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Introduction

Cervical cancer is the fourth most common cancer and the fourth leading cause of cancer death in women (1). The prognosis varies depending on the stage of cervical cancer. Compared with patients with early stage of cervical cancer, the five-year survival period of patients with advanced cervical cancer is much shorter (2). Therefore, the identification predictive biomarkers can help effective targeted therapy and treatment decisions.

Epigenetic processes can be reversed and this principle makes it a potential target for therapeutic intervention (3). Epigenetic variations could change the expression of tumor suppressor genes (TSGs) in cervical cancer (4). DNA methylation is an important part of epigenetics (5, 6) and the regulatory effect of DNA methylation on gene expression has been studied extensively (7, 8). DNA methylation levels could be detected by techniques, including pyrosequencing, methylation-specific polymerase chain reaction, methylation-sensitive high-resolution melting, multiplex ligation-dependent probe amplification (MLPA), and Combined bisulfite restriction analysis (COBRA) and MethyLight (9). Aberrant methylation of TSGs could silence the expression of TSGs to consequently promote tumor formation (10). During recent decades, there have been a massive number of studies about TSGs in cervical cancer (11–13). For example, compared with the control samples, the promoter methylation frequency of TSG (including RARB, CADM1, PAX1, and DAPK1) in patients with invasive cervical cancer is higher (14). The silencing of TSGs is thought to be an early, driving event in the oncogenic process. Even after human papilloma virus (HPV) clearance, the silencing of TSGs by DNA hypermethylation could trigger carcinogenesis of the cervix (15). However, changes in DNA methylation and related abnormal TSGs expression have not been systematically elucidated in cervical cancer.

Gene methylation profiling and gene expression profiling have been utilized to investigate DNA methylation and gene expression in the molecular mechanism, biological process, and biomarker (16–18). Combined analysis of gene expression and DNA methylation data may contribute to identifying potential biomarkers of cervical cancer for treatment. Therefore, in this study, Illumina HumanMethylation450K methylation data and RNA-seq expression profiles from the Cancer Genome Atlas-Cervical Cancer (TCGA-CESC) were integrated for identifying the DMGs and DEGs in cervical cancer. First, TSGs among hypermethylated/down-regulated genes were found. Second, cervical cancer prognosis-related genes were selected and used as candidate cervical cancer-related TSGs. Then, expression levels of these TSGs were subsequently verified in three independent data sets from the Gene Expression Omnibus (GEO) database. Moreover, cervical cancer tissues and paired adjacent normal cervical tissues were collected to verify the methylation levels of these TSGs. Finally, receiver operating characteristic (ROC) curve analysis was used to assess the development of candidate cervical cancer related TSGs. This study aims to find prognostic and diagnostic TSGs related to cervical cancer through data analysis and experimental verification.



Results


Differential Methylation and Expression Analysis

The workflow of our study is displayed in Figure 1. TCGA-CESC was used to identify aberrantly methylation-regulated genes. 12611 hypermethylated CpG sites, which were correspond to 2686 genes, were found in cervical cancer than that in adjacent normal cervical tissues. On the contrary, 13335 hypomethylated CpG sites, which were correspond to 4898 genes, were discovered in cervical cancer compared to adjacent normal cervical tissues (Figures 2A, B). Additionally, a total of 693 DEGs (109 up-regulated and 584 down-regulated) were obtained from TCGA-CESC (Figures 2C, D). Then, 192 hypermethylated/down-regulated genes (Figure 2E) and 60 hypomethylated/up-regulated genes (Figure 2F) were identified. Hypermethylated/down-regulated genes were particularly focused in the current study.




Figure 1 | Flow chart of data collection and analysis. TSGs, tumor suppressor genes.






Figure 2 | The differentially methylated genes (DMGs) and differentially expression genes (DEGs) from TCGA-CESC database. (A) The volcano plot was constructed using log2fold change and −log10 (padj) values. Red plots represent the up-regulated CpG sites, green plots represent the down-regulated CpG sites, and black plots show those CpG sites that are not differentially expressed. (B) Heatmap of methylation values for top 1000 CpG sites methylated in cervical cancer patients. CpG sites are shown in the vertical columns and the cervical cancer samples in the horizontal rows. High methylation levels are displayed in red and low methylation levels in blue, according to the scale bar in the right of figure. (C) The volcano plot was constructed using log2 fold change and −log10 (padj) values. Red plots represent the up-regulated genes, green plots represent the down-regulated genes, and black plots show those genes that are not differentially expressed. (D) Heatmap of methylation values for DEGs in cervical cancer patients. The genes are displayed in the vertical columns and the cervical cancer samples in the horizontal rows. High expression levels are shown in red and low expression levels in blue, according to the scale bar in the right of the figure. (E) Venn diagrams of the genes relevant to hypermethylated/down-regulated genes. (F) Venn diagrams of the genes relevant to hypormethylated/up-regulated genes.





GO and KEGG Pathway Enrichment of the Down-Regulated DEGs With Hypermethylation

The top 15 significant GO enrichments of biological processes were illustrated in Figure 3A, including extracellular structure organization, multicellular organismal signaling, extracellular matrix organization, and actin filament-based process. There were 13 enrichment pathways, such as vascular smooth muscle contraction, cGMP-PKG signaling pathway, calcium signaling pathway, focal adhesion, ECM-receptor interaction, proteoglycans in cancer, apelin signaling pathway (Figure 3B).




Figure 3 | GO and KEGG pathway of the genes relevant to hypermethylation/low expression genes. (A) GO of hypermethylated/down-regulated genes. Names of the top 15 items are indicated by the y-axis. The size of the colored dots is the enriched number of genes in each GO classification. The red dots indicate high enrichment and the blue dots indicate low enrichment. FDR value is expressed by the color order on the right edge. (B) KEGG pathway enrichment of hypermethylated/down-regulated genes. The size of the dot in the KEGG pathway bubble plot shows the enriched genes. High enriched represented by red, otherwise, by blue.





Identification of Candidate TSGs

26 TSGs were discovered in hypermethylated/down-regulated genes (Figure 4A). A total of 2361 cervical cancer survival-related genes were found by Kaplan–Meier analysis using RNA expression data. After integrated TSGs and survival-related genes, 2 overlapping genes (MRVI1 and NTRK3) were discovered and considered as the cervical cancer candidate TSGs (Figure 4B).




Figure 4 | Venn diagram of overlapping genes. (A) Venn diagram of overlapping genes in down-regulated genes (blue circle), and hypermethylation genes (red circle), and TSGs (green circle). (B) Venn diagram of overlapping genes in down-regulated genes (blue circle), and hypermethylation genes (red circle), TSGs (green circle), and survival-related genes (yellow circle). TSGs, tumor suppressor genes.





Survival Analysis and Validation of MRVI1 and NTRK3 Expression

The expression levels of MRVI1 and NTRK3 genes were obtained in this study (Figure 5A). As shown in Figures 5B, C, the expression levels of MRVI1 (P = 0.002) and NTRK3 (P = 0.029) were significantly lower in cervical cancer than those in adjacent normal cervical tissues. In addition, patients with low expression of MRVI1 (P = 0.026) and NTRK3 (P = 0.025) had significantly worse survival rates (Figures 5D, E).




Figure 5 | Prognostic values of MRVI1 and NTRK3. (A) Hierarchical clustering of MRVI1 and NTRK3; Expression of MRVI1 (B) and NTRK3 (C) in 304 cervical cancer patients and 3 normal cervical tissues. The MRVI1 and NTRK3 expression levels (log2(FPKM+1)) are significantly decreased in cervical cancer patients compared with the normal controls. (D, E) Kaplan–Meier curves show that low expression of MRVI1 and NTRK3 have worse prognosis than that of the high expression of MRVI1 and NTRK3.





Validation of MRVI1 and NTRK3 Expression Levels by the GEO Database

MRVI1 and NTRK3 levels were all significantly lower in cervical cancers compared to normal cervical tissues in three cervical cancer related datasets (p < 0.05, Figures 6A–F). The ROC curves of MRVI1 and NTRK3 gene expression levels to determine cervical cancer were presented in Figures 6G–O. The ROC curve indicated that MRVI1 exhibited high diagnostic efficiency for cervical cancer in normal cervical controls in three datasets (AUC > 0.937). The AUC of the prediction model for NTRK3 was greater than 0.653 in these datasets. The AUC of the combined prediction model of MRVI1 and NTRK3 (AUC > 0.947) was higher than that of the MRVI1 (AUC > 0.937) and NTRK3 (AUC > 0.653) (Figures 6G–O and Table 1). These results suggested that the expression levels of MRVI1 and NTRK3 could distinguish between cervical cancer patients and healthy controls.




Figure 6 | Confirmed expression levels and ROC curve analyses for the prediction of cervical cancer. (A–F) Boxplots of gene expression levels in three GEO databases for MRVI1 and NTKR3. The left y-axis shows the mRNA expression levels for MRVI1 or NTRK3. The x-axis represents the two groups (normal tissue and cervical tumor). Each panel represents a different GEO database (GSE29570, GSE39001, and GSE52903). ROC curve of MRVI1 (G–I), NTRK1 (J–L), and combined expression (M–O) for distinguishing between cervical cancer and non-tumor tissues in individual GEO datasets. AUC, the area under the ROC curve; GEO, Gene Expression Omnibus; ROC, receiver operating characteristics.




Table 1 | Accuracy of MRVI1 and NTRK3 for predicting the prognosis of cervical cancer patients.





Correlation Analysis of Promoter Region Methylation Level and Gene Expression Level

A total of 5 CpG sites were located in the promoter regions of MRVI1 (cg24365867, cg24541550, cg16014606, and cg15283950) and NTRK3 (cg14384532) (Figure 7A). The methylation levels of these CpG sites were up-regulated in cervical tumors compared to controls (p < 0.05, Figures 7B–F). Further correlation analysis showed that the methylation levels of these CpG sites were negatively associated with gene expression for these two genes (p < 0.05, Figure 8).




Figure 7 | Five CpG sites in MRVI1 and NTRK3 promoter regions. (A) The locations of CpG sites. The level of MRVI1 promoter DNA methylation (B–E) and NTRK3 promoter DNA methylation (F) presented as a box plot in the cervical cancer and normal cervical tissues.






Figure 8 | Expression of two genes correlated with promoter CpG site methylation in cervical tissues. (A–D) MRVI1 gene expression was negatively correlated with DNA methylation levels of cg24365867, cg24541550, cg16014606, and cg15283950. (E) NTRK3 gene expression was negatively correlated with DNA methylation level of cg14384532. x-axis: DNA methylation levels; y-axis: relative gene expression levels; red line: linear regression.





Verification of Differences in Promoter Methylation Levels of MRVI1 and NTRK3 by Pyrosequencing Experiments

In order to verify the differential methylation levels of MRVI1 and NTRK3 between cervical cancer and adjacent normal cervical tissues, pyrosequencing experiments were conducted. As shown in Table 2 and Figure 9A, the methylation levels of cg24365867, cg24541550, cg16014606, and cg15283950 of MRVI1 gene in cervical cancer were significantly higher than that in adjacent normal cervical tissues (p < 0.05). Compared with adjacent normal tissues, a significantly elevated methylation level of cg14384532 on NTRK3 was also found in cervical cancer tissues (p < 0.05, Table 2 and Figure 9A). In addition, ROC analysis was performed and AUC was calculated to assess the potential diagnostic value of MRVI1 and NTRK3 using the methylation levels of CpG sites on promoter regions. As shown in Figures 9B–G, five CpG sites had excellent diagnostic performance for discriminating cervical cancer from healthy cervical samples (cg24365867, p = 0.003, AUC = 0.901; cg24541550, p= 0.003, AUC = 0.901; cg16014606, p = 0.002, AUC = 0.914; cg15283950, p = 0.003, AUC = 0.901; cg14384532, p = 0.014, AUC = 0.840; Combined, p = 0.0002, AUC = 1.000).


Table 2 | Association between MRVI1 and NTRK3 methylation status and cervical cancer.






Figure 9 | Confirmed methylation levels and ROC curve analyses for the prediction of cervical cancer. (A) The methylation levels of MRVI1 and NTRK3 were significantly higher in cervical cancer tissues than in adjacent normal tissues. ROC curve of methylation levels of MRVI1 (B–E), NTRK1 (F), and combined methylation levels of five CpGs (G) for distinguishing between cervical cancer and non-tumor cervical tissues. AUC, the area under the ROC curve; ROC, receiver operating characteristics.






Discussion

Cervical cancer is one of the most common types of cancer and represents a major global health challenge (1). Since aberrant DNA methylation occurs very early during tumorigenesis (19), it could therefore be used as an early diagnostic biomarker (20). In this study, hypermethylated and significantly lower expressions of TSGs MRVI1 and NTRK3 were discovered in cervical cancers than that in normal cervical tissues using the bioinformatics. The differences of MRVI1 and NTRK3 expressions between cervical cancer specimens and normal cervical tissues were further verified via three GEO datasets. Besides, the low expression of MRVI1 and NTRK3 was negatively associated with high methylation levels of promoter CpG sites. Moreover, promoter hypermethylation levels of MRVI1 and NTRK3 were also found in our clinical cervical cancer samples. ROC curve analyses proved the diagnostic value of MRVI1 and NTRK3 in cervical cancer. Furthermore, low expression of MRVI1 and NTRK3 was associated with poor prognosis of cervical cancer. These results enhanced our understanding of the DNA methylation pattern of TSGs in cervical cancer.

MRVI1 is a protein-coding gene, which has been widely studied in cancer (21, 22). MRVI1 was reported to regulate the cellular release of calcium signal (23), which plays an important role in cancer cell proliferation invasiveness (24). One study discovered that MRVI1 was transcriptionally activated by p53, and p53-induced inhibition of colorectal cancer prognosis was depended on MRVI1 (25). Zhu et al. found that the MRVI1-AS1/ATF3 signalling pathway could increase paclitaxel chemosensitivity by modulating the Hippo-TAZ signalling pathway in nasopharyngeal cancer (21). Another research found that miR-940 could promote proliferation and metastasis of endometrial carcinoma through the regulation of MRVI1 (22). High expression of MRVI1 had a better prognosis than that of the low expression of MRVI1 in endometrial carcinoma (22). Unfortunately, the role of MRVI1 in cervical cancer has not yet been reported. In the current study, the overall survival of cervical cancer patients with low MRVI1 expression was also significantly shorter than those with high MRVI1 expression, which is consistent with previous endometrial carcinoma study.

NTRK3 encodes the TrkC protein, a member of neurotrophic tropomyosin receptor kinase (Trk) family, which autophosphorylates and motivates various signalling pathways such as MAPK and PI3K/AKT pathways (26). Trk aberrations, including gene fusion, gene overexpression, and single nucleotide variation, are involved in the pathogenesis of many cancers, among which NTRK3 gene fusion is extremely confirmed for oncogenic event (27). Unusual activation of NTRK3 and its fusion proteins may balance the epithelial–mesenchymal transition (EMT), oncogenicity, and tumor growth rate via triggering various signalling pathways (28). ETV6-NTRK3 gene fusion acted as a potent oncogene driver and had been presented in the majority of cases of infantile fibrosarcoma (29). Oncogenic fusions in NTRK family receptor tyrosine kinases had been identified in several cancers and could serve as therapeutic targets, for instance in spitz tumors (30), fibrosarcoma (31), gastrointestinal stromal tumors (32), and inflammatory myofibroblastic tumors (33). Conversely, NTRK3 expression was a good prognosis factor in a variety of cancers and more specifically in melanomas (34), neuroblastomas (35), and colorectal cancer (36). NTRK3 expression and activation had been shown to trigger apoptosis in medulloblastoma cells (37). In recent years, SPECC1L-NTRK3 gene fusion was found in cervical sarcoma patients (38). However, the research on NTRK3 gene in cervical cancer is rare. Depending on the present study, NTRK3 expression was significantly lower in cervical cancer specimens than that in normal cervical tissues, and low NTRK3 expression was associated with a poor prognosis. These findings suggested that NTRK3 might likewise serve as a tumor suppressor gene in cervical cancer.

In present study, two TSGs (MRVI1 and NTRK3) were identified via bioinformatics. Nevertheless, a total of 26 hypermethylated/down-regulated TSGs have been discovered, the rest TSGs should be further studied. Although, the hypermethylation levels of MRVI1 and NTRK3 were verified in 9 cervical cancer tissues by pyrosequencing, the large number of clinical samples should be collected in further study. Hypermethylated and down-regulated expression levels of TSGs MRVI1 and NTRK3 have been identified in the current study; however, the detail epigenetic regulatory mechanism under cervical cancer still needs further investigation. In summary, our results revealed that hypermethylation in the promoter regions of MRVI1 and NTRK3 genes might lead to low expression in cervical cancer. Low expression levels of MRVI1 and NTRK3 were associated with poor prognosis of cervical cancer. The methylation levels and expression levels of MRVI1 and NTRK3 had the ability to effectively discriminate cervical cancer from healthy samples. Therefore, MRVI1 and NTRK3 genes may play important roles in the occurrence and prognosis of cervical cancer. It could be further explored and validated as a therapeutic target for cervical cancer. In conclusion, the down-regulation of MRVI1 and NTRK3 may drive cervical cancer through hypermethylation of their promoters. Further studies are needed to draw more attention to the roles of these TSGs in cervical cancer.



Materials and Methods


Data Resources for DNA Methylation, RNA-Seq Data and Clinical Information

Illumina Infinium HumanMethylation450K and RNA-seq expression profiles were downloaded from TCGA-CESC (https://cancergenome.nih.gov/). Methylation data of 307 cervical cancer and 3 normal cervical tissues were collected in the present study. The probes were annotated by using the Bioconductor package with the human genome assembly GRCh37 (hg19). Gene expression profile corresponding to abnormally methylated genes was also download. In addition, the corresponding clinical overall survival data of 291 samples were included. Besides, 3 cervical cancer-related expression datasets (GSE29570, GSE39001, and GSE52903) were obtained from the GEO database. GSE29570 (39) includes the expression data from 17 healthy female exocervix samples and 45 cervical cancer samples, GSE39001 (40) contains data from 5 healthy female cervical samples and 19 cervical cancer samples, and GSE52903 (41) contains expression profiles from a discovery cohort of 17 healthy female cervical samples and 55 cervical cancer samples.



Differential Methylation and Gene Expression Analysis

Between cervical cancer tissues and normal cervical tissues, significant DMGs and DEGs were identified using DESeq package (42) and CHAMP package of R (43), respectively. The false discovery rate (FDR) was adopted to avoid the occurrence of false-positive results. FDR < 0.05 and |Log2 Fold change (Log2FC)| > 1 were used to select significant DMG or DEG.



Gene Ontology (GO) and KEGG Pathway Analysis

GO and KEGG pathway enrichment analysis of hypermethylated/down-regulated genes was performed using the g:Profiler program (44).



Searching for TSGs Associated With Cervical Cancer

Among hypermethylated/down-regulated genes, TSGs were identified based on TSGene 2.0 (45). With the median expression level as the demarcation point, 291 patients with clinical data in TCGA were divided into low-risk group and high-risk group. Kaplan-Meier analysis in the survival package of R (46) was used to compare the difference in overall survival between the two groups. Prognostic-related TSGs were considered as candidate genes for cervical cancer. To solve the problem of a small number of normal tissues in TCGA-CESC, the expression levels of cervical cancer candidate TSGs in three GEO datasets (GSE29570, GSE39001, and GSE52903) were further compared by T test using R.



Pyrosequencing Experiment

Nine pairs of cervical cancer specimens and adjacent normal cervical tissues were obtained from the Second Affiliated Hospital of Wenzhou Medical University. Cervical cancer patients were diagnosed by experienced pathologists based on the results of surgically removed specimens (Supplementary Table 1). Human genomic DNA was extracted from tissue samples using the Genomic DNA Extraction Kit (Qiagen, Dusseldorf, Germany). DNA concentrations were determined by the Infinite F200 Tecan microplate reader (Tecan, männedorf, Switzerland). Primers were designed using the PyroMark Assay Design Software 2.0 and bisulfite-treated DNA PCR-amplified using the PyroMark PCR kit prior to analysis on a PyroMark Q96 according to manufacturer’s instruction (Qiagen, Dusseldorf, Germany). Sequences of the PCR primers were shown in Table 3. Amplification was carried out as follows: 95°C for 3 min, followed by 40 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 1 min, with a final elongation step at 72°C for 7 min. Raw data were analyzed using PyroMark Q96 software (Qiagen, Dusseldorf, Germany). The research protocol was approved by the Ethics Committee of the Second Affiliated Hospital of Wenzhou Medical University. Written informed consents were obtained from all subjects.


Table 3 | Primers used for the pyrosequencing assay.





Statistical Analysis

Pearson correlation coefficient was used to correlate promoter methylation levels with candidate TSGs expression levels. ROC curves were used to compare the sensitivity and specificity of the candidate TSGs expression levels and promoter methylation levels in the prediction of cervical cancer. All the data were analyzed using R scripts. A two-tailed p value < 0.05 was considered statistically significant.
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Background

There was no consensus for management of asymptomatic endometrial polyps (EPs) up to date.



Objective

The aim of present study was to determine the risk factors of malignant lesions in EPs diagnosed by ultrasound and establish a noninvasive predictor to decrease unnecessary hysteroscopy for EPs.



Study Design

We reviewed the records of all consecutive patients who underwent hysteroscopy for EPs in the Women’s Hospital School of Medicine Zhejiang University between January 1, 2001 and December 31, 2018. The patients with histological diagnoses of atypical hyperplasia or cancer were defined as malignancy, while the patients with histological diagnoses of benign lesions were randomly selected as benign group according to the ratio of 1:4 (malignancy:benign), matching by age and year of hospitalization. Logistic regression analysis was used to analyze the clinical parameters for predicting malignancy of EPs. A Chi-squared automatic interaction detection (CHAID) decision tree analysis was performed to find a noninvasive predictor. The sensitivity, specificity, and the receiver operating characteristic curve (ROC) were used for assess the efficacy of the noninvasive predictor. New diagnosed EPs patients received in 2019 were used for verifying the accuracy of the noninvasive predictor.



Results

The age in 15,790 cases of benign lesions was significantly younger than that in 230 malignancy cases (41.97 ± 11.53 year vs 53.31 ± 11.61 years, p <0.001). AUB (OR 7.306, 95%CI 4.927–10.835), large EPs (OR 2.595, 95%CI 1.662–4.052), and blood flow signal in EPs (OR 2.690, 95%CI 1.872–3.866) were independent predictive factors of malignancy in all enrolled patients. A noninvasive predictor for malignancy of EPs was established, through combining with AUB, large polyps and blood flow signal. This predictor presented excellent sensitivity and NPV (91.3 and 95.8%), with acceptable specificity and AUC (0.801). Further validation in new diagnosed EPs also suggested excellent sensitivity and reasonable specificity (100 and 58.5%) of the predictor. Factors such as thickened endometrial thickness, menopause shorter than 10 years, hypertension, obesity and nulliparous were also validated as independent predictors of malignancy in different subgroup analysis.



Conclusions

The noninvasive predictor combined with other risk factors from subgroup analysis would be reliable to distinguish the benign lesions from malignancy for EPs diagnosed by ultrasound.





Keywords: endometrial polyps, hysteroscopy, malignancy, noninvasive predictor, ultrasound



Introduction

Endometrial polyps (EPs) are defined as localized exophytic overgrowth occurring on the surface of the endometrium that may contain glands, fibrous tissue, and blood vessels in variable amounts (1, 2). With the widespread use of ultrasound in routine gynecological examination, the prevalence of EPs increased significantly, especially asymptomatic EPs (3). EPs may spontaneously regress in approximately 25% of cases, especially smaller polyps (<1.0 cm) (4). But the clinical manifestations of EPs were similar to early stage endometrial malignancy (3). The American Association of Gynecologic Laparoscopists (AAGL) estimated that the prevalence of cancerous and premalignant lesions of EPs range from 0 to 12.9%, depending on the subgroup (5). Thus, the fear of malignancy might inevitably entail overtreatment of EPs, which would bring unnecessary surgery related risks and lead to low cost-effectiveness ratio.

A number of studies have attempted to define the risk factors for cancerous and premalignant lesions of EPs diagnosed by ultrasound. Older age has been validated as a high-risk factor associated with malignancy. Previous reports suggested that the risk of malignancy increased over the age of 50, while younger age might be a protective factor (6, 7). Other studies also found that the incidence of malignancy increased 2.41–2.8 folds in women ≥60 years compared with those <60 years (1, 8). Abnormal uterine bleeding (AUB) is the most common symptom in EPs, with the incidence ranging from 23 to 75% (3, 9, 10). Previous studies also suggested that EPs patients with AUB presented an increased risk of malignancy (3, 11). For postmenopausal EPs, the women with AUB displayed an increased risk of malignancy ranging from 3.67 to 31.1 folds compared with asymptomatic women (1, 12), while for premenopausal EPs, AUB was not an independent risk factor for malignancy (1, 7, 13). Nevertheless, in order to relieve symptoms of AUB, surgical removal of EPs was recommended for symptomatic EPs patients in clinical practice, no matter whether for postmenopausal or premenopausal patients (5, 14).

The AAGL guidelines stated that expectant management was reasonable for small EPs in asymptomatic women (5). But the standard clinical management for asymptomatic EPs is still unclear to date (1, 7, 15). Moreover, studies about the relationship between obesity, diabetes mellitus (DM), hypertension, polycystic ovary syndrome (PCOS), menopause hormone replacement therapy (HRT), and malignancy of EPs also brought conflicting results (1, 9, 11, 13, 16, 17). So it is necessary to further comprehensively evaluate the risk factors related with malignant lesions in the EPs and create a more applicable strategy for clinical management of EPs. In the present study, we thoroughly analyzed the epidemiological and clinical parameters related to premalignant and cancerous lesions in EPs through various subgroup analyses, and firstly established a noninvasive comprehensive predictor which might be helpful to identify the malignant possibility of EPs patients. It is hoped to bring an excellent balance between missed diagnosis of the malignant lesions and unnecessary surgical complications and financial burden in EPs patients.



Materials and Methods

We reviewed the records of all consecutive patients who underwent hysteroscopy for EPs in the Women’s Hospital School of Medicine Zhejiang University between January 1, 2001 and December 31, 2018. The enrolled patients should meet all the following inclusion criteria: EPs diagnosed by ultrasound preoperatively, EPs treated by hysteroscopy, histological diagnosis confirmed by Paraffin Section and used as gold standard for final definite diagnosis, clinical and demographic data were available. Patients with missing data were excluded. Clinical and demographic data were extracted from the medical records, namely, age at diagnosis, height and weight, gravidity and parity, menopausal status, AUB, the largest dimension and blood flow signal of the EPs in latest preoperative transvaginal sonography (TVS), past history such as hypertension, DM, breast cancer, Lynch syndrome, PCOS, family history of endometrial cancer and previous EPs confirmed by histology, the usage of HRT and tamoxifen, and the number and appearance of EPs observed by hysteroscopy, namely, size, shape, texture, surface vascular conditions and ulcerative conditions of the polyps. For postmenopausal women, the following variables were further collected, namely, age of menopause, the time after menopause (years), estrogen level, and endometrial thickness (ET) of single layer measured by TVS. The patients with histological diagnoses of atypical hyperplasia or cancer were defined as malignancy group, and further nominated as premalignant group and cancerous group respectively, while the patients with histological diagnoses of benign lesions were randomly selected as benign group according to the ratio of 1:4 (malignancy:benign), matching by age and year of hospitalization. Patients in the benign and malignancy groups were used as a training set for the modeling of the noninvasive predictor.

Furthermore, we retrieved all records of consecutive patients who underwent hysteroscopy for EPs in our hospital from January 1, 2019 to December 31, 2019. The inclusion and exclusion criteria were the same as mentioned above. The data collected were used as a validation set for verifying the noninvasive predictor. The present study was approved by the Medical Research Ethics Review Board of the Women’s Hospital School of Medicine Zhejiang University (IRB-20190016-R).

Ultrasound was carried out by the experienced sonographers with ultrasound systems equipped with a 5–9 MHz transvaginal probe. Body mass index (BMI) was calculated using weight divided by height squared (kg/m2). BMI ≥28 kg/m2 was defined as obesity. Women were considered menopause if they reported a period of amenorrhea of at least 12 months. Late menopause was defined as menopausal age >53 years. The appearance of EPs with crisp, prone to bleeding, irregular surfaces, ulcerative, and vascular abundance during hysteroscopy were considered as malignant signs (18).

Statistical analysis was carried out by Statistical Package for the Social Sciences (SPSS) software (version 24.0). Conditional univariate and multivariate logistic regression analyses were used to analyze the variable for predicting malignancy, and nonconditional univariate and multivariate logistic regression analysis were further used in subgroup analysis. Quantitative variables were presented as means ± standard deviation and compared by Student’s t-test. Qualitative variables were presented as number (percentage) and compared by Chi-square test. An alpha level <0.05 was considered statistically significant. The Chi-squared automatic interaction detection (CHAID) algorithm was used to perform decision tree analysis. The patients in the benign and malignancy groups were the training set. The groups created by the model of decision tree analysis were further divided into 3 subgroups according to the risk of malignancy: low-risk (≤5%), intermediate-risk (>5 to ≤20%), and high-risk (>20%). A noninvasive predictor was established based on decision tree analysis. The validation set was used to verify the accuracy of the noninvasive predictor. The sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of the noninvasive predictor and direct judgment by hysteroscopy were calculated and compared for malignancy judgment. The area under the curve (AUC) with 95% CI was calculated using the receiver operating characteristic (ROC) curve.



Results


The Demographic and Clinical Data of Patients With EPs Diagnosed by Ultrasound

From January 1, 2001 to December 31, 2018, a total of 16,020 cases with clinical diagnosis of EPs were admitted for hysteroscopy in our hospital. Among them, 230 cases were histological diagnosed as malignancy, namely, 50 atypical hyperplasia and 180 cancers, while 920 patients with benign histological diagnoses were randomly selected as benign group, and 2 patients among them were further excluded due to a lack of sufficient information. The detailed histological results of all enrolled patients are listed in Table 1.


Table 1 | Postoperative histological results of EPs diagnosed by ultrasound in training set.



As shown in Table 2, the age between malignancy and benign groups has no significantly difference due to age matched. But the age in 15,790 cases of benign lesions was significantly younger than that in malignancy (41.97 ± 11.53 years vs 53.31 ± 11.61 years, p <0.001). This result was consistent with previous reports (1, 7, 8). The incidence of AUB in benign group was significantly lower than that in malignancy (35.1% vs 82.2%, p <0.001). The dimension of EPs in benign group was smaller than malignancy (1.34 ± 0.71 cm vs 1.91 ± 1.00 cm, p <0.001), with 588 cases of large EPs (the largest dimension ≥1 cm) in benign group and 199 cases in malignancy. The ratio of blood flow signal detected by TVS in benign group was also significantly lower than that in malignancy (35.2% vs 64.3%, p <0.001).


Table 2 | Demographic and clinical data in benign and malignancy group in training set.



Due to the clinical significance of AUB and menopause in EPs, the demographic and clinical data were further listed according 4 subgroups which included postmenopausal women with and without AUB, premenopausal women with and without AUB (Appendix Table 1). HRT, tamoxifen therapy, Lynch syndrome, PCOS and family history of endometrial cancer were excluded in further data analysis due to the very small sample size.



Independent Risk Factors for Predicting Malignancy in Patients With EPs

As shown in Table 3, univariate analysis demonstrated that AUB, large EPs, blood flow signal in EPs and late menopause were significantly related with malignancy. Multivariate analysis further validated that AUB (OR 7.306, 95%CI 4.927–10.835), large EPs (OR 2.595, 95%CI 1.662–4.052), and blood flow signal in EPs (OR 2.690, 95%CI 1.872–3.866) were independent predictive factors of malignancy in all enrolled patients. When benign and premalignant patients were respectively compared with cancerous group, both postmenopause and AUB were validated as independent risk factors of cancer (Appendix Tables 2.1, 2.2).


Table 3 | Univariate and multivariate analysis of demographic and clinical data between benign and malignancy groups in training set.



Due to the menopause status and AUB were both important impact factors for clinical manage in EPs patients, subgroup analyses were conducted (Tables 4, 5 and Appendix Tables 3, 4). In addition to AUB, large EPs and blood flow signal, univariate and multivariate analyses suggested that ET ≥0.2 cm (OR 1.914, 95%CI 1.126–3.254) was an independent predictor of malignancy for postmenopausal patients, while hypertension (OR 5.891, 95%CI 1.392–24.937) was an independent predictor of malignancy for premenopausal patients (Tables 4, 5). For postmenopausal patients without AUB, menopause <10 y (OR 3.205, 95%CI 1.024–10.000), blood flow signal (OR 2.865, 95%CI 1.143–7.177), and ET ≥0.2 cm (OR 3.624, 95%CI 1.397–9.397) were found to be independent predictors of malignancy. For premenopausal patients without AUB, nulliparous (OR 6.494, 95%CI 2.088–20.000), obesity (OR 8.867, 95%CI 1.512–52.008), large EPs (OR 4.180, 95%CI 1.283–13.616), and hypertension (OR 5.891, 95%CI 1.392–24.937) were found to be independent predictors of malignancy.


Table 4 | Univariate and multivariate analysis of demographic and clinical data between benign and malignancy groups in postmenopausal patients in training set.




Table 5 | Univariate and multivariate analysis of demographic and clinical data between benign and malignancy groups in premenopausal patients in training set.





The Efficacy of Noninvasive Predictor in Predicting of Malignancy in EPs Diagnosed by TVS

As high risk factors for malignancy in EPs, AUB, large EPs and blood flow signal were further inputted into the model of decision tree analysis. The model created six groups which were further divided into low, intermediate, and high-risk subgroups for malignancy (Figure 1). The overall accuracy of decision tree analysis for correctly identifying malignant lesions in EPs was 82.4%. For internal validation, a misclassification risk of 18.3% ± 1.1% (standard error) was calculated using the 10-fold cross-validation method. Thus, EPs with AUB, or TVS showed large EPs and blood flow signal at same time were designated as noninvasive predictor, since they were created in the high-risk or intermediate-risk subgroups. When compared with the direct judgment by hysteroscopy, the predictor had significantly higher sensitivity (91.3% vs 42.6%, p <0.001) and NPV (95.8% vs 87.2%, p = 0.040) for malignancy. The AUC of the predictor was also higher than direct judgment by hysteroscopy (0.801 vs 0.704) (Table 6 and Figure 2). Although the predictor showed lower PPV (31.1% vs 85.2%, p <0.001) and specificity (49.3% vs 98.1%, p <0.001), we thought it was reasonable as a primary screening test, especially in postmenopausal group (PPV = 35.0%, specificity = 56.6%). Furthermore, we also did the external validation of the decision tree model. We used the data of new diagnosed EPs in 2019 to verify the efficacy of the noninvasive predictor. A total of 1,863 EPs were diagnosed by ultrasound and underwent hysteroscopy in 2019. Among them, the malignancy group were 25 cases, namely, 12 atypical hyperplasia and 13 cancers. All the 25 patients had AUB or large EPs with blood flow signal. The average age in the validation set was consistent with that of 16,020 cases between January 1, 2001 and December 31, 2018 (40.61 ± 11.94 years vs 42.14 ± 11.94, p = 0.073). For external validation, the overall accuracy for identifying malignant lesions in EPs was 89.2%, while the misclassification risk was 10.8% ± 0.7% (standard error). Our predictor still presented excellent screening value in different subgroups, with specificity of 58.5% in total population and 71.6% in postmenopausal group (Table 6). These results suggested that the adoption of the predictor would lead to at least 40% reduction in unnecessary surgeries.




Figure 1 | CHAID decision tree analysis on the risk of malignancy in EPs (Nodes 6 and 10 are classified as low-risk groups, 4 and 9 as intermediate-risk groups, 7 and 8 as a high-risk group).




Table 6 | The diagnostic value of direct judgment by hysteroscopy and noninvasive predictor.






Figure 2 | The area under the curve (AUC) of direct judgment by hysteroscopy and noninvasive predictor in total patients (A), premenopausal patients (B), and postmenopausal patients (C).






Comment

As we know, hysteroscopy is recommended for EPs as both a diagnostic and therapeutic intervention (5). In the present study, all enrolled patients with EPs were subjected to hysteroscopy, which allowed us to assess the final diagnosis of the “EPs” accurately by histology results. We found that 4.14% of the patients with “EPs” in benign group were validated as other diseases by histology, namely, myomas, endometrium, etc., which suggested that TVS findings were not specific (5, 19, 20). More importantly, 1.44% of the patients with clinical diagnosis of EPs were finally diagnosed as malignancy. These results suggested that the indications of hysteroscopy should be developed carefully to balance missed diagnosis and overtreatment of EPs better. The challenge is how to choose the favorable opportunity to perform hysteroscopy.

Consistent with previous studies (1, 7, 8), our results suggested that age was a high risk factor for malignancy in “EPs” patients. The mean age of malignancy was about 11 years older than benign patients. In addition to age, other factors, namely, obesity and ultrasonic instruments can also worsen the diagnostic accuracy of transvaginal ultrasound (21, 22), so we matched the age and the year of hospitalization in training set in order to better evaluate other risk factors. Our results suggested that AUB, large EPs, and blood flow signal were independent predictive factors for malignancy, no matter in all enrolled EPs patients, postmenopausal group or premenopausal group. In addition, postmenopause and AUB were both found as independent risk factors for cancer, when compared with benign and premalignant patients respectively.

Among the risk factors for malignancy mentioned above, AUB was the most significant one (1, 3, 11, 12). The malignant risk of premenopausal patients with AUB was 3.403 folds higher than those without AUB in present study, which was discordant with previous reports (1, 7, 13). This could be attributed to different study populations and sample sizes. For example, the study by Uglietti enrolled 803 premenopausal patients with only 6 malignancies (7). Nevertheless, symptomatic EPs were suggested to be removed, because evidences reported that AUB would be resolving in 75–100% of cases (5, 14, 23). Reports from Ben-arie and Ferrazzi suggested that the largest diameter of EP larger than 1.5 and 1.8 cm were risk indicators for malignancy (24, 25), while our results suggested that the diameter of EP ≥1 cm was high risk factor (OR = 2.595), which was in accord with the study by Wang (2). There are limited data and even opposed opinion to support Doppler ultrasound aiding in the differentiation of hyperplasia and malignancy in polyps (5, 26–29), but our results suggested that blood flow signal detected by TVS increased the prevalence of malignancy (OR = 2.690).

Multiple studies reported that thickened ET in postmenopausal patients was related with malignancy in “EPs” patients (30–32), with the cutoff value ranging from 0.5 to 1.1 cm (double layer). Similarly, the present study found the prevalence of malignancy in postmenopausal patients with ET ≥0.2 cm (single layer) was higher (OR 1.914) than others, which supported that thickened ET should also be alerted. Furthermore, premenopausal patients with hypertension should be ruled out malignancy, due to the OR of hypertension was 5.891. Costa-Paiva and Baiocchi also reported that hypertension was a risk factor of malignant EPs (12, 15). Although the intrinsic mechanism was not clear, hypertension has been reported that it was closely associated with hormone-dependent tumors (33).

There was no consensus for management of asymptomatic EPs up to date (1, 7, 15, 25). Thus, we further analyzed the risk factors in patients without AUB. In addition to thickened ET and blood flow signal, menopause shorter than 10 years was validated as an independent predictor of malignancy for postmenopausal patients without AUB, while in addition to large EPs and hypertension, obesity and nulliparous were considered as high risk factors for premenopausal patients without AUB. These results would help gynecologists make clinical decision for “EPs” upon certain circumstance.

Based on our encouraging data, we established a noninvasive predictor for malignancy of EPs, through combining with AUB, large EPs, and blood flow signal. Compared with the direct judgment by hysteroscopy, this predictor presented excellent sensitivity and NPV, with reasonable specificity. The AUC of this predictor reached 0.801. Further validation using new data also suggested that noninvasive predictors were valuable as a screening indicator. Thus, the newly noninvasive predictor would undoubtedly contribute to rational clinical management for “EPs”.

To our best knowledge, this was the largest scale study to evaluate the risk factors related with malignancy of “EPs”, with more than 200 cases of malignancy (1, 7, 15, 25, 34–38). The large sample size permitted us to comprehensively assess the association between risk factors and malignancy through various subgroup analyses. Due to the retrospective nature of the present study, some potential risk factors might not be fully evaluated. Further prospective studies are warranted to verify the related predictor of malignancy in “EPs” patients.



Conclusions

The present study validated that AUB, large EPs and blood flow signal were important independent high risk factors for malignancy of EPs. We firstly presented a noninvasive predictor, which included AUB, large EPs (≥1 cm), and blood flow signal shown by TVS. The predictor could effectively predict the malignancy in EPs diagnosed by TVS and help gynecologist accurately choose hysteroscopy for high risk patients. As the complement to the noninvasive predictor, thickened ET in postmenopausal patients, menopause shorter than 10 years in postmenopausal patients without AUB, hypertension in premenopausal patients, obesity and nulliparous in premenopausal patients without AUB should be a concern for the possibility of malignancy. With the predictor taken with the complements together, it would be reliable to distinguish the benign lesions from malignancy for EPs diagnosed by TVS.
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Glycolysis has been reported to be critical for cancer stem cells (CSCs), which are associated with tumor chemoresistance, metastasis and recurrence. Thus, selectively targeting glycolytic enzymes may be a potential therapy for ovarian cancer. 6‐phosphofructo‐2‐kinase/fructose‐2,6‐biphosphatase 3 (PFKFB3), the main source of fructose-2,6-bisphosphate, controls the first committed step in glycolysis. We investigate the clinical significance and roles of PFKFB3 in ovarian cancer using in vitro and in vivo experiments. We demonstrate that PFKFB3 is widely overexpressed in ovarian cancer and correlates with advanced stage/grade and poor outcomes. Significant up-regulation of PFKFB3 was found in ascites and metastatic foci, as well as CSC-enriched tumorspheres and ALDH+CD44+ cells. 3PO, a PFKFB3 inhibitor, reduced lactate level and sensitized A2780CP cells to cisplatin treatment, along with the modulation of inhibitors of apoptosis proteins (c-IAP1, c-IAP2 and survivin) and an immune modulator CD70. Blockade of PFKFB3 by siRNA approach in the CSC-enriched subset led to decreases in glycolysis and CSC properties, and activation of the NF-κB cascade. PFK158, another potent inhibitor of PFKFB3, impaired the stemness of ALDH+CD44+ cells in vitro and in vivo, whereas ectopic expression of PFKFB3 had the opposite results. Overall, PFKFB3 was found to mediate metabolic reprogramming, chemoresistance, metastasis and stemness in ovarian cancer, possibly via the modulation of inhibitors of apoptosis proteins and the NF-κB signaling pathway; thus, suggesting that PFKFB3 may be a potential therapeutic target for ovarian cancer.
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Introduction

Ovarian cancer is the leading cause of death in gynecologic malignancies with 75% of patients presenting late at the advanced stages. Optimal treatment involves primary cytoreductive surgery followed by adjuvant chemotherapy with cisplatin. Unfortunately, the prognosis is not optimistic due to chemoresistance and frequent relapse. Identifying the related molecular mechanisms can help to develop alternative therapeutic strategies for ovarian cancer (1). Unlike other tumors, ovarian cancer has a unique pattern of metastasis. Because of the lack of an anatomical barrier, ovarian cancer cells are likely to separate from the primary lesion, shed and flow into the abdominal cavity and spread via the peritoneal fluid which allows cancer cells to spread into the distant organs (2). Most advanced ovarian cancer patients are diagnosed with accumulation of peritoneal fluid (also known as ascites fluid). Previous studies have indicated that “spheroids” or “tumorspheres” can be enriched in ascites from patients with ovarian cancer with enhanced tumorigenesis and cancer stem cell (CSC) properties (3, 4). Accumulating evidence suggests that CSCs or tumor-initiating cells may be the source of all tumor cells and a cause of metastasis, chemoresistance and recurrence (5). Thus, targeting CSCs may be a novel therapeutic strategy for ovarian cancer.

Accumulating evidence suggests that glycolysis is critical for CSC maintenance (6). Pyruvate dehydrogenase (PDH), a key enzyme responsible for switching pyruvate toward the tricarboxylic acid cycle in mitochondria and away from glycolysis, is diminished in CD44+/MyD88+ ovarian CSCs (7). A subset of radio-resistant ovarian cancer cells has been identified with CSC-like aggressive properties, up-regulated glucose transporter 1 (GLUT1) expression and an elevated extracellular acidification rate. Moreover, 188Re-Liposome, an anti-cancer drug, has been found to suppress tumor growth by shifting glycolysis toward oxidative phosphorylation (OXPHOS) (8). With metabolic assays, spheroids have been derived from ascites with enhanced glycolytic influx and resistance to oxygen deprivation (3). These studies have indicated the crucial role of glycolysis in ovarian CSCs regulation, although the underlying mechanism remains unknown.

Phosphofructokinase 1 (PFK1), a key enzyme in glycolysis, is regulated by fructose-2,6-bisphosphate (F-2,6-BP). F-2,6-BP is induced by 6‐phosphofructo‐2‐kinase/fructose‐2,6‐biphosphatase 3 (PFKFB3) via its kinase activity, thereby enhancing glycolysis. PFKFB3 has been reported to be up-regulated in malignant tumors compared with normal tissue in leukemia and several human cancers, including colorectal, breast, lung, thyroid and nasopharyngeal cancer (9–13). Up-regulation of PFKFB3 expression in nasopharyngeal (12) and breast (13) cancers promotes tumor cell proliferation, metastasis and angiogenesis. Beyond glycolysis, PFKFB3 has been revealed to be involved in the cell cycle in breast cancer cells by degrading p27, which inhibits G1/S transition and promotes apoptosis (14). A recent study has suggested that high expression of PFKFB3 indicates poor prognosis and enhances the self-renewal capacity of CSCs by in vivo extreme limiting dilution assays in breast cancer (15). However, the role of PFKFB3 in tumorigenesis, CSCs regulation of ovarian cancer, remains to be further elucidated.

Firstly, the clinical significance of PFKFB3 in ovarian cancer was assessed. We then investigated the effects and mechanism of PFKFB3 on ovarian cancer metabolic switch and regulation of chemoresistance to cisplatin using one of its inhibitors 3PO. In our recent study, we found that ALDH+CD44+ cells isolated from ascites-derived tumor cells show enhanced CSC properties (16). Here, we isolated tumorspheres or an ALDH+CD44+ cell subset from ascites or ascites-originating ovarian cancer cell lines (SKOV3 and OVCAR3) and compared the PFKFB3 expression between the CSC-enriched subpopulation and non-CSCs. Functional assays were conducted, and the downstream signaling pathway through which PFKFB3 affects stemness in the CSC-enriched subpopulation was studied using siRNA approach and treatment with another PFKFB3 inhibitor, PFK 158. Our in vitro and in vivo results show that PFKFB3 was overexpressed in ovarian cancer, ascites-derived tumor cells and CSC-enriched subpopulations. Knockdown of PFKFB3 or blocking PFKFB3 with 3PO/PFK158 reduced lactate production, sensitized resistant cells to cisplatin treatment and inhibited CSC properties and tumor growth. In contrast, overexpression of PFKFB3 led to the opposite effects. The mechanisms involve inhibition of apoptosis and activation of NF-κB signaling pathway. Thus, PFKFB3 might be used as a potential therapeutic target in treating ovarian cancer.



Materials and Methods


Clinical Samples and Cell Lines

A tissue microarray analysis (TMA, OVC1021; Biomax) with 102 cores from four normal benign and 97 ovarian cancer tissues was performed in duplicate. Number of samples in each categories were shown in Figure 1B. Clinicopathological characteristics of 97 samples were shown in Supplementary Table S1. Archived formalin-fixed, paraffin-embedded (FFPE) samples from 13 pairs of advanced-stage high-grade serous primary ovarian cancer tissues and their matched metastatic foci from the Queen Mary Hospital (University of Hong Kong) were used for this study. Fresh ascitic fluid and primary tissue samples were obtained from patients underwent tumor-debulking surgery for serous, clear cell and endometrioid ovarian cancer, followed by chemotherapy. Primary cancer cells and matched ascites cancer cells were from serous ovarian cancer. Tumorsphere/monolayer cancer cells derived from ascites were from serous and clear cell ovarian cancers. Ascites cancer cells used for functional assays after transient knockdown of PFKFB3 were from serous and endometrioid ovarian cancers. Ascitic fluid and tissue samples were isolated into single cells. Briefly, solid tumor tissues were finely minced with scissors, incubated with Ca2+/Mg2+-free PBS containing 1 mg/mL collagenase/dispase (Roche, UK) at 37°C for 80 min, filtered through a sterile cell strainer (40 μm; Corning, NY, USA), and centrifuged at 100 g for 10 min. The ascitic fluid was centrifuged at 100 g for 10 min, the supernatant fraction was discarded, and the cell pellet was collected. To exclude erythrocytes, we purified the obtained single cells with various solutions of NaCl. The isolated cells were cultured in 1:1 mixture of MCDB 105 medium and Medium 199 (Sigma-Aldrich) with 10% fetal bovine serum (Gibco) and 1% penicillin-streptomycin. The use of patient samples was approved by the Institution Ethical Review Board of the University of Hong Kong (UW 16-107). The normal human ovarian surface epithelial cell line HOSE 11-12 was provided by Professor SW Tsao (School of Biomedical Sciences, University of Hong Kong). Three human ovarian cancer cell lines, SKOV3, OVCAR3 and TOV112D, were purchased from ATCC (Manassas, VA, USA). A2780S, a cisplatin chemosensitive cell line, and its chemoresistant counterpart A2780CP, were provided by Prof. Benjamin B.K. Tsang (Department of Obstetrics & Gynaecology and Cellular & Molecular Medicine, University of Ottawa).




Figure 1 | Overexpression of PFKFB3 in ovarian cancer is correlated with metastasis and poor prognosis. (A) Representative images of PFKFB3 expression in (i) normal ovarian tissue, (ii) serous, (iii) mucinous, (iv) endometrioid and (v) clear cell subtypes of tumor samples on ovarian cancer TMA (OVC1021, Biomax) by IHC staining (scale bar, 100 μm). The insets highlight regions with higher magnification. (B) Association of PFKFB3 with stage/grade/histotype in ovarian cancer. The graphs for stage and grade encompass all four histotypes. (C) Representative images of IHC staining for PFKFB3 expression in ovarian primary tumors (i, iii) and their metastatic foci (ii, iv; scale bar, 100 μm). (D) Bar chart showing PFKFB3 staining in 13 pairs of tissues. (E) Relative PFKFB3 mRNA expression in HOSE 11-12, primary cancer cells and matched ascites cancer cells from high-grade serous ovarian cancer, determined by qPCR. (F) PFKFB3 expression in HOSE 11-12 and ovarian cancer cell lines (SKOV3, OVCAR3, and TOV112D) at the mRNA level, determined by qPCR. (G) (left) Overall and (right) progression-free survival rates were analyzed with the log-rank test for PFKFB3 high/low groups of ovarian cancer patients obtained from GSE26193 (n = 107), by using the Kaplan-Meier plotter. (*p < 0.05, **p < 0.01; n.s., not significant).





Tumorsphere Culture

Single cells were seeded into six-well ultra-low attachment plates at a density of 2000–5000 cells/well containing serum-free DMEM/F12 (1:1) (Gibco, MD, USA) supplemented with 10 ng/mL basic fibroblast growth factor (Sigma-Aldrich, MO, USA), 20 ng/mL human epidermal growth factor (Sigma-Aldrich) and 5 μg/mL insulin. Every 2 days, fresh medium was added to each well without removal of the old medium. Tumorspheres, defined as multicellular cell aggregates floating in the medium 7-14 days after culture, were used for mRNA and protein extraction, as well as for functional assays.



Fluorescence-Activated Cell Sorting

Fluorescence-activated cell sorting (FACS) was used to isolate the ALDH and CD44 double-positive/double-negative subpopulation. Briefly, cells were suspended and incubated in ALDEFLUOR™ Assay Buffer containing ALDEFLUOR™ reagent (StemCell Technologies, Canada) at 37°C for 30 min and centrifuged for 10 min at 300 g; the supernatant was then discarded. APC-conjugated CD44 antibody (Miltenyi Biotec, Germany) was added to the cells resuspended in Flow Buffer (Miltenyi Biotec, Germany) with the FcR Blocking Reagent. Then the mixture was incubated in the dark for 30 min at 4°C. Cells were stained with the ALDH inhibitor diethylaminobenzaldehyde (DEAB), and anti-IgG-APC was used as a negative control for flow cytometry gating.



Transient Transfection of PFKFB3

For transient knockdown, two commercially obtained PFKFB3 siRNA (Cat#: 4427038; siRNA #1 ID:s10357; siRNA #2 ID:s10359; Ambion; USA) (transfected as duplexes) and control siRNA (Cat#: 4390846; Ambion; USA) were introduced into cancer cells via SilentFect reagent (Bio-Rad, Canada). For transient overexpression, PFKFB3 (Cat#: RC22748L2) and control vector (Cat#: PS100071) plasmids (GFP-tagged; OriGene, MD, USA) were introduced into cancer cells with Lipofectamine 3000 reagent (Invitrogen, Canada). For transfection in tumorspheres, spheres were dissociated into single cells and seeded into six-well ultra-low attachment plates 24 h before transfection (17). The cells were harvested and plated for the subsequent functional assays 48 h after transfection.



Drug Treatment

For cisplatin treatment, A2780S and A2780CP cells were plated 24 h before treatment with cisplatin (0, 2.5, 5 and 10 µM) (Invitrogen, Canada) for 48 h. For 3PO and cisplatin co-treatment, A2780CP cells were plated 24 h before treatment with cisplatin (20 µM) and 3PO (10 µM) (Sigma, USA). ddH2O and DMSO were used as vehicle for cisplatin and 3PO, respectively. For PFK158 treatments, ALDH+CD44+ SKOV3 cells were plated 12 h before treatment with PFK158 (0.5, and 1.0 μM) (Axon Medchem, Holland) or control vehicle (ddH2O) for 48 h.



Immunohistochemistry

Immunohistochemistry (IHC) analysis of TMA and FFPE-tissue sections was performed according to the manufacturer’s instructions. Briefly, the sections were incubated with anti-PFKFB3 antibody (rabbit anti-PFKFB3, 1:100; Cat. #AP8145b, ABGENT, San Diego, USA) at 4°C overnight in the dark and then incubated with Labelled Polymer-HRP solution (Dako, CA, USA) and 1% 3, 3-diaminobenzidine-hydrogen peroxide (Sigma-Aldrich). The expression was analyzed with a positive pixel count algorithm by ImageScope software (www.aperio.com). According to positive and negative control tissues. the color saturation threshold, with the peak (1.0) and bottom (0) limits for the strongest and weakest pixel settings was set by the software. Based on the intensity and quantity of positive pixels, which was normalized to the number of pixels counted in the selected representative areas, positive pixel counting (positivity) was calculated automatically. Five representative areas were selected and an average score obtained for each core of TMA and sample tissue section. Negative control with primary antibody replaced with PBS was performed.



Real-Time PCR

Total RNA was extracted from ovarian cancer cells with a NucleoSpin® RNA Kit (Macherey-Nagel, Germany) and used to generate cDNA with SuperScript VILO™ Master Mix (Invitrogen) according to the manufacturer’s instructions. The expression levels of mRNAs were quantified with the ABI Prism 7700 platform (Life Technologies) with SYBR Green qPCR Master Mix (ExCell, China). The relative mRNA expression levels were assessed with the comparative Ct method with GAPDH as the reference gene. The primers used in this study are as follows: GAPDH forward 5´ to 3´ TCCATGACAACTTTGGTATCGTG, reverse 5´ to 3´ ACAGTCTTCTGGGTGGCAGTG; PFKFB3 forward 5´ to 3´ CAGTTGTGGCCTCCAATATC, reverse 5´ to 3´ GCTTCATAGCAACTGATCC; KLF4 forward 5´ to 3´ GGGAGAAGACACTGCGTCAA, and reverse 5´ to 3´ GGAAGTCGCTTCATGTGGGA.



Human Apoptosis RT2 Profiler PCR Array

To examine the apoptotic pathways by which 3PO inhibits the chemoresistant phenotype of cancer cells, the expression of 84 apoptosis-related genes in cisplatin (20 µM) and 3PO (10 µM) treatment was evaluated using the human apoptosis RT2 profiler PCR array (PAHS-012Z, Qiagen, Germany). qPCR was performed on a real-time PCR System (ABI Vii7 Fast, Life Technologies). Data analysis was performed by the RT2 profiler PCR array software with normalization genes automatically selected from the full plate.



Immunoblot Analysis

Protein was prepared by lysing cells in CelLyticTM M solution (Sigma-Aldrich) with a protease inhibitor cocktail. After protein quantification with a NanoDrop 2000/2000c spectrophotometer (Thermo Scientific, US), equal amounts of protein lysates were loaded and resolved by SDS-PAGE and transferred to a polyvinylidene difluoride membrane. Protein signals were immunodetected with the appropriate antibodies (rabbit anti-PFKFB3, 1:1000, ABGENT, AP8145b; rabbit anti-PARP, 1:1000, CST, #9542; rabbit anti-c-IAP1, 1:1000, CST #7065; rabbit anti-c-IAP2, 1:1000, CST #3130; and rabbit anti-survivin, 1:1000, CST #2808; PARP, 1:1000, CST, #9542; rabbit anti-KLF4, 1:1000, CST, #4038; rabbit anti-BMI1, 1:1000, CST, #58565; rabbit anti-p-p65, 1:1000, CST, #3033; rabbit anti-p65, 1:1000, CST, #4765; and mouse anti-Actin, 1:50, 000, Abcam, ab6276).



Metabolic Assays

Lactate levels and oxygen consumption rate were measured with a Lactate Colorimetric Assay Kit II (BioVision, Canada) and Extracellular Oxygen Consumption Assay (Abcam), according to the manufacturers’ instructions and normalized to cell number.



Annexin-V-FLUOS Staining

The apoptosis status of cells after 3PO treatment with or without cisplatin treatment was evaluated by Annexin-V-FLUOS Staining Kit (Roche) following the protocol provided by the manufacturer. Briefly, the harvested single cells were incubated with FITC-conjugated annexin-V reagent and PI and detected by flow cytometry analysis. Early apoptosis (annexin V+PI-) and late apoptosis (annexin V+PI+) were included into apoptotic cells.



Transwell Migration and Invasion Assays

Transwell migration and invasion assays were conducted to measure cellular capacity to migrate and invade in vitro. For migration and invasion assays using tumorspheres, spheres were dissociated into single cells before cell plating. Briefly, an equal quantity (1.25×105) of cells cultured in serum-free medium was transferred to the top chamber with an 8.0 μm pore polycarbonate membrane for migration and a Matrigel-coated membrane for invasion. The lower chamber was filled with 10% fetal bovine serum medium. The assays continued for 12–24 h, and cells that had migrated/invaded were fixed, stained with 0.5% crystal violet and imaged. The migration/invasion capacity was normalized to that of control cells.



Clonogenic Assays

Cancer cells were serially diluted and seeded in triplicate into a six-well plate at a density of 500 cells/well and colony formation was performed over 10 to 14 days. Then, cells were stained with 0.05% crystal violet, and colonies of >50 cells were counted.



Sphere Formation Assays

Sphere formation assays were conducted by culturing cancer cells with CSC medium in six-well ultra-low attachment plates at a density of 2000–5000 cells/well and allowing the cells to grow for 7–14 days. Then, 300 μl fresh CSC medium was added to the plates every second day. Spheres with diameters >50 μm were counted.



In Vivo Tumorigenicity Analysis via Subcutaneous Implantation and Limiting Dilution Assays

For in vivo tumorigencity analysis, BALB/c nude mice (7–8 weeks) with T cell-deficiency were used, according to protocols approved by the Committee of the Use of Live Animals in Teaching and Research (CULATR) under an approved license (No. 4598-18). FACS-sorted ALDH+CD44+ SKOV3 cells were pre-treated with PFK158 (1.0 μM) or control vehicle (ddH2O) for 3 days, collected, suspended in a mixture of RPMI medium and Matrigel (High Concentration, Corning), and subcutaneously injected into the flanks of mice after serial dilution (3×105, 1×104, 5×103, or 2.5×103 cells) (18). Each group consisted of five mice, and tumor incidence was recorded. The estimated frequency of CSCs was calculated via Extreme Limiting Dilution Analysis software (http://bioinf.wehi.edu.au/software/elda/). For the group injected with 3×105 cells, tumor formation time, size and weight were recorded every 3 to 5 days for 28 days. The mice were euthanatized at 28 days post tumor inoculation with 150 mg/kg pentobarbital after the experiment.



Cancer Genome Atlas Dataset (TCGA) and Gene Expression Profiling Interactive Analysis (GEPIA)

The online software GEPIA (www.gepia.cancer-pku.cn) was used to analyze the correlation between target genes and PFKFB3 in ovarian cancer on the basis of the TCGA database.



Statistical Analysis

The data are shown as the means ± SEM of triplicate experiments. GraphPad Prism 7.0 software was used for data analysis with a two-tailed t-test or one-way ANOVA. The survival rate was analyzed with Kaplan-Meier Plotter (www.kmplot.com), and hazard ratios and log-rank P-values were calculated automatically on the basis of the optimal cutoff value auto-selected in the software. Differences were considered statistically significant at p < 0.05 (* represents p<0.05 and ** p<0.01).




Results

Overexpression of PFKFB3 in ovarian cancer correlates with metastasis and poor prognosis to study the role of PFKFB3 in ovarian cancer, we analyzed two independent microarray databases from Oncomine. Statistical up-regulation of PFKFB3 was observed in ovarian cancer tissues compared with normal ovary tissues (Table 1). TMA analysis was used to study the expression of PFKFB3 in ovarian cancer tissues. In the cytoplasm, PFKFB3 was found to be more highly expressed in malignant tumors than in normal tissues/benign tumors (Figure 1A). Specifically, PFKFB3 was significantly up-regulated in higher grades and stages (Figure 1B). For histologic subtypes, serous and endometrioid subtypes had significantly higher expression than the mucinous subtype (Figure 1B). Since the sample number of clear cell subtype is small (n=2), we have not used this subtype for statistical analysis. In addition, 13 pairs of FFPE tissue sections composed of metastatic foci and matched primary ovarian tumors were examined through PFKFB3 staining with IHC (Figure 1C). Statistically higher expression of PFKFB3 was observed in the metastatic foci (Figure 1D). No staining was observed in negative control with primary antibody replaced with PBS (Supplementary Figure 1). PFKFB3 was further detected to be up-regulated in ascites-derived tumor cells compared with primary tumor cells (Figure 1E) by qPCR; thus, suggesting that PFKFB3 is associated with metastasis in ovarian cancer. Moreover, Real-time PCR (qPCR) revealed up-regulation of PFKFB3 in ovarian cancer cell lines (SKOV3, OVCAR3 and TOV112D) compared with the HOSE 11-12 cell line (Figure 1F).


Table 1 | Detailed information about the 3 public expression datasets of Oncomine database about PFKFB3 in ovarian cancer.



To investigate the prognostic value of PFKFB3 in ovarian cancer at the mRNA level, we analyzed a clinical database (GSE26193) containing data from 107 patients, by using Kaplan-Meier Plotter with the auto-selected best cutoff. Higher PFKFB3 was associated with poorer overall (p=0.04) and progression-free (p=0.0035) survival; thus, suggesting a correlation between PFKFB3 and poor outcomes in ovarian cancer (Figure 1G).


PFKFB3 Regulates Chemoresistance in Ovarian Cancer

To study the effect of PFKFB3 on chemoresistance of ovarian cancer, we first detected PFKFB3 expression in A2780S and A2780CP cells after cisplatin treatment (0, 2.5, 5 and 10 µM) for 48 h. Our findings of decreased PFKFB3 protein expression in A2780S cells but not in A2780CP cells after cisplatin treatment (Figure 2A), suggesting a differential regulation of PFKFB3 expression between sensitive and resistant ovarian cancer cells by cisplatin treatment. We further detected that treatment of chemoresistant A2780CP cells with 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO), the first compound for PFKFB3 inhibition (20), could decrease lactate production (Figure 2B). Then, we investigated if 3PO would abolish drug resistance of A2780CP by treating cells with 3PO and cisplatin for 48 h. Cisplatin (20 µM) treatment without 3PO caused 14.8% apoptotic cells, whereas cisplatin (20 µM) and 3PO (10 µM) combined treatment caused 31.55% (Figure 2C), suggesting that 3PO enhanced the effect of cisplatin in treating cancer cells. Moreover, increased cleavage of PARP was observed in cisplatin and 3PO combined treatment (Figure 2D).




Figure 2 | PFKFB3 regulates chemoresistance in ovarian cancer. (A) Protein levels of PFKFB3 in A2780S and A2780CP cells treated with cisplatin (0, 2.5, 5 and 10 µM) for 48 h, determined by immunoblotting. (B) Relative lactate production level of A2780CP cells treated with 3PO (0, 10 µM), determined by Lactate Colorimetric Assay Kit II. (C) A2780CP cells treated with 3PO (0 and 10 µM) and cisplatin (0 and 20 µM) for 48 h, cell apoptosis was detected by Annexin V- FLUOS staining. (D) Protein expression of PARP, cleaved PARP, c-IAP1, c-IAP2 and survivin in A2780CP cells treated with 3PO (0 and 10 µM) and cisplatin (0 and 20 µM) for 48 h, determined by immunoblotting. (E) Bar chart of BIRC2, BIRC3, BIRC5 and CD70 genes mRNA expression in A2780CP cells treated with 3PO (0 and 10 µM) and cisplatin (0 and 20 µM) for 48 h, determined by the human apoptosis RT2 profiler PCR array. (n = 3; *p < 0.05; **p < 0.01).



It is generally believed that chemoresistance is in part contributed by the inability of cells to undergo apoptosis. To determine the apoptotic pathways by which 3PO attenuates the chemoresistant phenotype of cancer cells, the expression of 84 apoptosis-related genes in cisplatin and 3PO treatment was evaluated using the human apoptosis RT2 profiler PCR array (Figure 2E). We found cisplatin induced mRNA expression of the inhibitors of apoptosis (IAP) proteins including BIRC2 (c-IAP1), BIRC3 (c-IAP2) and BIRC5 (survivin) and an immune modulator CD70 (TNFSF7) in A2780CP cells. We further detected same pattern of c-IAP1, c-IAP2 and survivin in protein levels (Figure 2D), suggesting 3PO could sensitize ovarian cancer cells via altering expression of c-IAP1, c-IAP2, survivin and CD70.



PFKFB3 Shifts CSCs Metabolism in Ovarian Cancer

Besides chemoresistance, stemness also play vital roles in the progression of ovarian cancer. In the present study, we applied two methods for enriching CSCs from ascites of ovarian cancer. One method involved maintaining tumorspheres in ultra-low attachment plates with serum-free medium. The other method involved sorting the top 5% brightest staining cells with stem cell markers (ALDH and CD44) by FACS, on the basis of our recent findings that ALDH+CD44+ cells isolated from ascites-derived tumor cells show enhanced CSC properties (16). Compared with that in monolayer or ALDH-CD44- cancer cells, significantly higher PFKFB3 mRNA expression was clearly detected in tumorspheres derived from ascites and ascites-derived cell lines (SKOV3 and OVCAR3) or ALDH+CD44+ cells sorted from SKOV3 and OVCAR3 cells (Figure 3A). Moreover, greater protein expression of PFKFB3 was found in tumorspheres or ALDH+CD44+ cells than monolayer/ALDH-CD44- SKOV3 cells (Figure 3B). There results indicated high expression of PFKFB3 in CSC-enriched subsets derived from ascites in ovarian cancer.




Figure 3 | PFKFB3 shifts CSC metabolism in ovarian cancer. (A) Relative mRNA expression of PFKFB3 in tumorsphere/monolayer and ALDH+CD44+/ALDH-CD44- cells via qPCR. (B) Protein expression of PFKFB3 in tumorsphere/monolayer and ALDH+CD44+/ALDH-CD44- cells, determined via immunoblotting; Relative PFKFB3 (C) mRNA and (D) protein expression in tumorspheres and ALDH+CD44+ cells transfected with control siRNA or siPFKFB3 duplexes and PFKFB3-overexpressing ALDH-CD44- cells, determined by qPCR and immunoblotting, respectively. (E) Relative lactate production and (F) oxygen consumption rate of PFKFB3-suppressing ALDH+CD44+ cells and PFKFB3-overexpressing ALDH-CD44- cells after 24 h incubation. (n = 3; *p < 0.05, **p < 0.01).



We have recently found that tumorspheres/ALDH+CD44+ cells favor glycolysis more than OXPHOS (16). To study the role of PFKFB3 in altered CSC metabolism in ovarian cancer, we performed metabolic assays using tumorspheres/ALDH+CD44+ cells transfected with siPFKFB3 duplexes and ALDH-CD44- cells transfected with PFKFB3. First, qPCR (Figure 3C) and western blot (Figure 3D) analyses were performed to validate the transfection efficiency. We then found that PFKFB3 knockdown led to decreased lactate production (Figure 3E) and an increased oxygen consumption rate (Figure 3F) in ALDH+CD44+ cells, whereas PFKFB3 overexpression resulted in increased lactate production and decreased the oxygen consumption rate in ALDH-CD44- cells. These data suggested that PFKFB3 could increase glycolytic influx and decrease OXPHOS activity in ALDH+CD44+ cells.



PFKFB3 Promotes Stemness in Ovarian Cancer, Probably Through the NF-κB Signaling Pathway

Next, we studied the role of PFKFB3 in regulating CSCs in ovarian cancer. We found that siPFKFB3-transfected tumorspheres/ALDH+CD44+ cells exhibited significantly less migration/invasion (Figure 4A) and formation of colonies (Figure 4B) and spheres (Figure 4C) than groups transfected with control siRNA. Moreover, transient overexpression of PFKFB3 in ALDH-CD44- cells led to the opposite effects (Figures 4A–C). GEPIA was used to predict the positive correlation between PFKFB3 and the stemness genes, NANOG, OCT4, SOX2, KLF4 and BMI1. A significant albeit very weak correlation was detected between high expression of PFKFB3 and upregulation of KLF4 and BMI1 (Supplementary Figure 2), suggesting KLF4 and BMI1 as the potential downstream targets of PFKFB3 on CSC properties in ovarian cancer. No significant correlation was found between PFKFB3 and NANOG, OCT4 and SOX2 (data not shown). We further found that decreased KLF4 and BMI1 mRNA and/or protein expression was observed in PFKFB3 suppressed tumorspheres/ALDH+CD44+ cells, whereas increased KLF4 and BMI1 expression was found in PFKFB3 overexpressing ALDH-CD44- cells (Figures 4D, E).




Figure 4 | PFKFB3 promotes stemness in ovarian cancer. (A) Transwell migration/invasion assays of PFKFB3-suppressing tumorspheres and ALDH+CD44+ cells and PFKFB3-overexpressing ALDH-CD44- cells. Representative images of migrating tumorspheres with transient knockdown of PFKFB3 (left; scale bar, 100 μm). (B) Clonogenic assay of tumorspheres and ALDH+CD44+ cells transfected with control and siPFKFB3 duplexes cells. (C) Sphere formation assay of PFKFB3-suppressing tumorspheres and ALDH+CD44+ cells and PFKFB3-overexpressing ALDH-CD44- cells. Representative images of sphere-forming cells with transient knockdown of PFKFB3 (left; scale bar, 100 μm). (D) Relative KLF4 mRNA expression of PFKFB3-suppressing tumorspheres and ALDH+CD44+ cells and PFKFB3-overexpressing ALDH-CD44- cells, determined by qPCR. (E) Protein expression of PFKFB3, KLF4, BMI1, p-p65 and p65 in PFKFB3-knockdown tumorspheres (left) ALDH+CD44+ (middle) SKOV3 cells and PFKFB3-overexpressing ALDH-CD44- (right) SKOV3 cells, determined by immunoblotting. (F) After DMAPT (1 μM) treatment of PFKFB3-overexpressing ALDH-CD44- cells for 48 h, sphere formation assays were conducted and analyzed. (n = 3; *p < 0.05, **p < 0.01).



Numerous pathways are involved in CSC regulation in ovarian cancer, including NF-κB pathways (20). Phosphorylation of p65 at S536 (p-RelA) is one of the canonical NF-κB activation indicators (21). We further found that p-p65 was decreased in ALDH+CD44+ SKOV3 cells transfected with siPFKFB3 as compared with control cells (Figure 4E). Conversely, PFKFB3-overexpressing ALDH-CD44- SKOV3 cells had higher expression of p-p65 (Figure 4E). In addition, to assess the effect of NF-κB on stemness mediated by PFKFB3, we treated both ALDH-CD44- SKOV3 cells with ectopic PFPFB3 expression and control cells with the NF-κB inhibitor, dimethylaminoparthenolide (DMAPT), for 48 h. DMAPT inhibited the increased sphere formation capacity induced by the PFKFB3 plasmid in ALDH-CD44 cells but had no effects on the ALDH-CD44- cells transfected with the control plasmid (Figure 4F). Together, our results indicated that PFKFB3 regulates CSC properties in ovarian cancer, possibly through the NF-κB signaling pathway.



PFK158 Suppresses Stemness in Ovarian Cancer

PFK158 is a PFKFB3 inhibitor that mimics genetic inhibition of PFKFB3 in malignant pleural mesothelioma (22). Here, ALDH+ CD44+ cells were treated with PFK158 and examined with functional assays to evaluate the effects of PFK158 on the CSC subpopulation in SKOV3 cells. PFKFB3 inhibited migration/invasion (Figure 5A) and sphere formation (Figure 5B) capacity in ALDH+CD44+ SKOV3 cells. Moreover, KLF4 mRNA expression decreased in ALDH+CD44+ cells suppressed by PFK158 (Figure 5C). To determine the effect of PFK158 on tumorigenesis in vivo, we injected control or PFK158-pretreated ALDH+CD44+ SKOV3 cells into the flanks of nude mice. The number of days of tumor formation and tumor sizes were recorded. After 28 days, tumors were dissected and weighed. PFK158-pretreated ALDH+CD44+ cells formed smaller tumors, and the tumor formation time was prolonged from an average of 9.4 days to 17.4 days (Figure 5D). Moreover, tumor size and weight were significantly lower in the PFK158-pretreated group than the control group (Figure 5E). We used in vivo limiting dilution assays with a serial dilution of PFK158/control-pretreated ALDH+CD44+ SKOV3 cells to determine the effect of PFK158 on tumor-initiating properties. Tumor-incidence declined from 100% to 60% in the 104-cell group, 100% to 40% in the 5000-cell group, and 80% to 40% in the 2500-cell group with PFK158-pretreated ALDH+CD44+ SKOV3 cells (Figure 5F). These findings suggested that PFK158 suppresses stemness in ovarian cancer.




Figure 5 | PFK158 suppresses stemness in ovarian cancer. (A) Transwell migration and invasion (scale bar, 100 μM) and (B) sphere formation (scale bar, 100 μM) of ALDH+ CD44+ SKOV3 cells pretreated with control and PFK158 (0.5 and 1.0 μM) for 48 h. (C) Relative KLF4 mRNA expression of ALDH+CD44+ SKOV3 cells treated with 1.0 μM PFK158, determined by qPCR. (n=3; *p < 0.05, **p < 0.01). (D) After inoculation of 3×105 ALDH+CD44+ SKOV3 cells pretreated with control (n = 5) and PFK158 (1.0μM, n = 5) into the right/left flanks of mice, images of dissected tumors and tumor formation days were recorded. (E) Line chart showing the tumor growth and bar chart showing the weights of tumors derived from the mice injected with 3×105 control and PFK158-pretreated ALDH+CD44+ SKOV3 cells. (F) Tumor incidence and estimated frequency from in vivo limiting dilution assays with injection of a limiting dilution (3×105, 10×103, 5×103, or 2.5×103 cells) of control and PFK158-pretreated ALDH+CD44+ SKOV3 cells into the flanks of mice.






Discussion

We found through IHC analysis that PFKFB3 was markedly higher in ovarian cancer tissues than normal ovary tissues, a finding consistent with Oncomine analysis results. PFKFB3 was also associated with tumor stage, grade and serous subtype. Moreover, higher expression of PFKFB3 decreased the survival rate and correlated with metastasis, thus, suggesting that PFKFB3 may be a novel prognostic marker for ovarian cancer. Concordantly, PFKFB3 is correlated with the aggressive features of breast cancer and indicates poorer prognosis in breast cancer and hepatocellular carcinoma (15, 23). In gastric cancer, PFKFB3 is preferentially expressed in tumors with lymph node metastasis (24). In the present study, we demonstrate for the first time to the best of our knowledge that PFKFB3 is preferentially expressed in metastatic foci and ascites in ovarian cancer, suggesting that PFKFB3 could be associated with metastasis in ovarian cancer.

Here, blocking PFKFB3 by 3PO could inhibit lactate production and enhance the sensitivity of A2780CP cells to cisplatin. Further, we noticed cisplatin induced IAPs mRNA/protein expression including c-IAP1, c-IAP2 and survivin and an immune modulator CD70 in A2780CP cells, whereas 3PO could abolish their mRNA/protein induction, suggesting 3PO could sensitize ovarian cancer cells to cisplatin possibly through the modulation of c-IAP1, c-IAP2, survivin and CD70 mRNA expression. Increase expression of c-IAP1, c-IAP2 and survivin after cisplatin treatment in resistant cells has been documented (25, 26), suggesting their roles on cisplatin resistance (27, 28). Blocking survivin through knockout or inhibitor could suppress metastasis and chemoresistance (29). Also, the association between CD70 and clinical cisplatin resistance and poor prognosis of advanced ovarian cancer has been recorded (30, 31), yet the precise mechanism remains to be elucidated. These results strongly supported PFKFB3 as a mediator of cisplatin resistance in ovarian cancer.

Recent studies have suggested that CSCs show an altered energy balance, with glycolysis being the major metabolic phenotype in cancers of the liver, breast and colon (6). In ovarian cancer, anaerobic glycolysis is enhanced in tumorspheres derived from cancer cells (3). In our recent study, we further discovered that tumorspheres/ALDH+CD44+ cells favor glycolysis more than OXPHOS (16). Here, we found that PFKFB3, another key enzyme in promoting glycolysis, was up-regulated in ascites-derived cancer cells. Furthermore, tumorspheres and the ALDH+CD44+ cell subset originating from ascites had greater expression of PFKFB3 than differentiated cancer cells. These findings further support that CSC-enriched subpopulations such as in ALDH+CD44+ cell subset derived from ascites favor glycolysis over OXPHOS.

Functionally, knockdown of PFKFB3 results in a reduced migration rate of gastric cancer cells (24), a result consistent with our finding that manipulation of PFKFB3 in CSC-enriched/differentiated subsets affected the migration/invasion capacity of ovarian cancer in vitro. Silencing of PFKFB3 decreases glucose consumption and inhibits DNA repair; thus, suppressing tumor growth in hepatocellular carcinoma (23). Our study not only found upregulated PFKFB3 in CSC-enriched ovarian cancer cells, but also revealed that PFKFB3 promoted clonogenicity and sphere-formation, and induced KLF4 and BMI1 expression in ovarian cancer cells.

In terms of downstream signaling, PFKFB3 binds and activates CDK4, a kinase controlling the G1/S transition, thus, promoting cell cycle progression (32). Moreover, silencing of PFKFB3 deactivates CDK1 and stabilizes p27 protein expression, thereby leading to G1/S arrest and enhanced apoptosis in HeLa cells (14). A recent study revealed that up-regulation of PFKFB3 promoted immune evasion and tumorigenesis by inducing PD-L1 expression through NF-κB activation in hepatocellular carcinoma (33). NF-κB pathways have also been suggested to be involved in CSC regulation of ovarian cancer (20). Here, we observed that silencing of PFKFB3 decreased NF-κB activation, whereas ectopic expression of PFKFB3 up-regulated NF-κB activation. Not all functional assays (overexpression studies) were performed in all cell lines and SKOV3 may not be a representative of the most common high-grade serous ovarian cancer, the use of other ovarian cancer cell lines for performing function assays after overexpression of PFKFB3 would be examined in further studies.

We further evaluated the therapeutic potential of targeting PFKFB3. The compound 3PO has been identified to be an inhibitor of PFKFB3 (19) and has been reported to attenuate glycolytic activity and attenuate tumor growth in bladder, liver, breast (11) and colon cancers (34). Blockade of PFKFB3 by 3PO in mutant JAK2-driven myeloproliferative neoplasms alters redox homeostasis through inhibiting glycolysis, thus, resulting in accumulation of reactive oxygen species and increased apoptosis (35). In ovarian cancer, 3PO blocks glycolysis, thus, causing increased extracellular glucose and impeded lactate secretion, induces apoptosis (36) and enhances the sensitivity of tumor cells to platinum therapy (37). However, 3PO has not been applied clinically because of its poor water solubility (11). Another potent selective PFKFB3 inhibitor, PFK158, is the first PFKFB3 inhibitor being approved by the U.S. Food and Drug Administrator (FDA) to undergo clinical trial in patients with various malignancies including ovarian, prostate, lung, melanoma, breast and pancreatic cancers (http://www.advancedcancertherapeutics.com). In combination with immune checkpoint inhibitors, PFK158 has been found to decrease tumor growth in a preclinical mouse model in melanoma (38). A previous study has suggested that PFK158 combined with chemotherapy increases apoptosis in melanoma cells (39). As a small molecular antagonist of PFKFB3, PFK158 can mimic genetic inhibition of PFKFB3 (thus inhibiting glycolytic activity), arrest tumor cells in G0/G1 phase, and promote cell death as well as enhance chemotherapy in malignant pleural mesothelioma (22). Recently, PFK158 has been reported to inhibit glucose metabolism and enhance the sensitivity of tumor cells to carboplatin in ovarian and cervical cancer cells (40). Here, we extended the function of PFK158 to CSC-enriched subpopulations. Our study showed that PFK158 attenuates sphere formation, migration/invasion and KLF4 mRNA expression, and enhances the sensitivity of ALDH+CD44+ cancer cells. Moreover, PFK158 impedes tumorigenesis and tumor-initiation in vivo.



Conclusions

In conclusion, we demonstrated that overexpression of PFKFB3 in ovarian cancer cells, especially in the CSC subpopulation, correlates with metastasis and patient survival. PFKFB3 could induce lactate production, chemoresistance, CSC properties and tumor growth in ovarian cancer through inhibition of apoptosis and NF-κB signaling pathway. Moreover, our evidence suggests the therapeutic potential of PFK158 as an inhibitor of PFKFB3 in targeting ovarian cancer.
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In the last decades, several new therapeutic strategies have been introduced in the field of gynecologic oncology. These include neoadjuvant chemotherapy for high-grade serous tubo-ovarian carcinoma, hormonal fertility-sparing strategies for endometrial cancer, pressurized intraperitoneal aerosol chemotherapy (PIPAC) for surgically incurable peritoneal metastasis, and neoadjuvant treatments for locally advanced cervical carcinomas. All these recent advances lead to the development of novel scoring systems for the evaluation of pathological response related to specific treatments. In this regard, pathological evaluation of the morphological modifications related to these treatments and the definition of a tumor regression grading score have been introduced in clinical practice in order to achieve a more efficient prognostic stratification of patients affected by gynecological malignancies. The aim of the present paper is to provide a detailed review on the post-treatment pathological scoring systems in patients affected by gynecological malignancies.
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Introduction

With the introduction of neoadjuvant therapeutic strategies in the field of gynecologic oncology, pathological evaluation of the morphological modifications related to chemotherapy has become a crucial step in order to establish the treatment response and to achieve a prognostic stratification of patients.

Several tumor regression grading (TRG) systems have been introduced in clinical practice. TRG systems according to Mandard (1), Dworak (2), and Becker (3) were the first tumor regression grading systems applied in the gastrointestinal (GI) tract (4). Moreover, assessment of the changes in tumor burden, according to the Response Evaluation Criteria in Solid Tumors (RECIST), represents an additional tool to evaluate a patient’s response to chemotherapy (5). Even if with different criteria, ranking, and number of categories, all these systems are based on the evaluation of the residual tumor cells and regressive changes in the tumor bed. These systems were firstly utilized to evaluate chemotherapy response in primary tumors; later, similar scoring systems showing a good prognostic stratification were introduced for metastatic lesions arising from colon in liver and peritoneum (6–8). The introduction of TRG systems in gynecologic oncology is more recent than the GI tract and still not well standardized in some cases. Herein, we present a detailed review on the post-treatment pathological scoring systems in patients affected by gynecological malignancies.



High-Grade Ovarian Serous Carcinoma Treated With Neoadjuvant Therapy

Ovarian carcinomas represent the second commonest gynecological cancer in Western countries after endometrial cancer and most cases are diagnosed at the advanced stage where the recommended treatment consists of a debulking surgery with the aim of an optimal cytoreduction; in cases where this is not feasible because of the advanced stage or clinical contraindications, neoadjuvant chemotherapy (NACT) followed by surgery has been introduced to reduce the tumor volume and to enhance the surgical results (9, 10).

McCluggage et al., in 2002 (9), described for the first time the histological regressive features in ovarian carcinoma after NACT (9). They pointed out that both the epithelial and stroma component showed morphological changes with a general decrease of gland-to-stroma ratio. The neoplastic cells following NACT are usually arranged in small groups or in single cells and show nuclear enlargement with hyperchromatism, chromatin clumping or smudging, and cytoplasm with intense eosinophilia, vacuolation, or foam-cell changes. Stromal alterations include fibrosis, inflammation, foamy histiocytes, cholesterol cleft formation, fat necrosis, and dystrophic calcifications including free psammoma bodies. Mitotic figures are often inconspicuous. According to the abovementioned morphological alterations observed following NACT, a correct nosological classification of ovarian cancer following chemotherapy may be extremely difficult. However, immunohistochemistry could be useful in establishing the presence of minimal residual neoplastic cells and in the diagnosis of the nature of the tumor (9). The pathological prognostic value in the assessment of post-NACT tubo-ovarian high-grade serous carcinoma was attempted by Bohm et al. in 2015 (11). At first, a six-tier scoring system was proposed and assessed on the two most frequent involved sites that are routinely removed at surgery: omentum and adnexa. This system was called “chemotherapy response score” (CRS) and was set as follows: CRS0—no evidence of tumor response (no fibroinflammatory changes, no evidence of chemotherapy response) with viable tumor only; CRS1—minimal regression-associated fibroinflammatory changes, mainly viable tumor; CRS2—minor (focal or diffuse) regression-associated fibroinflammatory changes, predominantly extensive viable tumor (fibrosis to tumor ratio <1:1 or viable tumor nodules of 5 mm or more); CRS3—extensive regression-associated fibroinflammatory changes with focal viable degenerate tumor (multifocal tumor deposits that individually are <5 mm and/or fibrosis-to-tumor ratio >1:1); CRS4—mainly regression-associated fibroinflammatory changes with minimal tumor (very few individual tumor cells or tumor cell groups); CRS5—no viable invasive tumor identified. This score showed a good prognostic value in terms of progression-free survival (PFS) and overall survival (OS) when it was applied to the omentum, with a significant difference between the best (CRS4–5) and intermediate (CRS2–3) responders, while on the adnexa, it did not reach any significant results and it did not stratify the prognosis. According to the result obtained in the omentum, the authors grouped the 6-tier scoring system in a simpler 3-tier system: (i) CRS1: absence or minimal presence of tumor response; mainly viable tumor with no or minimal regression-associated fibroinflammatory changes, limited to a few foci; (ii) CRS2: appreciable tumor response in which viable tumor foci are readily identifiable; tumor is regularly distributed, ranging from multifocal or diffuse regression-associated fibroinflammatory changes with viable tumor arranged in sheets, streaks, or nodules to extensive regression-associated fibroinflammatory changes with multifocal residual tumor easily identifiable yet; and (iii) CRS3: complete or near-complete response to treatment with no residual tumor or minimal irregularly scattered tumor foci seen as individual cells, cell groups, or nodules up to 2 mm in maximum size. Switching from a 6- to a 3-tier scoring system has improved the interobserver reproducibility and showed a significant difference in PFS between CRS1–2 and CRS3. The prognostic value of the 3-tier CRS was confirmed and reinforced in further studies (12–15) and by a meta-analysis (16). Detailed pathological images of CRS system are depicted in Figure 1. In relation to the slight prognostic differences observed between omental CRS1 and CRS2, some authors (17) have suggested a binary prognostication system (CRS3 vs. CRS1/2) as opposed to a 3-tier score. If this system had a great value in the prognosis when it is applied on the omentum, the authors did not find any clinical meaning when applied the 3-tier score system to the adnexa. After these results, other studies have investigated the prognostic value of CRS not only in omentum, but also on the adnexal sites (18, 19). From these works, it appears that CRS, when used on the omentum, adnexa, and as a combined score (omental and adnexal), was significantly associated with PFS but not with OS; adnexal CRS1/2 are more likely to develop platinum-resistant disease. Recently, the modified 2-tier CRS (CRS1/2 versus CRS3) was significantly associated with survival (OS and PFS), independent of scoring site (omental vs. adnexal). Additional morphological features (oncocytic change, inflammation, and desmoplasia) can also predict patient outcomes (20). Given these contrasting results, further studies on larger cohorts are needed to confirm the prognostic value of the CRS in the adnexa. Currently, the 3-tier Böhm’s score applied on the omentum is recommended in the main oncological guidelines (21, 22) given its role as a biomarker in therapeutic decision-making.




Figure 1 | Pathological response score for post-NACT high-grade serous tubo-ovarian carcinoma. (A) Example of CRS3 score: diffuse regressive fibro-inflammatory changes with small residual foci of neoplasms <2 mm [hematoxylin and eosin-stained sections (H&E); 10×]. (B) Higher magnification of image in A, with evidence of residual marked atypical neoplastic cells.(H&E; 40×). (C) Example of CRS2 score with appreciable response: residual tumor easily identifiable, >2 mm, with diffuse regression-associated fibro-inflammatory changes (H&E; 10×). (D) Example of CRS1 score with absent response: tumor without evidence of regression (H&E; 4×).





Tubo-Ovarian Carcinoma Treated With Pressurized Intraperitoneal Aerosol Chemotherapy (PIPAC)

In 2013, a new treatment called pressurized intraperitoneal aerosol chemotherapy (PIPAC) has been introduced for treatment of peritoneal metastases. This technique delivers drugs into the abdominal cavity as an aerosol under pressure in patients with advanced stages of peritoneal metastases from all kinds of tumors, including those with a gynecological origin. This system maximizes exposure of peritoneal tumor implants to chemotherapy agents, with favorable pharmacokinetics and biodistribution (23). Several PIPAC procedures, usually at least three times, are performed at 6 ± 2-week intervals. According to the treatment regimens, the abdomen is accessed through one 10- to 12-mm (nebulizer) and one 5-mm (optical) trocar. Ascites is quantified and sampled for cytological examination, or if ascites is not present, a peritoneal flushing is performed. The abdominal cavity is then explored with documentation of the peritoneal cancer index (PCI). Before each drug’s injection, at least 4 representative biopsies, sized 3–5 mm, are taken using biopsy forceps at suspect localizations and, if possible, in the four different quadrants of abdominal cavity, for assessment of pathological response (24). A 4-tiered pathological scoring system, namely, the peritoneal regression grading score (PRGS), was proposed by Solass in 2016 (25): PRGS1, complete response (no tumor cells with only regressive features); PRGS2, major response (predominant regression features with rare groups of residual cancer cells are observed); PRGS3, minor response (predominant vital neoplastic component with evident regressive features); PRG4, no response (neoplastic mass without signs of regression). PRGS is not a specific system for tubo-ovarian carcinoma, but is a system proposed for monitoring the response of peritoneal metastasis of several origins in patients who undergo PIPAC. Pathological images illustrating different response scores for post-PIPAC peritoneal metastases are provided in Figure 2.




Figure 2 | Pathological response score for post-PIPAC peritoneal metastasis. (A) Example of PRGS1 or complete response: regressive sclero-necrotic changes without evidence of residual tumor cells (H&E; 2×). (B) Example of PRGS2 or major response; regressive sclerotic changes predominant over few aggregates of residual tumor cells (H&E; 20×). (C) Another area of the case illustrated in B (PRGS2) (H&E; 4×). (D) Example of PRGS3 or minor response: tumor cells predominant over regressive fibrotic changes (H&E; 20×).



It must be pointed out that multiple peritoneal biopsies in different sites may show different PRG scores. The meaning of this heterogeneity is unknown; it could be related to different clones with different chemosensitivity or to a different drug’s distribution. By now, reporting both the highest and the mean PRGS has been proposed.

PRGS has a good rational base, but its prognostic significance is still debated. A relevant bias is related to the sampling procedures and the consequent assessment of a TRG on a small bioptic sample compared to an excisional surgical resection, on which an extensive sampling and histological examination could be done by the pathologist. Moreover, Solass et al. in 2018 (26) at 11th PSOGI (Peritoneal Surface Oncology Group International) presented an abstract with a univariate analysis that showed for the first time a prognostic trend of PRGS for overall survival (p = 0.08) in a prospective cohort of 49 patients with peritoneal metastasis of several origins including tubo-ovarian carcinoma (26). In another study by Benzerdjeb et al., highest and mean PRGS alone did not show prognostic value at PFS and OS in a cohort of 112 patients with peritoneal metastases from different origins, including ovarian carcinoma, treated with PIPAC. In detail, the difference between PRGS at the first PIPAC procedure and at the third PIPAC procedure was considered to define the increase of PRGS, used as a comparison parameter. However, when the increase of highest PRGS was combined with peritoneal cytology (positive and negative for neoplastic cells) in a combined progression index, it acquired a significant prognostic value at OS and PFS (27). Concerning the reproducibility of a 4-tier PRGS, Solass et al. conducted a study on 33 patients with peritoneal metastases from a different origin, with a total of 331 biopsies (28). Eight pathologists with different levels of experience in the peritoneal pathology and PRGS system were involved. Statistical analysis by intraclass correlation coefficients (ICCs) and Krippendorff’s alpha revealed a moderate to good interobserver variability and a good to excellent intraobserver variability. The study also showed that PRGS could be used by younger pathologists without loss of accuracy. Finally, another potential utility of the bioptic samples obtained during PIPAC treatments could be the possibility to perform molecular analyses. As shown in the paper by Rezniczek et al., several changes in gene expression profile during repeated PIPAC procedures are associated with better clinical treatment response (29). Therefore, molecular analyses might be utilized in the near future for refining individual treatment.



Endometrial Carcinoma

Endometrial carcinoma represents the most common gynecologic malignancy in developed countries (30) and is mostly treated by surgery. Some studies analyzed retrospectively and prospectively clinical results of NACT followed by interval debulking surgery (IDS) in locally advanced endometrial carcinoma (31–36); however, only a single study on 40 patients with advanced endometrial cancer attempted to apply the CRS system to omental and adnexal metastases with promising results (37). The main field, where pathological assessment of treatment response is currently performed on endometrial neoplasms, is represented by hormonal fertility-sparing treatment. The standard treatment for atypical hyperplasia (AH) and well-differentiated endometrial adenocarcinoma (WDC) is surgery. However, in case of AH or in case of WDC (FIGO G1) limited to the endometrium in the absence of suspicious of myometrial invasion or metastatic disease, the possibility of fertility-sparing strategies could be taken into consideration for the women with contraindications to surgery or especially for young women strongly desirous of offspring with the main purpose of postponing surgery after a pregnancy has been completed (38, 39). For moderately differentiated endometrioid endometrial (FIGO G2) tumors, data concerning the efficacy of fertility-sparing approach are still very limited. However, according to a recent paper, fertility-sparing treatment seems to be feasible even in a higher than G1 risk category of EC patients, with efficacy similar to those observed in G1 patients (40).

Different strategies based on the use of oral or topical intrauterine progestins could be used. In terms of remission, recurrence, and pregnancy rates, several studies revealed that treatments based on levonorgestrel-releasing intrauterine device may be more effective than systemic therapy for women with complex atypical hyperplasia, particularly in morbidly obese women, allowing to achieve complete response rates (38–40). On the other hand, Masciullo et al. found that hysteroscopic resection of AH and WDC in combination with oral progestin therapy (megestrol acetate) was significantly associated with shorter treatment duration to achieve complete response and longer time to relapse, compared to patients treated with progestin therapy alone (41). The histological monitoring in fertility-sparing strategies is well defined and consists in a descriptive approach (Figure 3) (42). In brief, after the first bioptic diagnosis, patients start the therapy and are monitored with repeated endometrial biopsies usually at 3-monthly intervals (42). Related to the risk of later recurrence, the long-term follow-up with biopsy at 6- to 12-monthly intervals could continue until surgical treatment is considered. Pathological modifications on the endometrium treated by progestins involve both the stromal and glandular components (43): the most frequent finding is represented by atrophic glands, with decreased atypia (nuclear rounding, and smudged, homogenized, fine nuclear chromatin), decreased mitotic activity, and decreased gland-to-stroma ratio, associated with pseudodecidualized stroma, often with intracytoplasmic vacuolations, hemosiderin depositions, foci of necrosis, calcifications, and presence of inflammatory elements (foamy histiocytes or plasma cells). Other less frequent features include myxoid-like alterations, sclero-hyaline nodules, micropapillary/papillary and cribriform architectures, reactive atypia or metaplastic changes of the superficial epithelium (being mucinous, secretory, eosinophilic, and squamous), and sometimes even ulceration and erosions. These morphological changes are related to the release of progestins and also to the physical presence of the device releasing the hormone.




Figure 3 | Pathological evaluation of post hormonal fertility-sparing therapy bioptical samples for AH and WDC. (A) Fragment of endometrial tissue with persistence of AH such as on the previous biopsy (H&E; 4×). (B) Higher magnification of sample in A, with evidence of residual nuclear atypia and presence of abundant eosinophilic cytoplasm (H&E; 40×). (C) Fragment of endometrial tissue with persistence of EEC such as on the previous biopsy (H&E; 4×). (D) Endometrial tissue with a focus of residual AH, in a context with pseudodecidualized stroma (H&E; 10×).



The same alterations are also found in the context of AH and WDC. Range of possible response to treatment is wide and is based on evaluation of the last biopsy and its comparison with the previous one. The main possibilities are the following: (i) total response/Resolution: the last specimen shows proliferative, secretory, inactive, or atrophic pattern endometrium, without evidence of atypia and hyperplastic features; (ii) partial response/Regression: the last specimen shows hyperplasia without atypia; (iii) persistence: AH was present in both the pretreatment and final specimen or if the pretreatment sample shows WDC and the final shows AH or WDC; (iv) progression: the last biopsy shows WDC when the pretreatment one showed AH or if the final specimen shows moderately or poorly differentiated carcinoma when the pretreatment biopsy showed WDC; and (v) recurrence: a lesion that had either resolved or regressed during the course of treatment and then reappears.

However, even cases of persistence of WDC or AH may often show some treatment-associated changes (43). Biopsies with persistence of disease may be characterized by areas of AH intermingled with areas of atrophic endometrium. Persisting WDCs itself may often show a general decrease of mitotic activity, decrease of glandular/stromal ratio, and diffuse eosinophilic cytoplasmic metaplasia. Post-treatment biopsies in patients with AH may maintain complex glandular structures but without cytological atypia. In particular, nuclear atypia should be the main parameter for our evaluation and the more powerful predictor because some architectural abnormalities such as papillary proliferations or glandular confluency/crowding and cribriform structures without nuclear atypia should be considered morphological changes related to progestins therapy on the initial lesion (44). Moreover, studies concerning fertility-sparing strategies have pointed out the following pieces of advice (45): (i) the pathologist should review the pretreatment biopsy specimen and all subsequent post-treatment biopsy specimens; (ii) progestin treatment should be continued until there is no evidence of “residual disease”; and (iii) if cytologic atypia is detected after 6 months of treatment, definitive surgical treatment (hysterectomy) should be considered.

Some clinical and pathologic parameters have been demonstrated to be a good predictor of response to progestin therapy in premenopausal women with AH and WDC, such as body mass index (BMI), patient’s age, pretreatment architectural histological pattern, and the pathological response in the first follow-up specimen post-therapy (46, 47).

Several immunohistochemical markers have also been demonstrated as predictive biomarkers of response to therapy with progestins (48). In particular, in a meta-analysis, 43 immunohistochemical markers that seem to correlate with treatment response were evaluated. Results indicate that high expression of estrogen receptor (ER) and progesterone receptor (PR) has a good response in different studies. The assessment of ER and PR also appeared relevant in follow-up: in some studies, PR and ER showed a downregulation in good responders (49). Moreover, the PR isoforms and the stromal PR expression appear to be relevant (50). Recently, it has been shown that abnormal mismatch repair (MMR) protein expression can predict poor response to progestins and/or higher rate of recurrence in young women with AH or FIGO 1 carcinoma (51). Finally, other authors reported that another biomarker, FGFR2c, appears to be strongly associated with progestin treatment failure, with low overall response rate to levonorgestrel intrauterine device treatment (52).



Carcinoma of the Uterine Cervix

In cases of locally advanced cervical carcinomas (LACC), platinum-based chemoradiotherapy and brachytherapy are the preferred treatment. In some centers, radical surgery is performed after neoadjuvant treatment, although this approach remains controversial in the guidelines (53).

Similar to other anatomical districts, morphological changes are observed on both neoplastic and non-neoplastic tissue (54). In cases with total or partial response, residual tumor cells show the following modifications: (i) neoplastic nuclei show enlargement in size with irregular outlines; (ii) the cytoplasm is either intensely eosinophilic or clear with vacuolated or foamy appearance; and (iii) multinucleated giant cells (foreign body-like) may be observed.

Morphological changes in tumor stroma include (i) dense fibrosis; (ii) collections of foamy histiocytes, (iii) cholesterol clefts, (iv) necrosis, (v) calcifications, and (vi) myointimal thickening of the blood vessels related to a marked deposition of fibrous acellular material. Erosive cervicitis and glandular atypia of non-neoplastic endocervical epithelium can simulate malignant changes, but they lack epithelial stratification, severe nuclear atypia, and significant mitotic activity, typical of invasive and in situ adenocarcinoma.

Regarding tumor regression grading systems in cervical cancer, a 3-tier system has been proposed by Zannoni et al. in 2008 (54); briefly, it was based on the size of the residual tumors cells: pR2 was defined by the presence of foci more than 3 mm, pR1 (microscopic residual) if the foci were less than 3 mm, and pR0 was defined as the absence of neoplasm (Figure 4).




Figure 4 | Pathological evaluation of post neoadjuvant LACCs. (A) Example of pR0: no residual tumor is evident in the surgical specimen (H&E; 10×). (B) Example of pR1: microscopic residual tumor (<3 mm) with intermingled inflammatory infiltrate (H&E; 10×). (C) Example of pR2: macroscopic residual tumor (>3 mm) with minimal inflammatory response (H&E; 10×).



The system was assessed on a group of 50 women affected by advanced uterine cervical cancer who underwent radiotherapy and chemotherapy and subsequent surgical resection; a significant response (pR0 and pR1) was described in most cases (76%). Prognostic value was not studied in the original proposal paper; only recently a good prognostic value was revealed in our series of about 100 cases (our unpublished data).

An additional 5-tier system has been proposed by Takatori et al. (55): grade 0, no evidence of effect; grade 1a, neoplastic cells occupy >2/3 of the tumor bed; grade 1b, the cells remain in >1/3 but <2/3; grade 2, tumor cells remain in <1/3; and grade 3, there are no tumor cells. Cases with a score of 2 and 3 showed a better survival than patients with a score of 1a and 1b.

Other authors proposed a system based on the maximum infiltration of the neoplastic residual cells after neoadjuvant treatment with the threshold of 3 mm, regardless of the size of the tumor or regression ratio (56–58). This system appears to be objective, easily applicable, reproducible, and based on quantitatively measurable parameters.

Several systems adopt the threshold of 3 mm of depth of invasion, with some peculiar differences, e.g., Huang et al. and Buda et al. defined CR as the complete response, absence of the tumor, and negative nodes; PR1, residual disease with depth <3 mm of stromal invasion, including in situ carcinoma with or without lymphatic metastasis; PR2, residual disease with depth > 3 mm of stromal invasion (57, 58).

Gadducci et al. defined 4 categories: (i) “overall optimal (absence of the tumor cells with negative nodes); (ii) “optimal partial response” (residual disease with <3 mm stromal invasion including in situ carcinoma and negative nodes); (iii) “suboptimal response” (intra-cervical residual disease or extra-cervical residual disease with positive nodes or extra-cervical residual disease with negative nodes); and (iv) “no responders” (56).

All the systems adopting the threshold of 3 mm showed good prognostic stratification, suggesting that a residual with <3 mm of stromal invasion is prognostically similar to a complete response as confirmed in our recent metanalysis (59) and appeared more reproducible than other classical systems based on the ratio residual cancer cells/tumor bed that could be influenced by a subjective evaluation.

Finally, recent studies analyzed the role of immune microenvironment in cervical cancer, focusing on the connection between tumor-infiltrating lymphocytes (TILs) and response to therapy (60, 61). According to these preliminary results, cervical cancer represents a potential target for immunotherapy, also in the neoadjuvant setting (60). Moreover, neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), tumor-infiltrating lymphocytes (TILs), and PD-L1 expression have been shown to correlate with the response of LACC patients to NACT (61).



Conclusions

In the present paper, we provided a detailed review on the most relevant and prognostically significant pathological scoring systems in gynecological tumors, which are schematically summarized in Table 1.


Table 1 | Key points on definition of tumor response for main gynecological neoplasms.



Pathological assessment of treatment response in gynecological malignancies has important prognostic and therapeutic implications in the following circumstances: (i) post-NACT surgical resections of ovarian and cervical cancer; (ii) peritoneal metastases treated with PIPAC; and (iii) endometrial carcinoma treated with fertility-sparing therapeutic strategies.

CRS system applied on the omental tissue is mandatory in our pathological reports according to current guidelines (20, 21) to evaluate the response of post-neoadjuvant high-grade serous carcinoma. PIPAC has emerged in recent years as a novel method of intraperitoneal drug administration to treat inoperable peritoneal metastasis from different origins, also including gynecologic carcinomas mainly represented by ovarian cancer. A 4-degree system called PRGS has been proposed to monitor histological response on biopsies made during PIPAC procedures. Its prognostic value has not yet been defined but its use is suggested, also for research purposes, in centers where PIPAC technology is available (24).

Fertility-sparing treatments, based on progestins, for atypical hyperplasia/endometrial carcinoma are not standard treatments, and when chosen, they require a very close follow-up and biopsies should be examined by pathologists with good experience in gynecopathology. A score system has not been defined, but the identification of persistence of atypia represents a crucial point to define therapeutic management (39).

Finally, for locally advanced cervical carcinomas subjected to the controversial and debated neo-adjuvant chemotherapy, different systems have been proposed to evaluate histological response on surgical samples. Several systems based on the depth of infiltration with the threshold of 3 mm appear to be an easily applicable and well-reproducible approach, and they would currently seem to be the most promising among those proposed for prognostic value (53).
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Background and Aim

Deleted in liver cancer 1 (DLC1) is confirmed as a metastasis suppressor gene in endometrial carcinoma (EC). However, its functional mechanisms remain unclear. This study aimed to explore the relationship between DLC1 expression and EC.



Methods

The Cancer Genome Atlas database was used for evaluating the expression of DLC1 in pan-cancer. CIBERSORT was used to assess the relationship between DLC1 and tumor immune infiltration. We applied real-time quantitative polymerase chain reaction to determine the expression of DLC1 in EC and adjacent normal tissue samples. The targeting endogenous protein levels were assessed using the dataset from the cBioPortal database.



Results

DLC1 expression negatively correlated with the clinical characteristics (clinical stage, histologic grade) and positively correlated with the survival of patients with uterine corpus EC (UCEC). The gene set enrichment analysis displayed that the low-expression DLC1 group was enriched in metabolic pathways. Concomitantly, the high-expression DLC1 group was enriched in tumor immune-related activities. The CIBERSORT analysis showed that the number of resting memory CD4 T cells and resting mast cells positively correlated with DLC1 expression, while the number of macrophages M2 had a negative correlation, indicating that DLC1 played a key role in mediating immune cell infiltration. The target gene validation confirmed that DLC1 expression was downregulated in tumor samples. The target protein level was consistently downregulated in tumor samples.



Conclusions

DLC1 levels might be useful in predicting the prognosis of patients with UCEC and especially governing the status of tumor microenvironment transition from immune-dominant to metabolic-dominant. The findings shed a different light on the immune therapeutics of UCEC.





Keywords: deleted in liver cancer 1 (DLC1), endometrial neoplasms, prognosis-related biomarker, tumor microenvironment remodeling, metastasis suppressor gene, macrophages M2, immune cell infiltration



Introduction

Endometrial carcinoma (EC) is the most common gynecological malignancy with an increasing incidence in developed countries (1, 2). With the development of medicine, a variety of treatments are applied in clinical practice, including surgical resection, chemotherapy, radiotherapy, hormonal therapy, and immunotherapy (3, 4). However, the estimated number of new EC cases in the USA in 2021 is 66,570 with 12,940 deaths according to the American Cancer Society (1). Hence, novel treatment options are urgently needed as the prognosis has not improved over these years.

Many studies have shown that the tumor microenvironment (TME) plays a crucial role in cancer development (5–8). The TME is composed of extracellular matrix, blood or lymphatic vessels, fibroblasts, inflammatory cells, immune cells, and extracellular metabolites. Tumor-infiltrating immune cells (TICs) play a vital role in modulating the TME status of EC (9). Hence, TICs can predict the prognosis of patients with EC. In the TME, tumor cells create a toxic milieu for TICs through metabolism to suppress immunity (10). A study proved that the high-immunity TME might prevent the progression of EC (11). Unfortunately, the concrete mechanism is uncertain. Programmed death-1 signaling was proved to be associated with the activation of tumor-infiltrating CD4 and CD8 T cells in the TME. Based on this, targeting this pathway seems to be a promising immunotherapeutic strategy to be applied in clinical studies (12). A recent study demonstrated a cross talk between tumor cells and tumor-associated macrophages (TAMs) via SIGLEC1, CCL8, and CSF1, suggesting that the gene signature of TAMs correlated with poor clinical outcomes (13). These results suggested that the immune response within the TME might be of much importance in the development of EC. Therefore, the dynamic modulation of the immune and stromal components in the TME can be examined through an appropriate precise genetic analysis.

Deleted in liver cancer 1 (DLC1) was initially identified in a primary human hepatocellular carcinoma (HCC) in 1998. It acts as a switch by promoting the conversion of the active RhoGTP into the inactive RhoGDP to affect the cytoskeleton, focal adhesion, and cell migration (14, 15). DLC1 was considered as a metastasis suppressor gene in EC, but its functional mechanisms remain unclear. We speculated that DLC1 was relevant to the prognosis of EC through immune infiltrates. In this study, we conducted a comprehensive assessment of the relationship between DLC1 and patient prognosis using The Cancer Genome Atlas (TCGA) database. We further investigated the link between DLC1 and immune cell infiltration of tumors using CIBERSORT to investigate the aforementioned assumptions. Our results offered novel insights into the functional role of DLC1 in EC, thereby highlighting a potential mechanistic basis whereby DLC1 influenced immune cell interaction with tumors. The restoration of DLC1 expression in cancer cells induced apoptosis and senescence; inhibited cell growth, migration, and invasiveness; and reduced tumor formation (16).

Immunotherapy basically involves stimulating the endogenous immune response specifically against tumor cells and represents the most promising therapeutic approach in EC. DLC1 might be an attractive target for tumor immunotherapy in EC.



Materials and Methods


Data Collection

A total of 33 selected cancer types with the corresponding expression profiles and clinical data were downloaded from the TCGA database (https://portal.gdc.cancer.gov/). A dataset of 543 cases of EC was obtained from the TCGA database. We also extracted detailed clinical information, as shown in Table 1, including age, histologic grade, histology, clinical stage, diabetes, body mass index (BMI), menopause status, and race. A dataset of a study [Endometrial Cancer (MSK, 2012)] including 95 patients with UCEC (83 endometrioid and 12 serous tumors), with the clinical information and expression profiles, was obtained from the cBioPortal database (http://www.cbioportal.org/). Seventeen pairs of matched EC and adjacent normal tissues were collected from 17 patients with EC who underwent surgery at The Affiliated First Hospital of Fujian Medical University from January 2018 to September 2018. The clinical sample collection cohorts included 17 patients. Reverse transcription-quantitative polymerase chain reaction was carried out to determine the relative expression of DLC1.The patients from the TCGA database were defined as a training cohort, while the dataset from the cBioPortal and the results of PCR were used for external validation.


Table 1 | TCGA endometrial carcinoma patient characteristics.





Gene Set Enrichment Analysis

KEGG and C7 gene set v7.4 collections were downloaded from the Molecular Signatures Database as the target sets. Gene set enrichment analysis (GSEA) was performed using the software GSEA-4.1 downloaded from the Broad Institute. We used the GSEA to determine the correlation between DLC1 expression and signaling pathway. The whole transcription of all tumor samples was used for GSEA, and only gene sets supplied with NOM P < 0.05 and FDR q < 0.07 were considered significant.



TIC Profile

The CIBERSORT computational method was applied for estimating the TIC abundance profile in all tumor samples, followed by quality filtering. Only 319 tumor samples with P <0.05 were selected for the following analysis.



TIMER Database Analysis

TIMER (https://cistrome.shinyapps.io/timer/) is a database designed for analyzing immune cell infiltrates in multiple types of cancers. We assessed how DLC1 expression correlated with the expression of the markers of particular immune-infiltrating cell subsets.



Real-Time Quantitative PCR

RT-qPCR was performed using 17 pairs of matched EC and adjacent normal tissues from 17 patients with EC who underwent surgery at The Affiliated First Hospital of Fujian Medical University from January 2018 to September 2018. The study was approved by an institutional review board. All methods were performed following the regulations and relevant guidelines. The written informed consent was obtained before clinical sample collection. The histology of all samples was centrally reviewed by a pathologist. None of the patients had received therapeutic medications or previous surgical interventions before sample collection.

Total RNA from the EC and adjacent normal tissues was extracted using an E.Z.N.A. Total RNA Kit I kit (Omega, Shanghai, China) and then reverse-transcribed into cDNA using a Evo M-MLV reverse transcription reagent kit (Accurate Biology, Hunan, China). The relative expression levels of DLC1 were determined by RT-qPCR using an SYBR Premix Ex Taq kit (TaKaRa, Shanghai, China) in a real-time PCR system. Finally, the threshold cycle (Ct) of the target gene and reference gene was obtained. All samples were set for two replicates, and the final results were averaged. The primer sequences used for amplification are shown in Table 2. GAPDH was used as the endogenous controls.


Table 2 | The primer sequences used for amplification.





Statistical Analysis

We used R (v.4.0.2) and SPSS 23.0 statistical software to perform statistical analysis. Box plot and violin plot were produced using R language with the ggpubr package. The gene expression difference of DLC1 was analyzed using the Wilcoxon rank-sum test. The survival analysis and clinical characteristic analysis were performed using R language. The survival curve was plotted by the Kaplan–Meier method and log-rank test as the statistical significance test; a P-value <0.05 indicated a statistically significant difference. The relationship between clinical characteristics and DLC1 expression level was evaluated using the Wilcoxon rank-sum or Kruskal–Wallis rank-sum test. The cutoff value of DLC1 expression was determined by its median value. We used 2−ΔΔCt to analyze the outcome of PCR. The distribution of paired sample difference disobeying a normality test was found. The median (interquartile range) was used for statistical description of DLC1 expression. The difference of DLC1 expression between matched EC and adjacent normal tissues was analyzed using the Wilcoxon signed-rank test. A P-value of less than 0.05 indicated a statistically significant difference.




Results


Assessment of DLC1 Expression in Different Cancer and Normal Tissues

We first analyzed the expression of DLC1 in multiple tumor and normal tissue types using the TCGA database to explore DLC1 expression in cancer and normal tissues. The analysis displayed that DLC1 expression significantly declined in normal controls in thyroid carcinoma. In contrast, DLC1 expression significantly decreased  in bladder urothelial carcinoma, breast invasive carcinoma, cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), cholangiocarcinoma (CHOL), kidney chromophobe, kidney renal papillary cell carcinoma (KIRP), liver hepatocellular carcinoma, lung adenocarcinoma, lung squamous cell carcinoma, prostate adenocarcinoma, rectum adenocarcinoma, and uterine corpus EC (UCEC) tissues compared with normal control tissues.

The expression of DLC1 in tumor and normal adjacent tissue samples in the TCGA dataset is displayed in Figure 1.




Figure 1 | Expression level of deleted in liver cancer 1 (DLC1) in different types of tumor and normal tissues in The Cancer Genome Atlas (TCGA) database (*P < 0.05, **P < 0.01, ***P < 0.001).





Relationship Between DLC1 Expression and Cancer Patient Prognosis

The study next analyzed the correlation between DLC1 expression and cancer patient prognosis. We employed the TCGA database to assess how DLC1 expression was related to prognosis by analyzing 33 TCGA cancer types. We demonstrated that the increase in DLC1 expression was related to a worse prognosis in ACC [overall survival (OS): P = 0.007, hazard ratio (HR) = 1.777, 95% CI = 1.166–2.708; disease-specific survival (DSS): P = 0.002, HR = 2.017, 95% CI = 1.306−3.115; progression-free interval (PFI): P < 0.001, HR = 2.156, 95% CI = 1.544–3.011] and LGG (OS: P < 0.001, HR = 2.431, 95% CI = 1.875–3.152; DSS: P < 0.001, HR = 2.765, 95% CI = 2.091−3.655; PFI: P < 0.001, HR = 2.178, 95% CI = 1.740−2.725). On the contrary, we found a relationship between decreased DLC1 expression and better patient prognosis in KIRC (OS: P < 0.001, HR = 0.682, 95% CI = 0.564–0.826; DSS: P < 0.001, HR = 0.618, 95% CI = 0.491−0.777; PFI: P = 0.001, HR = 0.738, 95% CI = 0.612−0.890), UVM (OS: P < 0.001, HR = 0.287, 95% CI = 0.154–0.537; DSS: P < 0.001, HR = 0.259, 95% CI = 0.131−0.513; PFI: P = 0.001, HR = 0.417, 95% CI = 0.244−0.713), and UCEC (OS: P = 0.002, HR = 0.556, 95% CI = 0.383–0.806; DSS: P = 0.006, HR = 0.544, 95% CI = 0.353−0.837; PFI: P = 0.007, HR = 0.676, 95% CI = 0.509–0.898) (Supplement Table 4).

These findings clearly demonstrated that DLC1 expression conspicuously correlated with the outcome of multiple tumor types (Figures 2, 3).




Figure 2 | Relationship between DLC1 expression and prognosis of various types of cancer in the TCGA database (A–O). Patients were divided into high-expression and low-expression groups depending on the comparison with the median expression level using the log-rank test. OS, overall survival; DSS, disease-specific survival; PFI, progression-free interval.






Figure 3 | Forest plots of studies investigating the correlation between DLC1 expression and prognosis of various types of cancer in the TCGA database. (A) Forest plots for overall survival; (B) forest plots for disease-specific survival; (C) forest plot for progression-free interval. HR, hazard ratio; CI, confidence interval.





Decreased Expression of DLC1 in EC Predicts a Poorer Prognosis

We focused on DLC1 expression in UCEC for a subsequent set of analyses, including DLC1 expression and clinical characteristic correlation analysis, survival analysis, and Cox logistic regression analysis.

After excluding normal UCEC samples, DLC1 expression data of 543 patients with EC and clinical data were preserved from the TCGA database (Table 1).

In this study, the Wilcoxon rank-sum test displayed that the DLC1 expression significantly decreased in the tumor samples compared with normal ones (Figure 4A). Similar results were observed in the pairing analysis between the normal and tumor tissues that originated from the same patients (Figure 4B). Next, using the Wilcoxon rank-sum test and the Kruskal–Wallis test, we discovered that the reduced expression of DLC1 was significantly related to tumor histological types (EEA vs. SEA, P = 8.2e−05), histological grade (G2 vs. G3, P = 0.03), clinical stage (P = 0.047), BMI (P = 0.036), diabetes (P = 0.018), event (P = 0.004), and menopause status (P = 8.6e−07) (Figures 4D–I). As shown in Table 3, age, stage, grade, and DLC1 expression were demonstrated as independent prognostic indicators for patients with UCEC (P < 0.05). Multivariate Cox analysis displayed that poor OS had a significant correlation with age (P < 0.001, HR = 1.047, 95% CI = 1.019–1.076), stage (P < 0.001, HR = 1.859, 95% CI = 0.538–2.325), grade (P = 0.001, HR = 2.569, 95% CI = 1.458–4.525), and DLC1 expression (P = 0.003, HR = 0.695, 95% CI = 0.547–0.882).




Figure 4 | Expression level of DLC1 in samples and its correlation with the clinical characteristics and survival of patients with uterine corpus endometrial carcinoma (UCEC). (A) DLC1 expression in the normal and tumor samples. Analyses were performed across all normal and tumor samples with P-value close to zero using the Wilcoxon rank-sum test. (B) Paired differentiation analysis for the DLC1 expression in the normal and tumor samples derived from the same patient (P = 5.572602e−05) using the Wilcoxon signed-rank test. (C–I) Relationship between DCL1 expression and clinical characteristics and survival. The statistical significance was calculated using the Kruskal–Wallis rank-sum test or Wilcoxon rank-sum test.




Table 3 | Univariate analysis and multivariate analysis of the correlation of DLC1 expression with OS among endometrial carcinoma patients.





DLC1 Might Be Associated With the Immune and Stromal Components in the TME

Given the DLCI expression was associated with the survival and clinical characteristics of patients with UCEC, GSEA was performed in the high-expression and low-expression groups relative to the median level of DLCI expression. The tumor immunity- and inflammation-related activities, such as Wnt signaling pathway, leukocyte transendothelial migration, and JAK–STAT signaling pathway, were mainly enriched in the high-DLC1 expression group (Figure 5A).




Figure 5 | GSEA for samples with high-DLC1 and low-DLC1 expression. (A) Enriched gene sets in the KEGG collection of the high-DLC1 expression sample. Each line is uniquely colored demonstrating one particular gene set. Upregulated genes are located on the left approaching the origin of the coordinates, while the downregulated ones lay on the right of the x-axis. Only gene sets satisfied with NOM P <0.05 and FDR q <0.07 were considered significant. In the plot, only leading gene sets are presented. (B) Enriched gene sets in the KEGG collection of low-DLC1 expression sample. (C) Enriched gene sets in C7 collection and the immunologic gene sets in the high-DLC1 expression sample. Only leading gene sets are displayed in the plot.



In the low-DLC1 expression group, the metabolic pathways that were enriched included pyrimidine metabolism, pyruvate metabolism, alanine aspartate and glutamate metabolism, and oxidative phosphorylation (Figure 5B). Regarding the C7 collection defined by MSigDB, multiple immune functional gene sets were predominantly enriched in the high-DLC1 expression group (Figure 5C). Nevertheless, no gene sets were enriched in the low-DLC1 expression group. Based on the aforementioned results, we postulated that DLC1 might be associated with the immune and stromal components in the TME.



Relationship Between DLC1 and the Proportion of TICs

The study further verified the relationship between DLC1 expression and the immune microenvironment. We applied the CIBERSORT algorithm to analyze the proportion of tumor-infiltrating immune subsets and constructed a profile including 21 kinds of immune cells in UCEC samples (Figure 6). A total of three kinds of TICs were associated with DLC1 expression, as detected by the difference and correlation analyses (Figure 7).




Figure 6 | Tumor-infiltrating immune cell (TIC) profile in tumor samples and correlation analysis. (A) Proportion of 21 kinds of TICs in UCEC tumor samples is displayed by a ballot plot. Column names of the plot correspond to sample ID. (B) Heatmap presenting the relationship between 21 kinds of TICs and numeric in each tiny box representing the association P-value between two kinds of cells. The shade of each tiny color box indicates the corresponding association value between two cells. The significance test was displayed using Pearson correlation coefficient.






Figure 7 | Relationship between TIC proportion and DLC1 expression. (A) Differentiation of 21 kinds of immune cells in UCEC tumor samples with low- or high-DLC1 expression compared with the median of DLC1 expression level was shown by a violin plot. The significance test was displayed using Wilcoxon rank-sum. (B) Scatter plot showed the relationship between six kinds of TICs in proportion with the DLC1 expression (P < 0.05). The blue line in each plot was fitted into a linear model indicating the proportion of tropism of the immune cells along with DLC1 expression; the correlation test was displayed using the Pearson correlation coefficient. (C) Venn plot presented three kinds of TICs relative to DLC1 expression co-determined by difference and correlation tests indicated in violin and scatter plots, respectively.



Among these, the proportion of resting memory CD4 T cells and resting mast cells positively correlated with DLC1 expression. However, the number of macrophages M2 had a negative correlation. The results confirmed that the expression levels of DLC1 influenced the immune activity of the TME.



Target Gene Expression Validation

As shown in Figure 4, we found DLC1 with lower expression levels in tumor samples (Figures 4A, B); patients with the high expression of DLC1 exhibited prolonged survival (Figures 2J–L). We then collected 17 UCEC samples and adjacent normal tissue samples to validate the expression of DLC1 in patients with UCEC. The expression of DLC1 was consistently downregulated in tumor samples (Figure 8A).




Figure 8 | Validation of the target gene by RT-qPCR analysis and validation of DLC1 protein expression based on a dataset from cBioPortal. (A)Tumor tissues and paired normal tissues were derived from 17 patients with EC, and Wilcoxon signed-rank test was used for evaluating the statistical significance of differences. (B) Relationship between DLC1 protein expression and prognosis of EC in the cBioPortal database. Patients were divided into high-target protein expression or low-target protein expression group depending on the comparison with the median expression level using the log-rank test. (C) DLC1 protein expression in the normal and tumor samples. Analyses were performed across all normal and tumor samples with P-value close to zero using the Wilcoxon rank-sum test.





Target Protein Expression Validation

We download a dataset [Endometrial Cancer (MSK, 2012)] of 95 patients with UCEC (83 endometrioid and 12 serous tumors) from the cBioPortal database to investigate the endogenous protein levels of DLC1. The target protein level was consistently downregulated in tumor samples. Survival analysis demonstrated that the decrease in DLC1 protein level was related to a worse prognosis (P = 0.04) (Figure 8B, C).




Discussion

This study sought to find out the correlation between DLC1 expression and EC prognosis through TCGA database and subsequently explore its related mechanism. DLC1 is associated with immune activity. Importantly, a series of bioinformatics analyses suggested that DLC1 might be an essential regulator of the TME status for patients with EC.

In this study, we assessed the expression of DLC1 in 33 different types of cancers using the TCGA database, so as to reveal the differences between tumor and normal tissue expression of DLC1 in many cancers. We explored the prognostic relation between the expression of DLC1 and 33 different types of cancers, indicating the correlation between lower DLC1 expression and a poor UCEC prognosis. DLC1 is viewed as a potential tumor suppressor. A study showed that restoring DLC1 expression in cancer cells induced apoptosis and senescence, inhibited migration and invasiveness, and reduced tumor formation (16). Suppressing DLC1 degradation could inhibit the migration through the DLC1/RhoA pathway in breast cancer (17). The upregulated expression of DLC1 could inhibit the migration from 32.5% to 11.5% in HCC cells, and its post-translational modification was mediated by PI3K/Akt signaling (18). The restoration of DLC1 expression in gallbladder cancer cells resulted in caspase-3‐mediated apoptosis (19). DLC1 may mediate cell apoptosis and suppress the growth and invasion through regulating the Wnt/β-catenin signaling pathway (20). Despite a series of studies focusing on DCL1, the mechanism of its influence on cancer cells has not yet been completely elucidated.

We further explored whether the expression of DLC1 was related to histological type, histological grade, clinical stage, BMI, diabetes, event, and menopause status. DLC1 expression was significantly lower in the late stages than in the early stages of cancer. These results suggested that DLC1 might serve as a prognostic marker of EC. A report showed that DLC1 was often lost in cancer cells. It remained within the stromal components and was concentrated in proximity to endothelial (CD34 positive) cells (21). Therefore, we further analyzed the relationship between DLC1 expression and TME. The GSEA results showed that the metabolic pathways including pyrimidine metabolism, pyruvate metabolism, alanine aspartate and glutamate metabolism, and oxidative phosphorylation were enriched in the low-DLC1 expression group. A study suggested that stroma-associated pancreatic stellate cells supported malignant cells by providing nutrients such as alanine and lipids to the TME (22). This might be part of the mechanisms underlying the relationship between DLC1 and tumor prognosis. In the high-DLC1 expression group, tumor immunity-related signaling pathways, such as Wnt signaling pathway, leukocyte transendothelial migration, and JAK–STAT signaling pathway, were markedly enriched. Our study found that the balance between typical tumor pathways and metabolism affected the immunity status to a certain degree. Accordingly, the downregulation of DLC1 with the advancing stage of UCEC and the conversion of TME from immune-predominant into metabolic-dominant status indicated that DLC1 might be a potential tumor suppressor in UCEC.

The CIBERSORT analysis for the proportion of TICs revealed that the number of macrophages M2 negatively correlated with DLC1 expression in patients with UCEC. Different TAM subsets play a role in the inhibition of tumor progression. The levels of anti-inflammatory cytokines, scavenging receptors, angiogenesis factors, and protease were higher in M2-like macrophages than in M1-like macrophages. Therefore, TAMs were deemed to promote tumor progression. Cytokines are highly dynamic in the TAM compartment. The macrophage-centric treatments include transformation into M1-like macrophages. A recent study demonstrated a cross talk between tumor cells and TAMs via SIGLEC1, CCL8, and CSF1 (13). We concluded that the expression of DLC1 negatively correlated with SIGLEC1 and CCL8 expression using the TIMER website, which further proved that DLC1 expression was negatively related to M2-like macrophages (Supplement Table 3). Therefore, our findings might offer new ideas for macrophage-related treatments in EC.

TAMs can be polarized into M2-like or M1-like macrophages (distinct TAM subsets) that can induce or repress antitumor immunity, angiogenesis, and cell migration (23). M2-like macrophages express higher levels of anti-inflammatory cytokines, scavenging receptors, angiogenesis factors, and proteases compared with M1-type macrophages (23, 24). In consequence, TAMs are confirmed to stimulate tumor progression. Cytokines within the TME compartment, which is highly dynamic, can manipulate immune functions (6, 25). TAM-centered therapeutic approaches include inducing TAMs to form M1-like macrophages (26).

Studies showed that a multidisciplinary approach to the study of tumors could better identify novel diagnostic and prognostic biomarkers based on the analysis of high-quality biobanks, as well as help formulate better management (27–30). In the final part of the study, we applied real-time quantitative PCR to determine the expression of DLC1 in EC and adjacent normal tissue samples. Then, the DLC1 protein level was assessed using a dataset from the cBioPortal database for final verification. Therefore, DLC1 is a valuable prognostic biomarker correlated with TME remodeling in EC. Finding an efficient method to upregulate DLC1 expression may provide an adjuvant treatment for patients with UCEC who are deficient in DLC1 expression.



Conclusions

Our study first analyzed the expression of DLC1 in multiple tumor and normal tissue types using the TCGA database, displaying that DLC1 expression significantly declined in UCEC. We concentrated on DLC1 in UCEC for a subsequent set of analyses. We discovered that the decreased expression of DLC1 in EC predicted a poorer prognosis. GSEA was performed to further investigate the mechanism. The tumor immunity- and inflammation-related activities were mainly enriched in the high-DLC1 expression group, while metabolic pathways were enriched in the low-DLC1 expression group. Therefore, we postulated that DLC1 might be associated with the immune and stromal components in the TME. We applied for the CIBERSORT algorithm and discovered that resting memory CD4 T cells and resting mast cells positively correlated with DLC1 expression, but the number of macrophages M2 had a negative correlation. Finally, we applied real-time quantitative PCR to determine the expression of DLC1 in EC and adjacent normal tissue samples for further verification. Then, the DLC1 protein level was assessed using a dataset from the cBioPortal database for final verification. These results allowed a more comprehensive understanding of the mechanism of DLC1 affecting the EC prognosis, shedding a different light on the immune therapeutics of UCEC. However, the study had certain limitations in terms of the small number of human samples and the lack of functional studies on EC. More human samples and the corresponding clinical data should be collected to confirm the findings based on the databases.
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To estimate the effects of early cervical lesions (ECL) on female reproductive function and IVF/ICSI cycle outcomes, a retrospective cohort study involving 111 infertile women from 2014 to 2019 was performed. Thirty-seven women with a history of ECL and seventy-four controls, undergoing IVF/ICSI cycles, were included in the ECL group and comparison group respectively. Demographic characteristics, ovarian reserve, and IVF/ICSI cycle outcomes of both groups were collected. Basal serum FSH level, AMH level, AFC, number of oocytes retrieved and matured, normal fertilization rate, embryo available rate, blastocyst formation rate, implantation rate, pregnancy rate, and cumulative live birth rate (CLBR) were assessed and compared. We observed that while both groups were similar concerning baseline features, significantly more women in the ECL group were diagnosed as poor ovarian response (POR), compared with those in the comparison group (27.0% vs. 10.8%, P=0.003). The pregnancy rate and LBR for a complete cycle were both significantly lower in the ECL group (38.5% vs. 58.8%, P=0.021; 28.9% vs. 48.2%, P=0.025, respectively). The conservative and optimal CLBRs for up to four complete cycles in the ECL group were also lower than those in the comparison group (40.5% vs. 55.4%, P=0.140; 45.9% vs. 67.6%, P=0.028). Longer time intervals (over one year) between ECL diagnosis/treatment and assisted reproductive technology (ART) cycle start negatively affected the pregnancy rate and LBR. In conclusion, female patients with ECL history seemingly have a lower ovarian reserve, reduced pregnancy rate, and decreased live birth rate (LBR), compared with age-matched women undergoing IVF/ICSI.
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Introduction

Cervical cancer remains the fourth most common cancer in women (1). With the development and popularization of screening methods, patients with cervical lesions can be early diagnosed and receive fertility-sparing treatment (2, 3). Cervical intraepithelial neoplasia (CIN), or squamous intraepithelial lesion (SIL), known as the pathological diagnosis of cervical precancerous lesion, was classified into low-grade lesion (CIN1) and high-grade lesions (CIN2 and CIN3), based on the different morphological characteristics and clinicopathological processes. CIN1 is attributed to active human papillomavirus (HPV) infection and usually regresses without treatment, while the high-grade SIL and early invasive cervical cancer, may need surgical treatments, such as conization, loop electrosurgical excision procedure (LEEP), and trachelectomy (4, 5).

The fecundability and obstetric outcomes of the patients with a history of early cervical lesions (ECL), including CIN and early invasive cancer, were analyzed previously. A case-control study showed a 2-fold increase in risk of infertility for women after CIN treatments compared with untreated women (6), while other studies involving larger samples demonstrated no evident adverse effects of CIN history and treatments on fertility (7, 8). As for early invasive cervical cancer, previous studies mainly focused on obstetric outcomes following different-type surgeries, such as abdominal, vaginal, or robot-assisted radical trachelectomy, aiming to prove the feasibility and safety of surgeries (9–12). Generally, most studies indicated that no significant negative effect of ECL and related surgical treatment on female fertility was observed.

But like the non-oncology population, even if the treatment of the cervix does not increase the prevalence of infertility, some patients are unable to conceive spontaneously for various reasons and require assisted reproductive technology (ART) to obtain offspring (7, 13). Whether the infertile patients with an ECL history would experience worse ART outcomes remains to be explored. In the current study, by retrospective analyses of the patients with ECL history undergoing ART in our center, the ovarian reserve, ovarian response, embryo development, and obstetrical outcomes were compared with those of the comparison group, to estimate the effect of ECL on female reproductive function and in vitro fertilization (IVF)/intracytoplasmic sperm injection (ICSI) outcomes.



Materials and Methods


Study Population

All women undergoing IVF/ICSI cycles from January 2014 to December 2019 at the Reproductive Medicine Center of Tongji Hospital in Wuhan, China were reviewed. Thirty-seven women who were noted to have a history of pathologically confirmed ECL were included in the ECL group. For each patient, two age-matched controls with similar body mass index (BMI) and infertility type during the same period were included in the comparison group. Women with other benign or malignant tumors, polycystic ovarian syndrome (PCOS), endometriosis, congenital abnormality, previous ovarian surgery, oocyte donors, and preimplantation genetic diagnosis cycles were excluded from the analyses in both groups.

The original study was approved by the Ethical Committee of Tongji Hospital, Tongji Medicine College, Huazhong University of Science and Technology on 24 April 2019 (#[2019]S964). Each of the patients had given written informed consent at the time of treatment for the future use of their clinical data.



Ovarian Stimulation Protocol, Oocyte Retrieval, and Embryo Transfer

Ovarian stimulation protocols have been processed as previously described (14, 15). Briefly, pituitary suppression was achieved by injection of GnRH agonist starting in the mid-luteal phase of the previous cycle or GnRH antagonist starting with the existence of follicles measuring 13-14 mm in diameter. The dosage and duration of recombinant follicle-stimulating hormone (FSH) were adjusted based on individual ovarian responses. When two to three leading follicles reached a mean diameter of 18 mm, intramuscular injection of recombinant human chorionic gonadotropin (hCG) was performed, and oocytes were retrieved by guided transvaginal ultrasound 36-38h after hCG administration. The IVF or ICSI were performed as appropriate, and embryo transfer was performed on day 3 after oocyte retrieval. The surplus available embryos were frozen on day 3 or further cultured to day 5 or 6 for cryopreservation. Transfer with cryopreserved embryos was performed after priming the uterus with estrogen.



Data Collection

Demographic characteristics, including age at cycle start, BMI, infertility duration, infertility type, and causes of infertility, were collected. Basal serum FSH level, antimüllerian hormone (AMH) level, and antral follicle count (AFC) were extracted for assessment of ovarian reserve. IVF/ICSI cycle information extracted included the amount of gonadotropin used, total days of ovarian stimulation, estradiol (E2) level, number of large follicles on hCG trigger day, number of oocytes retrieved and matured, available embryos, blastocysts, embryos transferred, pregnancies, and live births. For the ECL group, detailed information about cervical lesion type, treatment, and time from diagnosis/treatment of cervical lesion to cycle start was recorded.



Criteria of Assessment

Women with poor ovarian response (POR) were classified with at least two of the three following features: advanced maternal age (≥40 years) or any other risk factor for POR; a previous POR (≤3 oocytes with a conventional ovarian stimulation protocol); and an abnormal ovarian reserve test (i.e. AFC <5–7 or AMH <0.5–1.1 ng/ml), according to the Bologna criteria (16). The normal fertilization rate was defined as the number of 2PN zygotes divided by the number of matured oocytes; the cleavage rate was defined as the number of cleaved embryos divided by the number of fertilized oocytes; the available embryo rate was defined as the number of embryos available for transfer, freezing, and extended culture divided by the number of normally-fertilized and cleaved embryos (including the late-cleaved embryos); the blastocyst formation rate was the number of blastocysts divided by the number of day 3 embryos for extended culture; the good-quality blastocyst formation rate was the blastocysts available for cryopreservation divided by the number of day 3 embryos for extended culture. Implantation rate referred to the ratio of the number of gestational sacs to the number of embryos transferred. Clinical pregnancy was confirmed if an intrauterine fetal heartbeat could be observed by transvaginal ultrasound. The live birth was defined as the birth of at least one live child after 28 weeks of gestation. Deliveries of multiple pregnancies were counted as one live birth.

For first-cycle cumulative live birth rate (CLBR) assessment, live birth rates (LBR) were calculated following every embryo-transfer procedure during the first complete cycle. For multiple cycles, two kinds of CLBRs were calculated. The conservative CLBR was calculated based on the assumption that women who discontinued ART treatment would not have achieved live birth if they had continued, while the optimal CLBR assumed that women who discontinued treatment would have had the same chance of live birth with continued ART as those who did continue (17). Women were considered to have discontinued ART treatment if they failed to have a treatment-dependent live birth and did not return for further ART cycles until 31 December 2019.



Statistical Analysis

Data were analyzed and presented using SPSS software (SPSS Inc, version 22.0) and Graphpad Prism (version 8.0). Continuous data were analyzed with Kruskal-Wallis nonparametric method and expressed as median (interquartile range [IQR]), or with a Student t-test if data were normally distributed. Categorical data were presented as the number of cases and frequency (percentage), with a Chi-Square test to assess between-group differences. Logistic regression was performed to explore the influencing factors of cycle outcomes. The conservative CLBR estimate was calculated as the number of live births up to and including a specific treatment cycle, divided by the number of women who started their first ART cycle during the study period. The optimal estimate of CLBR was calculated by the Kaplan-Meier method upon inclusion of all treatment cycles in the analysis. Log-rank test and Kaplan-Meier curves with live birth considered as an event were used to illustrate differences between groups (14). Wald P-values were two-sided; P<0.05 was considered to be significant.




Results


Baseline Characteristics

Thirty-seven women with a history of ECL, involving fifty-three IVF/ICSI cycles, were identified and included in the ECL group. Age-matched women were included in the comparison group at a ratio of 1:2, with eighty-six IVF/ICSI cycles. The median age of women commencing ART in both groups was 34 years. Other baseline features, including BMI, infertility type and duration, and infertility cause, were also similar between the two groups (Table 1).


Table 1 | Demographic characteristics of the ECL and comparison groups.



Among the 37 patients with ECL history, 31 (83.8%) have been diagnosed as CIN and others as cervical cancer, based on pathological evidence. Four CIN1 patients and two CIN2 patients have received no treatment but regular follow-up, and three patients with CIN3 or early-stage cancer have undergone trachelectomy, with different extents of resection. Most patients (75.7%) have been treated with conization or LEEP. All patients underwent the re-examination of HPV infection and Thinprep cytologic test (TCT) regularly after cervical surgeries and specially prior to ART treatment, to exclude recurrence. Nearly half of the patients (45.9%) started the ART cycles within one year after ECL diagnosis or treatment, while 29.7% did not choose ART until two years later (Supplementary Table S1).



Ovarian Reserve and Response

According to our observation, the ECL group had higher basal FSH level (median: 8.9 vs. 7.3 mIU/mL, P<0.001), lower AMH level (2.0 vs. 3.2 ng/mL, P=0.009), and fewer AFC (8.0 vs. 11.0, P<0.001) than the comparison group (Table 2). After stimulation, the ECL group reached significantly lower E2 levels and fewer large follicles on hCG trigger days, consequently fewer oocytes were obtained (6.0 vs. 9.0, P=0.015), although the oocyte maturation rates were similar between the two groups. Based on the Bologna criteria, more women with a history of ECL were diagnosed as POR compared with those without cervical lesion history (27.0% vs. 10.8%, P=0.003).


Table 2 | Ovarian reserve and response to stimulation in the ECL and comparison groups.





IVF/ICSI Results, Obstetric and Neonatal Outcomes

As for the IVF/ICSI results, no significant differences were observed in normal fertilization rate, cleavage rate, available embryo rate, blastocyst formation rate, and good-quality blastocyst formation rate between the two groups. For fresh-embryo transfer cycles, the average numbers of transferred embryos were 1.26 and 1.41 in the ECL and comparison group, respectively (P>0.05). However, we found that the implantation rate, pregnancy rate, and LBR following fresh embryo transfer in the ECL group were all significantly lower than those in the comparison group (20.7% vs. 53.9%, P=0.002; 26.1% vs. 61.1%, P=0.005; 21.7% vs. 50.0%, P=0.021, respectively).

All pregnant women were followed up until a live birth was achieved or abortion occurred after their last IVF/ICSI cycles. For one complete cycle, which encompasses the outcomes from fresh and all frozen/thawed embryo transfers following one ovarian stimulation, the pregnancy rate and LBR of the ECL group were also significantly lower than those of the comparison group (38.5% vs. 58.8%, P=0.021; 28.9% vs. 48.2%, P=0.025, respectively) (Table 3).


Table 3 | IVF/ICSI results and obstetric outcomes of ECL and comparison groups.



For the first complete cycle, the CLBR following every embryo-transfer procedure rose from 27.0% to 35.1% in the ECL group, and from 39.2% to 51.4% in the comparison group (P=0.113), shown in Figure 1. The conservative and optimal CLBRs for up to four complete cycles were presented in Figure 2. Overall, the CLBR was 35.1% for the first complete cycle of the ECL group, rising to 40.5% (conservative) and 45.9% (optimal) for the second cycle, while in the comparison group, the CLBR rose from 51.4% for the first cycle to 55.4% (conservative) and 67.6% (optimal) for the second cycle. The difference of optimal CLBRs between the two groups was significant (P=0.033). CLBRs did not increase from the third cycle in either group.




Figure 1 | The CLBR following every embryo-transfer procedure for the first complete cycle. For each complete cycle, the LBR following every embryo-transfer procedure rose from 27.0% to 35.1% in the ECL group (red line), and from 39.2% to 51.4% in the comparison group (green line). The difference between the two groups was not significant (P=0.113).






Figure 2 | The conservative and optimal CLBRs for up to four complete cycles in both groups. The CLBR was 35.1% for the first complete cycle of the ECL group, rising to 40.5% (conservative) and 45.9% (optimal) for the second cycle. In the comparison group, the CLBR rose from 51.4% for the first cycle to 55.4% (conservative) and 67.6% (optimal) for the second cycle. The difference of optimal CLBRs between the two groups was significant (P=0.033), although not significant for conservative CLBRs (P=0.139). CLBRs did not increase from the third cycle in either group.



Considering the significantly lower pregnancy rate and LBR in the ECL group, factors such as age, BMI, lesion type, treatment, and the time interval between ECL diagnosis/treatment and IVF/ICSI cycle, were included in multivariate logistic regression for analysis (Supplementary Table S2). The results showed that higher BMI negatively affected the pregnancy rate but not the LBR. The pregnancy rate and LBR were both significantly reduced in patients with a time interval of more than one year between ECL diagnosis/treatment and IVF/ICSI, compared with the ones who started cycles within one year (pregnancy rate: 45.0% vs. 65.7%, OR: 0.087 [0.008-0.963], P=0.047; LBR: 30.0% vs. 52.9%, OR: 0.022 [0.001-0.623], P=0.027), although the median ages at cycle start were similar (33.5 vs. 34.0 years).

Of all the live births obtained by single embryo transfer in both groups, none were preterm delivery. All preterm births occurred during the course of twin pregnancies, and the incidence of preterm births and neonatal weight did not differ significantly between the two groups. Very few women in either group have maternal complications, including gestational diabetes, hypertensive disorder, and placental abnormalities. There were no cases of neonatal defects in both groups (Table 3).




Discussion

As mentioned before, nowadays cervical lesions could be detected in early stage, and the risk of pre-invasive to invasive lesions shift might be predicted, based on the evaluation of some biomarkers, such as p16ink4a, p16, E-cadherin, Ki67, pRb, and p53 (18). Moreover, through the application of sentinel lymph node (SLN) mapping, the surgical treatment of cervical lesions also became more accurate (19). All these advances in technologies and concepts dramatically increased the fertility sparing opportunity for patients with cervical lesions, and also highlighted the necessity of reproductive evaluation and fertility guidance for these patients.

The results of this study suggest that female patients with CIN or early cervical cancer history have lower ovarian reserve, reduced pregnancy rate, and decreased CLBR, compared with age-matched women undergoing IVF/ICSI. Although the infertility rate and IVF delivery proportion of patients with ECL history were not increased according to previous studies (7, 8), it appears that those infertile patients do not have an optimal outcome in seeking ART treatment. Moreover, the time interval between ECL diagnosis/treatment and ART cycle start is seemingly associated with the pregnancy rate and LBR.

The deleterious impact of ECL history on the ovarian reserve is unexpected because lesions were localized and all treatments did not seem to directly involve the ovaries. The underlying mechanisms probably involve cervical treatments, HPV infection, and the potential reproductive damaging effects of the tumor itself:

The various cervical treatments reportedly caused different pregnancy results (20), while very little literature investigated their effects on ovarian reserve. Spracklen et al. reported that women with a history of LEEP required more time to conceive a pregnancy resulting in live birth when compared to similar women with no history of cervical surgery (6), but Sklavos et al., attempting to clarify the mechanism, found that the delayed time to pregnancy is likely not due to a LEEP-associated decrease in ovarian reserve as measured by AMH (21). Another study involving eighteen patients undergoing abdominal radical trachelectomy found no significant differences in AMH levels between surgery group and control group (22). However, the conclusions require further verification due to the small sample size. In the current study, the effect of cervical treatments was not evaluated specifically considering the limited number of untreated patients and possible inconsistency in surgical operations.

As for HPV infection, the majority in the ECL group (67.6%) were with clear evidence of HPV positive when they were diagnosed as ECL, but more information regarding HPV types was regrettably missing. A most recent study investigated the long-term impact of being diagnosed with high risk (HR)-HPV-positive and HR-HPV-negative lesions in a large group of women treated with conization for high-grade cervical dysplasia, and found that HR-HPV-positive patients experienced a 8-fold increase risk of recurrence than HR-HPV-negative counterpart (23). We speculated the HR-HPV infection might have a more sustained impact on patients. However, there is a lack of studies regarding HPV effects on female hormones or oocyte production, while more attention has been focused on the impact of HPV vaccines on ovarian reserve (24). Although a causal conclusion cannot be confirmed by now, six case reports indicated a possible association between the 4-valent HPV vaccine and primary ovarian insufficiency (POI) (25, 26). We hypothesized that HPV, which contains more active biological substances than its vaccine, may be more likely to be detrimental to ovarian function. More research regarding the long-term effect of HPV infection or 2-, 4-, 9-valent vaccines on ovarian reserve is required.

Additionally, the impact of the tumor itself on reproductive function should not be ignored. A meta-analysis reviewed seven studies that evaluated the ovarian performance of patients with cancers, including breast cancer, lymphoma or leukemia, gynecologic cancer, or other malignancies. The result showed that, even before radio/chemotherapy, the number of retrieved oocytes among patients with cancer was significantly lower compared with age-matched healthy IVF patients (27). In a recent study exploring the impact of cancer type on ovarian response to stimulation for fertility preservation, a lower ovarian response in patients with gynecologic cancers was identified (28). However, the conclusion remains controversial, based on the conflicting results of other studies (29, 30), and more studies are also needed to reveal the mechanisms.

Simultaneously, the ART outcomes of ECL patients in our study were also unsatisfactory. Two kinds of CLBRs in the ECL group were lower than those in the comparison group, with a statistical significance in optimal CLBRs difference. The conservative CLBR is pessimistic, while the optimal CLBR is probably overly optimistic, based on their computational principles. As the prognosis-adjusted CLBRs were closer to the optimal than the conservative estimate (17), we have more reason to believe that the ECL group did suffer from a lower CLBR.

HPV infection may be involved. Spandorfer et al. have reported significantly decreased pregnancy rates in IVF cycles in women with cervical HPV infection (without cytological abnormalities) who were undergoing IVF compared with those who were HPV negative (23.0% vs. 57.0%, respectively), and no significant difference in the miscarriage rates was found (31). Another study of 199 infertile couples, however, showed a marked increase in the risk of pregnancy loss when HPV infection was diagnosed (32). Importantly, a cervical lesion requiring treatment is more complex than a simple HPV infection, and the different treatments could affect ART outcomes, as shortened cervical length and abnormal cervical function are likely to increase the risk of miscarriage or preterm delivery (7, 33). The current study firstly presented a reduced pregnancy rate and CLBR in patients with cervical lesions undergoing ART treatment, while the impact on preterm delivery rate was not significant.

Our study took the ovarian reserve of ECL patients into consideration, which has usually been ignored by other researchers assessing the effect of HPV or cervical treatment on ART outcomes. In addition, the CLBRs were calculated both conservatively and optimistically to present the ART outcomes that patients are most concerned about. Limitations of this study include its retrospective and single-center nature, with a rather small sample size. The influence of treatment methods was not assessed specifically as the patients received surgeries in different centers.

In conclusion, we have shown that a history of early cervical lesion among infertile women may have a significantly negative impact on the ovarian reserve and IVF/ICSI outcomes, with a higher incidence of POR and lower live birth rate. This study provides data support for further exploration of the effects of cervical cancer and other tumors on fertility and also advocates that oncologists and reproductive physicians pay more attention to these patients. Comprehensive ovarian function assessment, individualized fertility guidance, and planned follow-up by professionals are recommended for patients with early cervical lesions history.
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The clinical benefit of neoadjuvant chemotherapy (NACT) before concurrent chemoradiotherapy (CCRT) vs. adjuvant chemotherapy after CCRT is debated. Non-response to platinum-based NACT is a major contributor to poor prognosis, but there is currently no reliable method for predicting the response to NACT (rNACT) in patients with locally advanced cervical cancer (LACC). In this study we developed a machine learning (ML)-assisted model to accurately predict rNACT. We retrospectively analyzed data on 636 patients diagnosed with stage IB2 to IIA2 cervical cancer at our hospital between January 1, 2010 and December 1, 2020. Five ML-assisted models were developed from candidate clinical features using 2-step estimation methods. Receiver operating characteristic curve (ROC), clinical impact curve, and decision curve analyses were performed to evaluate the robustness and clinical applicability of each model. A total of 30 candidate variables were ultimately included in the rNACT prediction model. The areas under the ROC curve of models constructed using the random forest classifier (RFC), support vector machine, eXtreme gradient boosting, artificial neural network, and decision tree ranged from 0.682 to 0.847. The RFC model had the highest predictive accuracy, which was achieved by incorporating inflammatory factors such as platelet-to-lymphocyte ratio, neutrophil-to-lymphocyte ratio, neutrophil-to-albumin ratio, and lymphocyte-to-monocyte ratio. These results demonstrate that the ML-based prediction model developed using the RFC can be used to identify LACC patients who are likely to respond to rNACT, which can guide treatment selection and improve clinical outcomes.




Keywords: locally advanced cervical cancer, neoadjuvant chemotherapy, machine learning analysis, predictive model, pathology response



Introduction

Cervical cancer is a malignant tumor and major cause of morbidity and mortality, with an estimated 500,000 new cases and 300,000 deaths each year (1, 2). Over the past decade, substantial progress has been made in the early diagnosis and treatment of locally advanced cervical cancer (LACC) (3). The standard treatments for LACC are surgery, radiation therapy, and chemotherapy (CT) (3), but none of these are optimal. Local residual disease following chemoradiotherapy (CRT) can be treated by salvage surgery; however, this is associated with various complications (4, 5). Additionally, the response of LACC patients to radical surgery after radiotherapy and CT is generally poor, while radiotherapy may not be a treatment option in low-income countries (6, 7). As such, there is a need for more effective and accessible treatment options for LACC.

As a potential alternative therapy, platinum-based neoadjuvant (NA)CT has been shown to reduce tumor volume (3, 8). According to the International Federation of Gynecology and Obstetrics (FIGO) classification system of 2009, NACT can be considered for patients with stage IB2 to IIA2 LACC, especially before radical hysterectomy (9–11). Cisplatin-based NACT is associated with improved long-term survival rates in LACC (12–14). However, there are currently no models that can accurately predict the pathologic response to NACT in these patients, although this could facilitate clinical management. Machine learning (ML) is a data analysis method with applications in healthcare (15). Compared to conventional statistical models, ML-based ensemble analysis can ensure robustness of a statistical model and improve its predictive accuracy through iterative algorithms.

There is no consensus on the cutoff for optimal response to NACT (rNACT) in patients with LACC, with overall response rates to NACT ranging from 52 to 95% (16, 17). In this study, we applied ML-based algorithms to establish a model to accurately predict rNACT in LACC patients by using preoperative clinical parameters and inflammatory markers.



Methods


Patient Selection

Patients who were diagnosed with FIGO stage IB2–IIA2 cervical cancer at the Tongji Hospital of Tongji Medical College, Huazhong University of Science and Technology (Wuhan, China) between January 2010 and December 2020 were retrospectively enrolled in this study. The inclusion criteria for patients were as follows: (i) received platinum-based NACT, without adverse effects; (ii) received a standard cycle of NACT before the operation with no other treatment; (iii) underwent systematic physical examination before the operation, including peripheral blood monitoring and imaging examination; and (iv) a complete set of medical data was available. We excluded patients who had severe organ injuries or incomplete clinical parameters, laboratory test results, and imaging findings in their medical records. The study protocol was in compliance with the provisions of the Helsinki Declaration (2013 revision) and was approved by the Institutional Review Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology (TJ-IRB20210631). All information of the patients was strictly confidential and informed consent was waived due to its traceability. The workflow for LACC patient selection and model construction is summarized in Figure 1. The study was approved by the Institutional Review Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology (TJ-IRB20210631).




Figure 1 | Flow diagram of patient selection and data processing. ANN, artificial neural network; CIC, clinical impact curve; DCA, decision curve analysis; DT, decision tree; FIGO, International Federation of Gynecology and Obstetrics; RFC, random forest classifier; ROC, receiver operating characteristic; SVM, support vector machine; XGboost, eXtreme gradient boosting.





Data Collection and Quality Assessment

The following data were collected for all patients: age, body mass index, histology, FIGO stage, tumor size before NACT, histologic grade, lymph node metastasis, lymph vascular space invasion, parametrial involvement, surgical margin, neutrophil count (109/l), lymphocyte count (109/l), platelet count (109/l), monocyte count (109/l), hemoglobin, albumin, globulin, and tumor markers. For variables with missing values, the median was typically used. If ≥10% of values were missing for a given variable, it was excluded from variable screening for the final model.



Evaluation Criteria for NACT

For pathologic response assessment, all patients who received NACT were independently examined by 2 pathologists. rNACT was evaluated according to the Response Evaluation Criteria in Solid Tumors (RECIST) v1.1 criteria (18), and was categorized into the following 4 levels according to the presence or absence of pathologic response: (i) complete response (CR), almost complete disappearance of cancer lesions; (ii) partial response (PR), ≥30% decrease in total maximum diameter of cancer lesions; (iii) progressive disease (PD), ≥20% decrease in total maximum diameter of cancer lesions; and (iv) stable disease (SD), total maximum diameter of cancer lesions defined as either insufficient contraction in line with PR or increased compliance with PD. LACC patients were considered to be rNACT if they were determined as having CR or PR following NACT treatment; meanwhile, patients with SD or PD were regarded as non-rNACT.



Development and Validation of ML-Based Models

Four ML-based algorithms were used to build predictive models. We used the Classification and Regression Training (caret) package to randomly divide the dataset into 2 parts, 70% for model training and 30% for model validation. A total of 5 ML-based algorithms were evaluated for the predictive model. The model variables were screened by 2-step estimation (19) according to the following formula.

	

The characteristic variable was X and the target variable was Y; these were evenly divided into 2 parts—namely, X1, Y1 and X2, Y2. Through univariate screening, the variable quantum set m1 was screened on X1 and Y1, and m2 was filtered by X2 and Y2. A lasso was then used to re-fit the model, and the filtered variables were marked as m3 and m4. The optimal subset for modeling was obtained based on the intersection of the variable sets. The model was evaluated by inspection, discrimination, and calibration. A receiver operating characteristic (ROC) curve was used to assess the predictive accuracy of the model in the training and validation sets. The discriminatory ability of each model was quantified by the area under the ROC curve (AUC), decision curve analysis (DCA), and clinical impact curve (CIC) analysis.



Statistical Analysis

Median (interquartile range) and frequencies (%) were described for continuous and categorical variables, respectively. The chi-squared test or Mann–Whitney U test was used to compare baseline clinical characteristics between the rNACT and non-rNACT cohorts as appropriate. All analyses were performed using Python v3.9.2 (https://www.python.org/) and R v4.0.4 (http://www.r-project.org/). All tests were 2-sided, and p <0.05 was considered statistically significant.




Results


Baseline Characteristics of the Study Population and rNACT

The detailed clinical characteristics and pathologic baseline data of 636 patients with LACC are shown in Table 1. All patients received platinum-based NACT, with no serious adverse reactions. For internal validation, patients were randomly divided into a training set (N = 445, 70%) and validation set (N = 191, 30%) using the caret package. According to the RECIST criteria, 396 (88.9%) and 162 (84.8%) patients showed rNACT in the training and validation sets, respectively, indicating that these patients were sensitive to NACT. Follow-up treatment was determined according to the condition of the patients and included radical surgery, radiation, and concurrent (C)CRT. Of these patients, 614 (96.6%) underwent radical surgery and 91 (14.3%) received radiotherapy or CCRT.


Table 1 | Baseline demographic and clinicopathologic features of patients with LACC with and without a diagnosis of rNACT.





Selection of Candidate Variables Using Different ML-Based Algorithms

Candidate covariates of each algorithm were filtered and 30 were included in the correlation analysis between outcome and independent variables. rNACT was significantly correlated with inflammatory factors and clinical variables, namely, platelet-to-lymphocyte ratio (PLR), neutrophil-to-lymphocyte ratio (NLR), neutrophil-to-albumin ratio (NAR), lymphocyte-to-monocyte ratio (LMR), and tumor size (Figure 2A). PLR, LMR, and NAR were important factors in the ML-based model (Figure 2B). Consistent with the results of correlation analysis, the 5 top-ranked predictors were PLR, NLR, NAR, LMR, and tumor size.




Figure 2 | Variable screening and weight allocation. (A) Correlation matrix analysis of candidate features. (B) Weight distribution of the candidate variables of each ML-based model. ADC, denocarcinoma; A/G, albumin-to-globulin ratio; ANN, artificial neural network; CA125, cancer antigen 125; CA199, cancer antigen 199; CCRT, concurrent chemoradiotherapy; CEA, carcinoembryonic antigen; CIC, clinical impact curve; DCA, decision curve analysis; DT, decision tree; FIGO, International Federation of Gynecology and Obstetrics; GGT, serum γ-glutamyltransferase; LMR, lymphocyte-to-monocyte ratio; LND, lymph node dissection; NAR, neutrophil-to-albumin ratio; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; PNI, prognostic nutrition index; PNR, platelet-to-neutrophil ratio; RFC, random forest classifier; ROC, receiver operating characteristic curve; SCC, squamous cell carcinoma; SVM, support vector machine; XGboost, eXtreme gradient boosting.





Construction of ML-Based rNACT Predictive Model

Random forest classifier (RFC) and decision tree (DT) are commonly used ML-based algorithms in supervised learning. The RFC model was constructed using the formula I(X = xi) = −log2P(xi), where I(X) is the information for candidate variables and P(xi) is the probability of xi (Figure 3A). Thirty variables were ordered according to the mean decrease in Gini index (Supplementary Table 1); the top 10 ranked variables were used to construct the optimal RFC prediction model, which included PLR, NLR, NAR, LMR, and tumor size. Inflammatory factors, PLR, LMR, and tumor size served as irreplaceable weights at DT branches (Figure 3B). Using the iterative algorithm of supervised learning, both RFC and DT models were used for rNACT prediction.




Figure 3 | Visualization of the predictive model based on ML-based algorithm. (A) RFC model. (B) DT model. Candidate factors associated with rNACT were ordered using the RFC algorithm (A), and the prediction node and weight were allocated with the DT algorithm (B).





Comparison Among ML-Based Models

Based on the iterative analysis of baseline characteristics, we used 5 supervised learning models for NACT risk assessment and to optimize predictive performance. As expected, the RFC model was better able to distinguish between LACC patients in the rNACT and non-rNACT cohorts. The AUCs of the RFC model reached a plateau when *** variables were introduced, indicating that the RFC model had the highest predictive accuracy, followed by DT, artificial neural network (ANN), support vector machine (SVM), and eXtreme gradient boosting (XGBoost) models (Figure 4A). The predictive performance of ML-based models is summarized in Table 2. Consistent with the results of the ROC analysis, the RFC model also showed a robust predictive performance in the DCA (Figure 4B).




Figure 4 | Predictive performance of candidate models based on the ML-based algorithm. (A) Area under the ROC curve for 5 ML-based models. (B) DCA for the 5 ML-based models. ANN, artificial neural network; DT, decision tree; RFC, random forest classifier; SVM, support vector machine; XGboost, eXtreme gradient boosting.




Table 2 | Receiver operating characteristic curve analysis for predicting response to neoadjuvant chemotherapy in each machine learning-based model.





Internal Validation of the Optimal Predictive Model

To further validate the performance of the RFC model, we also used CIC to evaluate predictive accuracy. The CIC analysis revealed rNACT stratification in the training set (Figure 5A). This was supported by the risk factors for rNACT identified in the validation set (Figure 5B), indicating that the selected features were highly relevant to rNACT.




Figure 5 | Predictive performance of the RFC model evaluated with the CIC. (A) Training set. (B) Validation set. The dark green line predicts the probability of poor rNACT, and the purple line shows the number of patients at high risk of non-rNACT.






Discussion

Inaccurate risk stratification of cancer patients can affect clinical decision-making and outcomes. Given the excellent performance of ML-based algorithms in the classification of rNACT, the RFC, DT, ANN, XGboost, and SVM algorithms were used in our study to establish a predictive model for rNACT in LACC patients. There were 2 major findings to our study. First, we achieved accurate risk stratification of LACC patients who received NACT based on markers of systemic inflammation. Second, we developed and validated a novel ML-based predictive model that is superior to existing prediction algorithms to identify LACC patients who would benefit from NACT.

Systemic inflammation plays a critical role in promoting the progression and metastasis of many cancers (20–23), and was shown to be associated with the development, progression, and metastasis of cervical cancer (24). We therefore examined pre-NACT treatment peripheral blood-related inflammatory marker levels in patients with LACC, and the results were consistent with previous findings (13). As expected, systemic inflammatory markers such as neutrophils, lymphocytes, and platelets and also albumin, C-reactive protein, and other biochemical markers were useful in predicting rNACT in LACC patients. NACT effectively reduces serum levels of tumor markers and NLR and prolongs survival time (25). We compared patients who responded to NACT with those who did not respond and found that in the former, the levels of inflammatory biomarkers were significantly altered compared to before NACT treatment whereas in non-responders, there were no differences between pre- and post-treatment levels. Additionally, we found that PLR, prognostic nutrition index, and LMR were significantly associated with rNACT. Thus, changes in the level of preoperative inflammatory factors can predict the response of LACC patients to NACT.

rNACT was related to NAR and the concentration of fibrinogen, a coagulation factor. The latter has prognostic value in many cancer types, namely, hepatocellular carcinoma (26), gastrointestinal stromal tumors (27), and colorectal cancer (28), and was found to predict the levels of inflammatory factors in our study. In the weighting of the prediction model, it was an index that optimized the accuracy and robustness of rNACT prediction by the RFC model.

Our ML-based model incorporated clinical parameters and laboratory test results according to previous reports (12–14); clinical indicators including larger tumor size and earlier stage were shown to be independent predictors of rNACT (12). We therefore evaluated the predictive accuracy of the models and found that systemic inflammatory markers had a large weight in each model. The RFC model allowed calculation of risk level based on all variables collected from medical records, and yielded the highest predictive accuracy. The RFC uses the bootstrapping resampling technique to reduce variance (29). DCA and CIC analysis were used to assess the predictive performance of the RFC model, and the results showed that the model was able to discriminate between rNACT and non-rNACT cohorts. Thus, the model can be used to identify LACC patients who may benefit from NACT before surgery.

There were some limitations to this study. First, there was selection bias as only patients from a tertiary referral hospital were included. Second, although the predictive model was validated in our study, it may not be applicable to other patient populations; therefore, it must be tested using external data. Third, the ML-based model was only for patients with stage Ib2 to IIa2 LACC; further research is needed to determine whether it can be applied to patients at different stages.



Conclusion

We developed a ML-based algorithm to identify factors that can predict rNACT in patients with LACC. The model constructed using the RFC had the highest predictive accuracy, with PLR, NLR, NAR, LMR, and tumor size being the most important predictors. Thus, a combination of clinical data and systemic inflammatory markers may aid clinicians in individual risk assessment of rNACT.
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Objectives

To assess the risk factors of lymph node metastasis (LNM) in patients with FIGO stage (2009) IB1 cervical cancer (CC).



Methods

Patients with FIGO stage IB1 CC who underwent radical resection between 2012 and 2018 were recruited. The risk factors for LNM were analysed. A recursive partitioning analysis (RPA) was used to divide the patients into risk groups and assess their risk of LNM.



Results

The 5-year overall survival rate was 91.72%, while 80.0% and 93.5% for patients with or without LNM (P<0.05). Multivariable logistic regression analysis showed that lymphovascular invasion (LVI), depth of invasion (DI), tumour size (TS), squamous cell carcinoma (SCC) antigen level were independent risk factors (all P<0.05). Patients were divided into low-risk (no LVI, DI <1/2, TS <2 cm), intermediate-risk (no LVI, DI <1/2, TS ≥2 cm; no LVI, DI ≥1/2, normal SCC level; LVI, DI <1/2, TS <2 cm), and high-risk (no LVI, DI ≥1/2, SCC level ≥1.5 ng/ml; LVI, TS <2 cm, DI ≥1/2; LVI, TS ≥2 cm) groups by RPA according to these four factors. The incidence of LNM among the three groups was 0.00%, 4.40%, and 24.10%, respectively (all P<0.001). The 5-year overall survival rates differed among the groups (98.2%, 92.7%, 83.0%, respectively, P=0.001).



Conclusions

LNM affects the prognosis of patients with FIGO stage IB1 CC. Lymphadenectomy may be avoided for patients in the low-risk group and recommended for those in the high-risk group. Whether dissection is performed in the intermediate-risk group depends on the lymph node biopsy results.





Keywords: cervical cancer, lymph node metastasis, lymph node dissection, risk factor, prognosis



Introduction

Cervical cancer (CC), the most common gynaecologic malignancy in women worldwide, has the highest incidence and mortality in China and threatens women’s lives and health (1, 2). Lymph node metastasis (LNM) is a critical risk factor for the survival of patients with CC (3, 4). The survival in patients with LNM is obviously worse than that of patients without LNM in the same International Federation of Gynecology and Obstetrics (FIGO) stage. The 5-year overall survival (OS) rate is 90% for early-stage CC without versus less than 50% with LNM (5). According to the 2019 National Comprehensive Cancer Network (NCCN) guideline, radical hysterectomy and pelvic lymph node dissection ± para-aortic lymph node dissection are the standard surgical treatment for FIGO IB1 CC patients without fertility requirements. Fertility-sparing surgery (Radical trachelectomy and pelvic lymph node dissection ± para-aortic lymph node dissection) for stage IB1 has been most validated for tumors ≤2 cm (6). Nevertheless, some patients experience sequelae after lymphadenectomy, such as vascular or nerve injury, pelvic lymphocysts, and lower-limb lymphedema, which can be life-threatening, increase length of hospital stay, and affect quality of life (7–9). The incidence of LNM in early-stage CC is reportedly 15–20% (10, 11) and even lower in FIGO stage IB1 patients at 7–17.4% (12–14). Therefore, exploring the risk factors of LNM in FIGO stage IB1 and classifying patients into different groups to avoid the risk caused by lymph node dissection for low-risk patients is of great clinical significance. Current predictive models for the simultaneous assessment of LNM risk in patients with FIGO stage IB1 CC have not been reported. Therefore, this study explored the available factors for LNM in FIGO stage IB1 CC and stratified the risk of LNM based on recursive partitioning analysis (RPA) to provide a reference for the selection of surgical treatment for early CC.



Materials and Methods


Study Population

A total of 284 patients with CC who underwent radical resection at Fujian Provincial Maternity and Children’s Hospital between January 2012 and December 2018 were recruited. The following inclusion criteria were applied: (1) histologically confirmed CC; (2) FIGO stage IB1 with no evidence of tumours invading adjacent organs or distant metastasis; (3) having undergone radical hysterectomy with pelvic lymphadenectomy; and (4) patients had completed fertility or without fertility requirements. The risk of surgery had been fully informed and all patients signed informed consent before operation and required radical hysterectomy. The study excluded patients who had distant metastases in the liver, lung, or peritoneum/pelvic cavity diagnosed before or during the surgery, those who underwent preoperative neoadjuvant radiotherapy and/or chemotherapy, or those whose medical records were incomplete/inaccurate. FIGO staging criteria (2009) were used for tumour staging. According to the postoperative pathological examination results, supplementary chemotherapy, radiotherapy, or concurrent chemoradiotherapy should be performed in cases of high-risk factors such as worse pathological differentiation degree, positive pelvic LNM, parametrial involvement, deep muscle layer infiltration, positive lymphovascular invasion (LVI), or positive surgical resection margins.



Follow-Up Investigation

A postoperative follow-up assessment was performed every 3 months for 2 years and then every 6 months during years 3–5. Most routine follow-up appointments included a physical examination, vaginal examination, laboratory testing (including cancer antigen 125 (Ca125) and squamous cell carcinoma (SCC) antigen), chest radiography, and pelvic ultrasonography. Lung computed tomography or pelvic magnetic resonance imaging was performed when necessary. OS was defined as the time from surgery to death of any cause or to the time of censoring on the date of the last follow-up. The final follow-up evaluation was conducted in December 2020. The median follow-up period was 54.3 (range, 6.4–97.1) months.



Statistical Analysis

The chi-square test or Fisher’s exact probability method was used to compare the classified variables. A t-test or the Mann-Whitney U test was used to analyse differences in numerical variables. Survival curves were constructed according to the Kaplan–Meier method, and differences between curves were analysed using the log-rank test. Variables with values of P<0.05 on univariate analysis were subjected to a multivariate logistic regression analysis. According to those results, recursive partitioning analysis (RPA) was used to divide the patients into different risk groups. The groups with a similar incidence of LNM were reintegrated into a single risk group. Finally, the low-risk, intermediate-risk, and high-risk groups were determined with the incidence of LNM increasing in turn. The statistical analyses were performed using SPSS for Windows version 26.0 (SPSS Inc., Chicago, IL, USA) and R x64 ver. 4.1.0 (R Foundation for Statistical Computing, Vienna, Austria). All tests were two-sided, and statistical significance was determined at values of P<0.05.




Results


Clinicopathological Characteristics

A total of 284 patients were included in the study. Their clinicopathological features are presented in Table 1. The incidence of LNM was 8.4%. The median patient age was 46 (range, 24–66) years. A body mass index (BMI) of <24 and ≥24 was observed in 188 (66.2%) and 96 (33.8%) cases, respectively. Squamous, adenoma, and adenosquamous carcinomas were observed in 214 (75.4%), 59 (20.8%), and 11 (3.9%) cases, respectively. Invasion depths of <1/2 and ≥ 1/2 of the stroma were observed in 168 (59.2%) and 116 (40.8%) cases, respectively. There were 77 (27.1%) and 207 (72.9%) cases of positive LVI versus no LVI, respectively. There were 178 (62.7%) and 106 (37.3%) patients with a tumour size (TS) <2 cm and ≥2 cm, respectively. There were 163 (57.4%) and 121 (42.6%) cases with a normal or high Ca125 level, respectively. There were 187 (65.8%) and 97 (34.2%) cases of a normal and high SCC level, respectively (Table 1).


Table 1 | Patient Demographics and Clinical Characteristics of CC Patients by LNM.





Impact of LNM on Survival Outcomes

The median follow-up time was 54.3 (range, 6.4–97.1) months. The 5-year OS rate of all patients and in those with and without LNM were 91.72%, 80.0%, and 93.5%, respectively (P=0.009) (Figure 1).




Figure 1 | The survival between LNM absent and LNM present.





Risk Factor Analysis of LNM

The univariate analysis showed that TS, depth of invasion (DI), LVI, SCC antigen level, and Ca125 level were associated with LNM (all P<0.05) (Table 1). In the multivariate logistic regression analysis, TS (odds ratio (OR), 0.351; 95% confidence interval (CI), 0.123–0.992; P=0.044), DI (OR, 0.205; 95% CI, 0.054–0.772; P=0.019), LVI (OR, 0.281; 95% CI, 0.100–0.785; P=0.015), SCC antigen level (OR, 0.338; 95% CI, 0.123–0.924; P=0.035) were independent factors for LNM (Table 2).


Table 2 | Multivariable Binary Logistic Regression Analysis of CC for the LNM.





Risk Groups of LNM by RPA

Based on the results of the multivariable analysis, RPA using the four independent risk factors was performed to classify the patients into different risk groups. The group was divided into subgroups according to the R software prioritisation of the binary variables. Finally, the patients were reclassified into nine groups. Patients with a similar incidence of LNM were merged. The patients were ultimately divided into low-risk, intermediate-risk, and high-risk groups (Figure 2). In the model, there were 110 low-risk patients (38.7%) (no LVI, DI <1/2, TS <2 cm), 91 intermediate-risk patients (32.1%) (no LVI, DI <1/2, TS ≥2 cm; no LVI, DI ≥1/2, normal SCC antigen level; LVI, DI <1/2, TS <2 cm), and 83 high-risk patients (29.2%) (no LVI, DI ≥1/2, SCC antigen level ≥1.5 ng/mL; LVI, TS <2 cm, DI ≥1/2; LVI, TS ≥2 cm).




Figure 2 | Classification Tree for LNM Status. Blue line, Red line, Green line represents Low-Risk Group, Intermediate-Risk Group and High-Risk Group, respectively.





Difference in LNM Rate and Prognosis by RPA Findings

The incidence of LNM was 0.00%, 4.40%, and 24.10% in the low-risk, intermediate-risk, and high-risk groups, respectively (all P<0.001; Figure 3). The 5-year OS rates were 98.2%, 92.7%, and 82.0%, respectively, which were also significantly different (P=0.001; Figure 4).




Figure 3 | The number of LNM according to RPA risk stratifications.






Figure 4 | The survival according to RPA risk stratifications.






Discussion

CC is a common gynaecologic malignant tumour for which postoperative recurrence and metastasis are the main causes of death (15, 16). Patients with early-stage CC always have a better prognosis after surgery (2) but worse prognosis when proven to be metastatic. LNM, as the main mode of metastasis in patients with CC, is a high-risk factor for recurrence and greatly impacts treatment and prognosis (3, 4). LNM was also formally included in the FIGO staging system in 2018 (17). Therefore, pelvic lymph node dissection is important. According to the NCCN, the standard surgical treatment is radical hysterectomy and pelvic lymphadenectomy in patients with FIGO stage IB1 CC without fertility requirements (6). However, some patients experience sequelae from this procedure (such as vascular or nerve injury, pelvic lymphocyst, and lower-limb lymphedema), which may increase the length of hospital stay and affect quality of life (7–9). In addition, the rate of LNM in FIGO stage IB1 patients was 7–17.4% (12–14). Lymphadenectomy may not have a survival benefit, but it may increase the incidence of postoperative complications in LNM-negative patients. LNM-positive patients not treated with lymphadenectomy may experience recurrence within a short period postoperative. Therefore, it is of great significance to explore the risk factors influencing LNM and conduct a risk assessment in patients with FIGO stage IB1 CC.

This study showed an 8.4% (24/284) rate of LNM in patients with FIGO stage IB1 CC, a finding that is in accordance with those of other studies (12–14). The 5-year OS rate in patients with LNM was significant lower than patients without LNM. As the patients were selected from January 2012 to December 2018 before the results of LACC trails (18), a certain proportion of patients underwent radical hysterectomy via laparoscopy. However, the results showed no prognostic differences between patients via laparoscopy or not (Supplementary Figure 1). This result needed further confirmation in future studies. The rate of LNM also showed no significant difference between the open and laparoscopic surgery in the study. In addition, with the development of technology, robotic surgery has been gradually applied in clinical. Previous studies showed the equivalence of robotic and laparoscopic approaches to radical surgery of early CC patients (19), so did the salvage lymphadenectomy (20). Therefore, it also may be a good choice in clinical practice in the future.

The multivariable logistic regression analysis showed that LVI, DI, TS, and SCC antigen level were independent risk factors, which is also consistent with previous reports (4, 21–23). LVI is closely associated with LNM in CC. Invasion into the space between lymphatic endothelial cells is an indispensable step for the metastasis of cancer cells; thus, it often predicts a poor prognosis. The larger the tumour diameter and the deeper the musculature invasion, the more likely tumour cells will invade the intravascular system, and thus the more likely the development of LNM. The SCC antigen is a specific serum tumour marker for CC that was first discovered by Kato in 1977 (24). The higher the SCC antigen level, the more aggressive the tumour and the higher the probability of LNM (25, 26). However, previous studies (4, 21) analysed only the independent risk factors affecting LNM without further risk grouping, resulting in some limitations in determining whether lymphadenectomy should also be performed. This study was the first to report a risk stratification by RPA based on these factors, and it provides a reference for whether lymphadenectomy should be performed simultaneously in patients with early-stage CC.

RPA is a statistical method for multivariable analyses that divides groups into subgroups according to the priority of several binary independent variables to correctly classify the members of a group. As a result, a concise decision tree is generated intuitively to determine decision rules with higher sensitivity and specificity (27). This method is widely used in medical decision-making. The RPA was first used by Goldman to establish a decision tree for the diagnosis of patients with acute chest pain in 1982 (28). It was also used to group patients with acute decompensated heart failure by Fonarow (29). In this study, the rate of LNM was 0.00% in patients with no LVI, a DI <1/2, and a TS <2 cm (low-risk group) according to the RPA. The negative LVI, less tumor size and less depth of invasion meant the less invasion in the intravascular system and parametrial involvement, leading to the less possibility of LNM (21–23, 30). Lymphadenectomy may be avoided in these patients to reduce postoperative complications. The LNM rate was as high as 24.10% in high-risk patients, including: those with no LVI, a DI ≥ 1/2, and an SCC antigen level ≥1.5 ng/mL; those with LVI, a TS <2 cm, and a DI ≥1/2; and those with LVI and a TS ≥2 cm. Therefore, simultaneous lymphadenectomy is recommended.

Sentinel lymph node biopsy (SLNB) has recently been used in patients with early-stage CC. Compared to pelvic lymph node dissection, SLNB reduces the incidence of postoperative complications and improves quality of life without affecting the survival prognosis (31–34). SLNB could be applied in the intermediate-risk group (no LVI, DI <1/2, TS ≥2 cm; no LVI, DI ≥1/2, normal SCC level; LVI, DI <1/2, TS <2 cm) as the rate of LNM was 4.40%. Whether to perform simultaneous lymphadenectomy could be determined based on the SLNB results. In addition, the LNM rate differed significantly between the three groups here and also on the survival analysis, indicating that risk grouping based on these four risk factors has a certain reference significance in clinical decision-making.

This study had several limitations. First, it was retrospective in design, which inevitably involves data selection bias. Second, the research was conducted in a single centre with small case numbers, and our findings require further confirmation in prospective multicentre studies. However, to our knowledge, this study is the first to explore the risk factors affecting LNM in patients with FIGO stage IB1 CC. Furthermore, the RPA was used to classify the risk groups to make the model more clinically useful. Based on these findings, we have proposed recommendations for lymphadenectomy for different risk groups with early CC, which will aid surgeons make better clinical decisions, showing the important clinical significance of our study.
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Objective

Increased risk of ovarian cancer (OC) among endometriosis patients has been proposed. However, the association between endometriosis and prognosis of OC remains controversial. This study evaluated whether endometriosis had influence on the survival outcomes of OC through a meta-analysis.



Methods

Relevant studies were retrieved from PubMed, Embase, and Web of Science databases and were evaluated using the Newcastle-Ottawa Quality Assessment Scale. Effect size was presented as hazard ratio (HR) and 95% confidence interval (CI). Heterogeneity test evaluation was performed using Cochran’s Q test and I2 statistics. Publication bias was determined using Egger’s test. Statistical analysis was performed using Stata 12.0 software.



Results

Twenty-one studies involving 38641 patients were included. For the total OC, there were significant differences in overall survival (OS) [HR (95% CI)=0.67 (0.55, 0.80), P<0.001] and progression-free survival (PFS) [HR (95% CI)=0.58 (0.42, 0.81), P=0.001] between endometriosis-associated ovarian cancer (EAOC) and non-EAOC patients in the random-effects models (P<0.05). For ovarian clear cell cancer, there were significant differences in terms of OS [HR (95% CI)=0.63 (0.48, 0.83), P=0.001] and PFS [HR (95% CI)=0.67 (0.52, 0.87), P=0.002] between EAOC and non-EAOC patients in the fixed-effects models (P>0.05). Subgroup analysis suggested no significant differences between EAOC and non-EAOC in OS and PFS in the univariate analysis per subgroup, and PFS in the American subgroup (P>0.05).



Conclusion

EAOC patients tended to have better OS and PFS than non-EAOC patients. Conducting higher quality prospective cohort studies with large sample sizes is recommended to confirm the authenticity of the current study’s results.



Systematic Review Registration

https://inplasy.com/inplasy-2022-3-0109/.
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Introduction

Endometriosis is a type of estrogen-dependent chronic inflammatory disease and is a common gynecological condition affecting 5-10% of reproductive-aged women in the world. It is defined as the ectopic growth of endometrial glands and stroma, causing dysmenorrhea, pelvic pain and infertility (1). Although endometriosis is benign lesion, it exhibits malignant biological behaviors similar to cancer, such as local invasion, metastasis, invasion, and easy recurrence (2), and malignant transformation of endometriosis has been proposed as early as 1925 (3). Under the influence of multiple factors, ectopic ovarian endometrial cells with malignant potential gradually change their normal ectopic endometrial cystic epithelium to atypical ectopic endometrial epithelium and invasive carcinoma, which is then called endometriosis associated ovarian cancer (EAOC). Endometriosis may be a precursor lesion to specific subtypes of OC, and prevalence studies show that ovarian clear cell cancer (OCCC) and endometrioid ovarian cancer (EOC) are predominate in women with endometriosis (3–6).

Studies have shown that patients with endometriosis are at higher risk of developing ovarian cancer (OC) (7). Endometriosis is reported to be a risk factor for epithelial OC, which is associated with a 50% increase in epithelial OC risk (8). A meta-analysis of 13 case-control studies suggested that patients with endometriosis had a significantly elevated risk of specific histological subtypes of OC, including OCCC, EOC and low-grade serous OC (9). OC is the seventh most common cancer in women (10) and the 2nd gynecologic cause of cancer deaths in women worldwide (11), with a 5-year survival rate of 47.4%. Prognosis for OC patients is directly associated with tumor stage at the time of diagnosis, ranging from approximately 90% in stage I-tumors to 25% in metastatic tumors (10).

Several studies based on meta-analyses have revealed an association between endometriosis and prognosis of OC in 2014 to 2015, but inconsistent conclusions were found among them (12–14). In recent years, additional studies have been reported the differences of the prognosis of OC patients with or without endometriosis. For example, a retrospective nationwide cohort study of 32,419 women indicated that OC patients with endometriosis had longer overall survival than those without endometriosis, even after adjusting for confounding factors (15). Li et al. indicated that patients with EAOC had longer overall survival (109.8 months) than those with non-EAOC (47.4 months) (16). However, no associations between endometriosis and prognosis of OC were found in the study of Ju et al. (17). Therefore, to obtain a more comprehensive and objective result, we performed a meta-analysis to uncover the differences in terms of progression-free survival (PFS) and overall survival (OS) within EAOC and non-EAOC patients.



Methods


Search Strategy

According to a pre-established retrieval strategy, the relevant studies were systematically retrieved from PubMed, Embase, Web of Science databases with the retrieval time up to May 11, 2021 and without language restrictions. The search terms contained three categories: research object (“ovarian neoplasm”, “ovarian cancer”, “ovary neoplasm”, “ovary cancer”, “ovarian carcinoma”, “ovary carcinoma”), exposure factors (“endometriosis”, “endometrioses”) and outcomes (“mortality”, “survival”, “prognosis”). Two search terms in the same category are combined with “OR”, while “AND” was used between two search terms of different categories. The detailed retrieval strategies for different databases are listed in Table S1. Additionally, manual retrieval was carried out for the paper version of the relevant studies, and the references of the relevant reviews and included studies were also retrieved.



Inclusion and Exclusion Criteria

Studies were included in this meta-analysis if they met the following criteria: (1) patients who were pathologically and histologically diagnosed as epithelial ovarian cancer were included; (2) PFS or OS of OC patients with or without endometriosis were reported; (3) they were retrospective or prospective cohort studies or nested case-control studies; and (4) the crude or multivariable adjusted hazard ratio (HR) and 95% confidence interval (CI) for PFS and OS were reported. Studies were excluded from this analysis if they were: (1) non-original articles, such as reviews, conference abstracts and comments; (2) the studies that provide only a figure but not a detailed HR (95% CI) to show the results of survival analysis; (3) duplicate studies or multiple studies involving the same data, with only the one with the most complete information included. On the basis of the above selection criteria, study retrieval was carried out by two independent investigators.



Data Extraction and Quality Evaluation

Data extraction was conducted independently in accordance with the form pre-designed by two investigators. The following data were extracted, including the first author’s name, region of research, year of publication, when the study subjects were recruited, subject information, including: sample size, age, histological subtypes, adjuvant treatment, outcomes, and other confounding factors. The extracted data were exchanged and reviewed, and disagreements were settled through a thorough discussion. The methodological quality evaluation for the included studies, which involved the selection, comparability, and exposure of the included study subjects, were conducted with reference to the Newcastle-Ottawa Quality Assessment Scale (NOS) (18), which includes 8 scoring items with a full score of 9. Studies with a final score ranging from 7 to 9 are regarded as high quality, while those with a final score ranging from 4 to 6 or less than 4 are regarded as medium quality or low quality, respectively.



Statistical Analysis

All statistical analyses were completed using Stata 12.0 software. HR and 95% CI were utilized as effect size indicators to evaluate the differences on PFS and OS of EAOC vs. non-EAOC. Cochran’s Q test and I2 test (19) were used to assess the heterogeneity among studies. Significant heterogeneity was determined with P<0.05 or I2>50%, and a random-effects model was utilized. A fixed-effects model was utilized when no significant heterogeneity was observed (P≥0.05 and I2 ≤ 50%). The effect of region, confounding factors adjusted or not for heterogeneity, and the pooled results were evaluated with a subgroup analysis. Publication bias evaluation was conducted using Egger’s test. If there was significant publication bias, the stability of the results of the meta-analysis was evaluated using the trim-and-fill method. The stability of the results was also evaluated using the method of elimination one by one.




Results


Study Retrieval

In total, 1931 studies, including 702 studies from PubMed, 713 studies from Embase, and 516 studies from the Web of Science database were retrieved. Among these studies, 549 duplicate studies were first removed. Of the 1382 remaining studies, 1345 irrelevant studies were excluded after title/abstract reading. After full-text reading, 16 studies were further excluded, including 11 studies without detailed HR (95% CI) to show the results, 3 reviews, and 2 studies without detailed information of PFS or OS. Finally, 21 studies (12, 15–17, 20–36) were included in the current meta-analysis (Figure 1).




Figure 1 | Flow chart of the patient selection process.





Characteristics of Studies

A total of 38641 cases were included in these 21 studies. Table 1 shows the detailed characteristics of the 21 included studies. All the studies were retrospective cohort studies except for the study of Erzen et al. (23), which was a nested case-control study. The included patients had Stage I-IV OC in all studies except for the study of Ju et al. (17), in which the included patients had Stage I-III OC (data not shown). These studies were published from 1989 to 2021, and were conducted in 8 countries, such as China, South Korea, USA, Japan, and Italy. In addition, the ages of the included cases were not reported in the study of Katagiri et al. (24), but the ages of all the cases were mentioned in three studies (20, 21, 26). The remaining 17 studies reported the ages of cases in the EAOC and non-EAOC groups, and among these studies, significant differences were found between the cases belonging to different EAOC and non-EAOC age groups in ten studies (12, 15, 16, 22, 29, 31–35).


Table 1 | Characteristics of the included studies.





Quality Evaluation

The methodological quality evaluation for the 21 included studies was conducted with reference to NOS, and the results are shown in Table 2. The NOS scores of the 21 studies ranged from 5 to 8 points, of which 5 points was evaluated for one study (23), 6 points for five studies (21, 22, 24, 33, 36), 7 points for six studies (16, 20, 25, 28, 29, 31) and 8 points for nine studies (12, 15, 17, 26, 27, 30, 32, 34, 35). Overall, the methodological quality of the included studies was moderate. Recall bias and confounding bias were the primary bias.


Table 2 | Quality assessment of the included studies.





Meta-Analysis and Subgroup Analysis

The impact of endometriosis on the prognosis of total OC was presented in Figure 2. Eighteen studies reported the pooled results for OS of patients, and significant heterogeneity among studies were observed (I2 = 41.9%, P = 0.032). A random-effects model was utilized to pool the results. As shown in Figure 2, there was a significant difference in terms of OS within EAOC and non-EAOC groups [HR (95% CI) = 0.67 (0.55, 0.80), P < 0.001], suggesting that EAOC patients had better OS than non-EAOC patients. Similarly, EAOC patients had better PFS than non-EAOC patients [HR (95% CI) = 0.58 (0.42, 0.81), P = 0.001] in the random-effects model (I2 = 53.4%, P= 0.014) (Figure 2). Subgroup analysis indicated that no differences in OS were found between the OC patients with or without endometriosis [HR (95% CI) = 0.73 (0.38, 1.39), P = 0.332] in the univariate analysis subgroup. The results of other subgroups were consistent with the total pooled results. Subgroup analysis for PFS suggested that there was a statistically significant difference in Asian (P=0.005) and multivariate analysis subgroups (P=0.001), while there was no statistically significant difference in the America (P=0.169) and univariate analysis subgroups (P=0.260). In addition, whether confounding factors were adjusted or not was found to be one of the sources of significant heterogeneity for OS (Table 3).




Figure 2 | Impact of endometriosis on the prognosis of total OC. Forest plots showing the pooled results for endometriosis on overall survival (A) and progression-free survival (B) of total OC patients. OC, ovarian cancer.




Table 3 | Outcomes of the subgroup analysis (total ovarian cancer patients).



The impact of endometriosis on OCCC prognosis is presented in Figure 3. There was no significant heterogeneity between the studies for OS (I2 = 0.0%, P = 0.589) and PFS (I2 = 40.2%, P = 0.123) therefore, fixed-effects models were used. Similarly, EAOC patients were associated with a better OS [HR (95% CI) = 0.63 (0.48, 0.83), P = 0.001] (Figure 3) and PFS [HR (95% CI) = 0.67 (0.52, 0.87), P = 0.002] (Figure 3) in comparison with non-EAOC patients. Subgroup analysis did not detect any significant difference in OS between the OCCC patients with or without endometriosis in the Europe [HR (95% CI) = 0.68 (0.28, 1.67), P =0.339] and univariate analysis subgroups [HR (95% CI) = 1.38 (0.61, 3.11), P =0.444]. The results of other subgroups were consistent with the total pooled results. Subgroup analysis for PFS suggested that there was statistical significance in the Asian (P=0.003) and multivariate analysis subgroups (P=0.001), while there was no statistical significance in the America (P=0.270) and univariate analysis subgroups (P=0.892) (Table 4).




Figure 3 | Impact of endometriosis on the prognosis of OCCC. Forest plots showed the pooled results for endometriosis on overall survival (A) and progression-free survival (B) of OCCC patients. OCCC, ovarian clear cell cancer.




Table 4 | Outcomes of the subgroup analysis (OCCC patients).





Publication Bias and Sensitivity Analysis

Egger’s test found no significant publication bias among the studies for PFS (P=0.945) of total OC patients, as well as the studies for OS (P=0.523) and PFS (P=0.728) of OCCC patients. There was significant publication bias among studies that reported the OS of total OC patients (P=0.002). The stability of the pooled results of the meta-analysis was evaluated using the trim-and-fill method, and the results found a significant difference in terms of OS within EAOC and non-EAOC groups, indicating stable results.

In addition, sensitivity analysis revealed that the variation ranges of pooled results for OS [HR (95% CI) = 0.63 (0.50, 0.79) to 0.70 (0.59, 0.83), P < 0.05, Figure 4] and PFS [HR (95% CI) = 0.53 (0.39, 0.73) to 0.64 (0.47, 0.86), P < 0.05, Figure 4] of total OC patients were not significantly reversed. Similarly, the variation ranges of pooled results for OS [HR (95% CI) = 0.56 (0.42, 0.76) to 0.66 (0.49, 0.91), P < 0.05, Figure 5] and PFS [HR (95% CI) = 0.62 (0.47, 0.81) to 0.73 (0.55, 0.97), P < 0.05, Figure 5] of OCCC patients were not significantly reversed. These results suggest that the pooled results for all outcomes were stable and not significantly altered by any single study.




Figure 4 | Sensitivity analysis for the results of total OC. Sensitivity analysis to evaluate the stability of the pooled results for the impact of endometriosis on overall survival (A) and progression-free survival (B) of total OC patients. OC, ovarian cancer.






Figure 5 | Sensitivity analysis for the results of OCCC. Sensitivity analysis to evaluate the stability of the pooled results for assessing the impact of endometriosis on the overall survival (A) and progression-free survival (B) of OCCC patients. OCCC, ovarian clear cell cancer.






Discussion

The prevalence of OC was 2.0-17.0% endometriosis patients, while the prevalence of endometriosis was 3.4-52.6% OC patients (37). A Nationwide Population-Based 14-year Cohort Study suggested that the prevalence of EOC in endometriosis patients ranged from 1.9 per 10000 in recalled endometriosis patients to 18.7 per 10000 in tissue-confirmed endometrioma (38). These data suggested that endometriosis was closely related to OC. EAOC is not a homogeneous group of malignancies and includes several histological subtypes. A previous study suggested that patients with endometriosis had specific histological subtypes of OC, including OCCC, EOC and low-grade serous OC, but not with mucinous or high-grade serous OC or borderline OC (9).

In this meta-analysis, we found that EAOC patients had a better OS in comparison to non-EAOC patients in both total OC and OCCC cohorts. Although there was significant publication bias among studies in terms of OS in the total OC cohort, the results of both the trim-and-fill method and the one-by-one elimination method suggested stability of the results of this meta-analysis. Consistent with our results, a higher OS rate in EAOC patients were also reported in the meta-analysis of Yang et al. (14) and Kim et al. (13). In addition, endometriosis-associated higher OS rates were also observed in the OCCC and mixed-subtype of OC subgroups in the meta-analysis of Yang et al. (14). However, another meta-analysis suggested that endometriosis had no influence on the OS of OCCC patients (12). Additionally, we also found that EAOC patients had better PFS than non-EAOC patients. However, no significant differences in terms of PFS within EAOC and non-EAOC patients were observed in previous meta-analyses (12–14). In these meta-analyses, less studies (4, 4 and 6 studies) in terms of PFS were included, while 12 studies were included in our study to explore the differences within EAOC and non-EAOC patients. More recent studies ranging from 2016 to 2021 were included. This might explain the reason for the different results in our meta-analysis and previous meta-analyses. For example, a recent study suggested that a significantly longer DFS was found in EAOC patients (51.9 months) than in non-EAOC patients (30.5 months) (39).

There was no significant difference in terms of PFS between EAOC and non-EAOC patients in the American subgroup in our study, suggesting that the study area might have influence on the results. Among the 21 included studies, the study of Hermens et al. (15) involved large amount of Dutch population-based cohort, and they suggested that patients with endometriosis had better OS than the patients without endometriosis. Similar results were observed in Asia and America populations in our study. Despite most of patients from the study of Hermens et al. (15), sensitivity analysis indicated that pooled results for all outcomes were stable and not significantly altered by their study. Additionally, we found that patients with endometriosis had better PFS than the patients without endometriosis in Asia population but not in America population. While PFS was not mentioned in the study of Hermens et al. (15).It was reported that OC patients with endometriosis were usually younger, and were usually diagnosed at an early stage (39). Significant differences between early stages (stages I and II, 73.8% vs. 41.8%, P < 0.00001) and low histological grades (grade I, 33.3% vs. 19.3%, P < 0.001) were found between EAOC and non-EAOC patients, suggesting a significant association of endometriosis with low tumor grades and early stage tumors (14). These might explain the better prognosis of EAOC patients, in that early-stage cancer might be a driver for better prognosis of EAOC patients rather than an association with endometriosis, as suggested in the study of Li et al. (16). However, Sharfrir et al. found a 29% decreased risk of death among OC patients who pre-diagnostic endometriosis, and association was stable after adjustment for FIGO stage, tumor histology, tumor characteristics and chemotherapy (40). Further studies should be performed to investigate the associations of endometriosis with prognosis of OC in age and stage matched studies. Women with endometriosis are more aware of physical discomfort, so they are more likely to see a doctor earlier, and may require more frequent gynecological ultrasound. This may explain the reason why OC patients with endometriosis were usually diagnosed at an early stage. On the other hand, the treatment of endometriosis involves continuous oral contraceptive use, which has been reported to reduce the risk of OC (41).

There were still some limitations in the current meta-analysis. (1) The adjuvant therapy regimens were not uniform among the included studies, which might affect the association between endometriosis and OS and PFS in OC patients. (2) The pooled results showed no statistical significance among studies that reported the crude HR, probably because that there was no significant difference in terms of OS or PFS of EAOC vs. non-EAOC in the univariate analysis of these studies and were therefore not included in the multivariate analysis. On the contrary, studies with statistical significance in univariate analysis and further implementation of multivariate analysis to correct for the influence of confounders on survival risk, endometriosis was more likely to be significantly associated with OS and PFS in OC patients. This might allow the pooled results of meta-analysis to overstate the strength of the association between endometriosis and risk of death. (3) All the included studies were retrospective studies; thus, recall and confounding biases were common and inevitable biases among them. Although multivariate analysis was performed in most studies to correct for the influence of confounding factors on the results, the inconsistency of correction factors might also affect the accuracy of the results.

In conclusion, this meta-analysis suggested that endometriosis was significantly associated with the OS and PFS of OC patients. EAOC patients tended to have longer OS and PFS than non-EAOC patients. Conducting higher quality prospective cohort studies with larger sample sizes are recommended to confirm the authenticity of the results.
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Background

Radical surgical resection of the primary tumor with mono/bilateral inguinofemoral lymph node dissection is the standard treatment for invasive vulvar squamous cell carcinoma (VSCC) and is frequently related to severe morbidity. Tailoring surgical treatment is of paramount importance, and a comprehensive preoperative evaluation is mandatory. Vascular endothelial growth factor D (VEGF-D) is considered a regulator of lymphangiogenesis involved in tumor spread via lymphatic vessels. The aim of this study was to evaluate the potential of VEGF-D in the prediction of inguinofemoral lymph node metastasis.



Methods

We analyzed the preoperative levels of serum VEGF-D (sVEGF-D) from two independent cohorts of patients with VSCC by enzyme-linked immunosorbent assay and its protein expression on tumor tissue by immunohistochemistry. Logistic regression was performed to identify the independent risk factors for lymph node metastasis, and Cox proportional hazard model was used for survival analysis.



Results

High levels of sVEGF-D, but not tissue VEGF-D, significantly correlated with positive groin nodes and a more advanced International Federation of Gynecologists and Obstetricians (FIGO) stage. In multivariable analysis, a high sVEGF-D level was an independent predictor of lymph node metastasis and worse prognosis. A prediction model based on sVEGF-D, tumor grade assessed on biopsy, tumor diameter, and lymph node clinical evaluation was able to predict lymph node metastasis, reaching C-index values of 0.79 and 0.73 in the training and validation cohorts, respectively.



Conclusions

The preoperative sVEGF-D level might be a reliable biomarker for the prediction of lymph node metastasis and prognosis in patients with VSCC, supporting better clinical/surgical decision. Multicenter prospective studies are required to confirm our findings.
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Introduction

Vulvar carcinoma is a rare gynecologic cancer with an annual incidence of 2.4 every 100,000 women based on cases in 2014–2018 (1). In 2021, approximately 6,120 new cases of vulvar cancer have been predicted in the United States, and about 1,550 women are expected to die of this cause (2). The incidence is higher among women aged 70 years or older; however, recently, an increasing frequency of vulvar cancer in young women has been observed (3, 4).

For patients with invasive vulvar squamous cell carcinoma (VSCC), the most common type of vulvar cancer, the standard treatment in clinical early-stage disease is radical resection of the tumor with bilateral inguinofemoral lymphadenectomy or sentinel lymph node (SLN) biopsy, when appropriate. In the absence of clinical suspicious lymph nodes (cN0), the SLN procedure should be considered the preferred procedure instead of radical dissection only within narrow selection criteria, including: unifocal lesions of <4 cm, not completely excised at diagnostic biopsy, and never undergone previous vulvar/groin surgery or neoadjuvant treatments (5–7). Furthermore, the SLN procedure should be performed only in centers with high-level experience in order to minimize false-negative rates. Therefore, a large cohort of cN0 patients is currently not submitted to the SLN procedure and instead referred to radical lymphadenectomy. This procedure showed no evidence of lymph node metastasis at final histology in 70% of cases, with increased postoperative physical and psychological morbidity rates (8). For this reason, many efforts are being made to optimize clinical management in order to avoid overtreatment of patients without lymph node metastasis and to ensure a high diagnostic sensitivity in identifying patients with positive groin nodes (9).

In this context, the identification of circulating or tissue biomarkers involved in the aggressiveness of tumor cells and in the metastasis process could be an important tool to guide and/or refine the surgical decision.

One of the most studied molecular systems in the regulation of tumor lymphangiogenesis is based on the interaction between vascular endothelial growth factor D (VEGF-D) and the corresponding VEGF receptor 3 (VEGFR-3), commonly expressed on the surface of lymphatic endothelial cells (10, 11). VEGF-D is a member of the VEGF family, which also includes VEGF-A, VEGF-B, VEGF-C, and placental growth factor (PlGF), and it is an important key regulator of both physiological and pathological angiogenesis and lymphangiogenesis (11). VEGF-D promotes lymphatic metastasis by inducing tumor-associated lymphangiogenesis in a mouse tumor model (12), and its over expression was associated with lymphatic tumor spread and poor patient prognosis in several human cancers (13–16). To the best of our knowledge, only one study evaluated the expressions of VEGF-D and VEGFR-3 using immunohistochemistry (IHC) in VSCC (17). Further investigations are required to clarify the clinical significance of these markers in patients with VSCC.

In the present study, we investigated the role of VEGF-D in predicting inguinofemoral lymph node metastasis. For the first time, the preoperative levels of serum VEGF-D (sVEGF-D) were quantified and correlated with the clinicopathological characteristics and prognosis of patients affected by VSCC.



Methods


Study Design

This retrospective study aimed to investigate the significance of VEGF-D in the clinical setting of VSCC patients and, in particular, in the preoperative prediction of lymph node metastasis. To this intent, two groups of patients with VSCC were recruited. Cohort A was used to analyze the correlations between sVEGF-D levels or the tissue expressions of VEGF-D and VEGFR-3 with the clinicopathological features and prognosis. Moreover, more importantly, cohort A was used as a training set to design a predictive algorithm for lymph node metastases. Three different models for the preoperative prediction of lymph node involvement were built using logistic regression: base model, including only clinical/radiological lymph node status; clinical model, including the clinicopathological characteristics available before surgery (e.g., tumor diameter, tumor grade from biopsy, and clinical lymph node status); and extended model, built with the addition of the sVEGF-D level to the clinical model.

Cohort B was kept external and independent and was used as a validation set to evaluate the performance of the extended model in the prediction of lymph node metastasis.



Patients and Samples

A retrospective study was performed on a total of 135 patients with VSCC divided into two independent cohorts, hereafter called A and B, comprising 80 and 55 women, respectively.

The inclusion criteria were as follows: histologically confirmed VSCC, tumor depth of invasion of at least 1 mm, surgical treatment performed in the enrolling centers, availability of frozen serum samples collected prior to surgery, and/or availability of formalin-fixed paraffin-embedded (FFPE) tumor tissue samples surgically obtained from the primary tumor site. For cohort B, only serum samples were required. Patients with synchronous cancer or with a history of malignancy in the 5 years prior to the VSCC diagnosis were excluded from the study of circulating sVEGF-D.

The eligible patients of cohort A were consecutively enrolled between January 2003 and August 2019 at the Division of Obstetrics and Gynecology of “ASST-Spedali Civili di Brescia” (Brescia, Italy). The eligible patients of cohort B were consecutively enrolled between May 2012 and October 2018 at the Division of Gynecologic Oncology of “Fondazione Policlinico Universitario A. Gemelli IRCCS” (Rome, Italy).

All patients were preoperatively assessed by expert gynecologic oncologists and dedicated specialists for primary tumor histology, obtained by incisional biopsy, and lymph node status evaluation, obtained by clinical exam and dedicated imaging (ultrasound and/or PET). A positive clinical lymph node status was defined in the presence of at least one suspicious lymph node at imaging.

All patients were surgically treated by complete surgical tumor resection (partial or radical vulvectomy) and inguinal lymph node dissection, performed mono- or bilaterally, as appropriate, on the base of the distance of the primary tumor from the midline, according to international guidelines (5, 6) at the time of the study.

All 80 patients from cohort A underwent radical lymphadenectomy. Among the 55 patients in cohort B, 12 underwent exclusive SLN, 9 underwent combined SLN and inguinofemoral lymphadenectomy, and 34 underwent inguinofemoral lymphadenectomy.

The stage of disease was assessed in accordance with the International Federation of Gynecologists and Obstetricians (FIGO) revised staging system of 2009, in use during the enrollment period.

Adjuvant treatment was administered to 24 out of 80 patients in cohort A (radiotherapy, chemotherapy, or chemoradiotherapy to 21, 2, and 1 patient, respectively). Fifty-one patients did not receive adjuvant therapies, and for 5 patients, this information was missing. All patients in cohort A were followed from the time of their confirmed diagnosis until death or March 2021. Follow-up data were not required for the patients in cohort B. Clinical and histopathological data were acquired from the original reports.

The characteristics of the patients in the two cohorts are summarized in Table 1.


Table 1 | Clinical characteristics of vulvar squamous cell carcinoma (VSCC) patients.



The study was performed following the set of principles in the Declaration of Helsinki and was approved by the Research Review Board–Ethics Committee of the ASST Spedali Civili, Brescia, Italy (study reference no. NP3512) and of the Fondazione Policlinico Universitario “A. Gemelli” IRCCS—Università Cattolica del Sacro Cuore, Rome, Italy (study reference no. ID2844). Written informed consent for the collection and use of personal records and biological material for health research was obtained from all patients enrolled. All data were collected in an electronic database and managed in accordance with privacy regulations.



VEGF-D Serum Concentration Measurement

In both cohorts, fasting blood samples were drawn from patients strictly before surgery. Serum was separated by centrifugation at 1,500 × g for 10 min within 1 h, frozen in liquid nitrogen, and then stored at −80°C until analysis. Sample analysis was centralized in Brescia Hospital laboratory and carried out without any prior knowledge of the patients’ clinical status.

The sVEGF-D levels were analyzed with enzyme-linked immunosorbent assay (ELISA) using the immunoassay Human VEGF-D Quantikine ELISA (R&D Systems, Minneapolis, MN, USA) following the manufacturer’s instructions. Briefly, 50 ml of standards, controls, and serum samples were analyzed in duplicate, and plates were read at 450 nm, setting a wavelength correction to 570 nm, on an automatic plate reader (Spectramax 340 PC; Molecular Devices Corporation, Sunnyvale, CA, USA). As declared by the manufacturer, the dynamic range of VEGF-D detection goes from 125 to 4,000 pg/ml, with intra-assay and inter-assay imprecision (coefficient of variation, CV) values ranging from 2.4% to 6.2% and from 7.2% to 8.0%, respectively.



Immunohistochemical Staining of VEGF-D and VEGFR-3 on Formalin-Fixed Tumor Tissues

To evaluate the protein expression levels of VEGF-D and VEGFR-3, IHC staining was performed on VSCC tissue samples from cohort A at the Department of Pathology, “ASST-Spedali Civili of Brescia.” Whole tissue sections (2 μm) were obtained from FFPE blocks, stained with hematoxylin and eosin, and analyzed by a staff surgical pathologist. IHC analyses were performed on 4-μm tissue sections using the Leica Bond III fully automated IHC Stainer (Leica Biosystems, New Castle upon Tyne, UK). No antigen retrieval was carried out. The sections were incubated with the primary antibodies anti-VEGF-D diluted 1:200 (clone 78923; R&D Systems) for 15 min and anti-VEGFR-3 diluted 1:50 (clone NCL-L-VEGFR-3; Leica Biosystems) for 30 min. The reaction was revealed using the automated Leica BOND system by the Bond Polymer Refine Detection Kit (DS9800; Leica Biosystems), which consisted of sequential incubation with post-primary and horseradish peroxidase (HRP)–polymer for 8 min each, followed by diaminobenzidine as chromogen and by hematoxylin as nuclear counterstain.

Cellular staining was graded for intensity (0, negative staining; 1, weak staining; 2, moderate staining; and 3, strong staining) and percentage of positive cells (0, 0%; 1, 1%–20%; 2, 11%–50%; and 3, 51%–100%). A single IHC scale with scores 0–9 was calculated by multiplying the intensity and the percentage staining scores. Then, four total scores (0, 1, 2, 3) were obtained, grouping score 0 in total score 0, scores 1–3 in total score 1, scores 4 and 6 in total score 2, and score 9 in total score 3.



Statistical Methods

The association between the levels of sVEGF-D and the clinicopathological characteristics in cohort A was evaluated using univariable linear models after transforming the sVEGF-D levels on a log2 scale.

The role of sVEGF-D as a predictor of lymph node involvement was evaluated using a logistic regression model including the clinicopathological characteristics available before radical vulvectomy: estimated tumor diameter, tumor grade assessed on biopsy, and lymph node status from clinical/radiological evaluation. The results were reported as odds ratios (ORs) and 95% confidence intervals (95%CIs).

The discrimination performance of the models was quantified with the concordance index (C-index), which is equivalent to the area under the receiver operating characteristic (ROC) curve (AUC). The 95%CI for the C-index was obtained after 200 bootstrap resampling (18). Model calibration was evaluated graphically and reporting scaled Brier scores (the bigger the better) (19) and the Hosmer–Lemeshow test (20). Unreliability test (testing the H0 for a calibration line with slope = 1 and intercept = 0) was performed using a chi-squared test with 2 df (21).

Penalized maximum likelihood was used to obtain more stable coefficients through shrinkage in order to achieve better performance for prediction (22, 23). Selection of the optimal penalization parameter was performed based on Hurvich and Tsai’s corrected Akaike’s information criterion (AIC) (24).

Progression-free survival (PFS) was defined as the time from surgery to progression or recurrence, while disease-specific survival (DSS) was defined as the time from surgery to cancer-related death. Univariable and multivariable Cox proportional hazard models were used for modeling PFS and DSS.

For display purposes, the sVEGF-D values were dichotomized using maximally selected rank statistics (25), both for DSS and PFS. Briefly, this procedure searches for the optimal threshold that maximizes the log-rank statistic, accounting for test multiplicity. Binary-coded sVEGF-D values were used in the multivariable models accounting for stage, grade, and vascular and perineural invasion, and the corresponding survival curves were displayed using the Kaplan–Meier method.

All tests were two-sided and assumed a 5% significance level. All statistical analyses were performed with the program R Core Team (version 4.1.1).




Results


VEGF-D Serum Level Correlates With Lymph Node Metastasis and FIGO Stage

Preoperative serum samples from 62 out of 80 patients in cohort A were suitable to analyze the sVEGF-D levels using ELISA. The median and the mean values of sVEGF-D were 456.0 pg/ml (range = 370.9–573.5) and 483.4 pg/ml (SD = 178.5), respectively. As shown in Table 2, high levels of sVEGF-D significantly correlated with lymph node metastasis (p = 0.023) and higher FIGO stage (III–IV vs. I–II, p = 0.023). No other significant correlations with the clinicopathological factors were evident.


Table 2 | Vascular endothelial growth factor D (VEGF-D) serum levels and correlation with the clinicopathological characteristics of vulvar squamous cell carcinoma (VSCC) patients from cohort A (N = 62).



In 49 out of 80 patients, FFPE tumor tissue samples surgically obtained from the primary tumor site were available to evaluate the tissue protein expression of VEGF-D and its receptor VEGFR-3. A pattern of positive cytoplasmic expression for VEGF-D and VEGFR-3 was found in 92% and 94% of the VSCC patients, respectively (Supplementary Figure S1). No correlation was found between the expression of VEGF-D or VEGFR-3 and the clinicopathological characteristics of the tumor (Supplementary Table S1); therefore, the next steps of the study were conducted considering exclusively serum VEGF-D.

For 31 out of 80 patients, matched tissue and serum samples were available. The serum VEGF-D level was only partially correlated with the tissue VEGF-D protein score, with a borderline statistical significance (rs = 0.317, p = 0.082).



High Level of sVEGF-D Correlates With Poor Prognosis

In cohort A, 79 out of 80 patients were considered for survival analysis (median follow-up = 101.1 months, IQR = 58.0–150.5 months). Forty-one (51.9%) had disease recurrence or progression. At the time of the last follow-up, 36 patients (45.6%) were alive, 30 (38.0%) were dead of disease, and 13 (16.4%) died of other causes.

In the univariable analysis for DSS, higher preoperative sVEGF-D levels (log scale) were significantly associated with worse prognosis [hazard ratio (HR) = 2.70, p = 0.02] and with other traditional prognostic factors, such as advanced FIGO stage (HR = 9.43, p < 0.01), perineural invasion (HR = 2.17, p = 0.03), lymphovascular invasion (HR = 2.55, p = 0.01), and lymph node metastasis (HR = 9.43, p < 0.01) (Figure 1A and Supplementary Table S2).




Figure 1 | Kaplan–Meier survival curves showing the effect of serum vascular endothelial growth factor D (sVEGF-D) level in multivariate models adjusted for stage, grade, and vascular and perineural invasion. The optimal threshold for sVEGF-D categorization was determined by maximally selected rank statistics. The reported p-values were adjusted for multiple testing. Higher sVEGF-D levels [>393 and >329 pg/ml for disease-specific survival (DSS) and progression-free survival (PFS), respectively] exhibited a significant association with reduced DSS (A) (p < 0.001) and PFS (B) (p < 0.001) in 61 patients with vulvar squamous cell carcinoma (VSCC) from cohort A.



In addition, in the univariable analysis for PFS, higher preoperative sVEGF-D levels (HR = 2.15, p = 0.036), lymph node metastasis (HR = 3.20, p < 0.01), lymphovascular invasion (HR = 1.95, p = 0.04), and advanced FIGO stage (HR = 3.20, p < 0.01) were significantly associated with a high risk of recurrence (Figure 1B and Supplementary Table S2).

In the multivariable analysis, the preoperative sVEGF-D levels (entered as a restricted cubic spline with 3 knots, i.e., a quadratic trend) were demonstrated to be independent prognostic factors for poor DSS (likelihood ratio test:  = 7.30, p = 0.026) (Table 3 and Figure 1A). Similarly, in the multivariable analysis for PFS, sVEGF-D (linear trend) was marginally significant (p = 0.047) (Table 3 and Figure 1B).


Table 3 | Multivariable survival analysis for both disease-specific survival (DSS) and progression-free survival (PFS) on 61 VSCC patients from cohort A.





Association Between Lymph Node Metastasis and Clinicopathological Characteristics

In order to assess the factors associated with lymph node metastasis and to build a predictive algorithm, pathological lymph node status was compared with the clinicopathological variables available before and after surgery. As reported in Supplementary Table S3, lymph node metastasis was significantly associated with positive/suspicious clinical lymph node status (p = 0.002), increased tumor diameter (p = 0.029), higher sVEGF-D levels (p = 0.027), greater depth of stromal invasion (p = 0.024), and the presence of vascular (p = 0.012) and perineural (p = 0.005) invasion.



sVEGF-D Represents an Independent Marker of Lymph Node Involvement

As described above in the Study Design, three different models for preoperative prediction of lymph node involvement were built using logistic regression (Table 4).


Table 4 | Logistic regression model estimates for association with prediction of lymph node in cohort A.



The base model, including only the clinical/radiological lymph node status, showed a moderate adjusted C-index (C-indexadj) of 0.70 (95%CI = 0.57–0.80); the clinical model, including the clinicopathological characteristics available before surgery (e.g., tumor diameter, tumor grade evaluated on biopsy, and clinical/radiological lymph node status), showed good discrimination, with C-indexadj of 0.74 (95%CI = 0.62–0.88), and good calibration (scaled Brier score = 0.23) (Supplementary Figure S2A). The extended model, built by adding the sVEGF-D level to the clinical model, resulted in a significant improvement of the fit (likelihood ratio test:  = 4.35, p = 0.037), suggesting an independent association between sVEGF-D and lymph node involvement. Both discrimination and calibration showed a slight improvement, with higher C-indexadj (0.79, 95%CI = 0.64–0.92) and scaled Brier score (0.34) (Supplementary Figure S2B).



sVEGF-D Confirms Its Predictive Role in an Independent VSCC Cohort

The extended model applied to cohort B (validation set) showed a reasonably high C-index (0.73, 95%CI = 0.54–0.87). Comparison of the probabilities predicted by the extended model between the two groups of patients divided according to the presence of positive lymph nodes showed good separation with a discrimination slope of 0.78 and an acceptable agreement between the observed and predicted proportions of lymph node metastasis (Hosmer–Lemeshow test, p = 0.08) (Supplementary Figure S3).

Finally, we evaluated the performance of the extended model on the entire cohort of patients (A + B) in comparison with the base model. The model with sVEGF-D showed a significantly superior performance compared to the clinical/radiological evaluation of the lymph nodes (ROC-AUCs of 0.792 and 0.685, respectively, p = 0.008) (Table 5). At the optimal cutoff value (Youden), the specificity, sensitivity, positive predictive value (PPV), negative predictive value (NPV), false-negative rate (FNR), and false-positive rate (FPR) of the extended model were 83.0%, 74.4%, 76.3%, 80.4%, 25.6%, and 17.0%, respectively.


Table 5 | Metrics assessing the performance of the proposed methods for the prediction of lymph node metastasis.






Discussion

Lymph node status is the most important prognostic factor for patients with VSCC, and failure to remove metastatic lymph nodes has serious consequences due to its high mortality (26). On the other hand, removal of lymph nodes can cause both short- and long-term serious side effects (8). For these reasons, a diagnostic test with an optimal sensitivity and specificity would be needed to safely avoid lymphadenectomy. Special attention seems to be focused on high-performance imaging modalities in the prediction of lymph node status, such as ultrasound (27, 28) and 18F-FDG-PET/CT (PET) (29–31), in order to better select cN0 patients and identify before surgery those with nodal metastases, even with not palpable nodes. However, to date, imaging cannot diagnose small metastases prior to surgery when their size is below the resolution limits of the available imaging techniques (32).

In this context, circulating biomarkers could offer a valid contribution in the design of a predictive algorithm. For several different tumors such as breast (13), colon (14), ovarian (15), endometrial (16), cervical (33), bladder (34), thyroid (35), gastric (36), esophageal (37), and gallbladder (38) cancers, a strong association between an increased expression of VEGF-D and the presence of lymph node metastases has already been demonstrated by IHC (13–16, 33) or at serum level (34–38); however, investigations on this biomarker regarding VSCC are lacking. To the best of our knowledge, this is the first study investigating the role of sVEGF in VSCC.

In the present study, our findings indicated that an increased serum VEGF-D level is an independent predictor for the presence of metastatic disease in the lymph nodes and an independent risk factor of poor outcomes in terms of both DSS and PFS. In addition, a predictive model adding sVEGF-D to other clinicopathological parameters significantly improved the prediction of nodal metastasis.

Higher levels of sVEGF-D in cancer patients compared to healthy controls or benign pathologies have been detected for some tumor types (36–38) and not for others (34, 35), but regardless of this, a positive correlation with lymph node metastasis has been demonstrated in all studies.

VEGF-C and VEGF-D are key stimulators of both angiogenesis, via the activation of VEGFR-2, and lymphangiogenesis, via the activation of VEGFR-3, constitutively expressed by lymphatic endothelial cells, promoting growth and remodeling of lymphatic vessels (10, 39, 40). In animal models, VEGF-D-driven lymphatic metastasis has been attributed to both the growth of new lymphatics adjacent to the tumor and the enlargement of preexisting collecting lymphatic vessels (41). In addition to VEGF-D and VEGF-C, VEGF-A, fibroblast growth factor-2, and hepatocyte growth factor have been reported to exert lymphangiogenic activity either directly or indirectly, mediated by the VEGF-C/VEGF-D/VEGFR-3 signaling pathway (42–44).

Tumor spread through the lymphatics is known to be a negative prognosticator, but the molecular mechanisms of VEGF-D as an independent prognostic factor in many types of cancers are still unclear (13–16, 38). One possible hypothesis is that VEGF-D is a mitogenic and morphogenic effector of the proto-oncogene c-Fos and, consequently, may be involved in c-Fos-induced tumor transformation and progression (45, 46).

We found, for the first time, that high circulating levels of sVEGF-D correlate with lymph node metastasis and advanced stage in VSCC patients, as already shown for other malignancies (34–38). On the other hand, the tissue expressions of VEGF-D and VEGFR-3 by IHC did not correlate with any clinicopathological characteristics, as demonstrated by a previous study showing a positive IHC staining for VEGF-D and VEGFR-3 in 100% and 90% of VSCC cases, respectively, and no correlation with the presence of lymph node metastases (17).

According to previous literature (47–49), our study showed that clinical lymph node status, tumor diameter, vascular and perineural invasion, and depth of invasion significantly correlated with inguinofemoral lymph node metastasis. With the aim of providing a useful tool for a tailored surgical approach, we focused our attention on the variables available before surgery: tumor diameter, tumor grade evaluated on biopsy, clinical lymph node status, and sVEGF-D level. The extended model based on these four covariates showed good performance, demonstrated by the C-index of discrimination equal to 0.788. Notably, the performance of the extended model was significantly superior compared to that of the clinical model including only clinical predictors, but excluding sVEGF-D, and to that of the base model based on clinical/radiological evaluation of lymph nodes. The results, validated on an external independent cohort of VSCC patients, confirmed the ability of the extended model to classify patients with respect to lymph node positivity. It is well known that the performance of a predictive model is always lower in the validation group compared to that in the cohort of samples used for its development. The slight difference in the C-index values between our training and validation sets could be explained by the non-homogeneity of the two cohorts as they differed in the surgical approach used to assess lymph nodal status.

Only one previous study proposed two predictive models for groin node metastases based on four parameters (depth of infiltration, grade of differentiation, tumor diameter, and EGFR), but only the first two were independent predictors (50). The two models have not been validated in independent cohorts of patients and their performance is unclear.

Our study provided encouraging preliminary evidence for further investigations on sVEGF-D in association with other clinicopathological variables available preoperatively in the prediction of lymph node metastasis in patients with VSCC. The limits of the present study, which can be mainly attributed to the rarity of this tumor, are mainly related to the relatively small number of cases, the retrospective design, and the prolonged time interval of enrollment, during which many things have changed. The most important evolution concerned the improvement of imaging performance in the prediction of lymph node status due to technological development, the availability of more experienced examiners, and the increased knowledge of this rare pathology obtained by dedicated studies. Currently, imaging provides higher NPV, which in fact is the favored predictive driver since failing to recognize a metastasis and missing the surgical removal could significantly impair prognosis. On the other hand, sVEGF-D could potentially support a higher PPV with other diagnostic tools, being associated with the presence of lymph node metastasis.

In conclusion, it will be essential to validate these retrospective results in larger multicenter prospective studies to identify a threshold value that can achieve FNR and NPV values in accordance with the guidelines of the Gynecologic Cancer Group of the European Organization for Research and Treatment of Cancer (EORTC) (5) and to update the sVEGF-D predictive model integrated with current high-performance imaging methods.
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Endometrial carcinoma (EC) is the most common gynecological malignant disease in high-income countries, such as European countries and the USA. The 2020 edition of the World Health Organization (WHO) Classification of Tumors of the Female Genital Tract underlines the important clinical implications of the proposed new histomolecular classification system for ECs. In view of the substantial genetic and morphological heterogeneity in ECs, both classical pthological parameters and molecular classifiers have to be integrated in the pathology report. This review will focus on the most commonly adopted immunohistochemical and molecular biomarkers in daily clinical characterization of EC, referring to the most recent published recommendations, guidelines, and expert opinions.
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Introduction

Endometrial carcinoma (EC) is the most common gynecological malignancy in Western countries. It represents the sixth most commonly diagnosed cancer and the 14th leading cause of cancer death in women worldwide (1). The 5th edition of the WHO of Tumors of the Female Genital Tract, published in 2020, considers the molecular classification system for ECs as an additional tool to integrate traditional histopathological criteria [histological type and grade, pattern of myometrial involvement, lymphovascular involvement (LVSI) and FIGO stage] (2). The aim of this integrated histomolecular approach is to unify both classical pathological parameters and molecular data in one pathology report and correlate them to the clinical risk groups, for a better multidisciplinary definition of patient outcomes (3).



Aim

This overview will focus to enlighten and summarize the histological features (Figure 1) and the immunohistochemical and molecular biomarkers useful to perform a right and complete characterization of endometrial cancer.




Figure 1 | Histological subtypes of endometrial carcinoma: an overview. (A) An endometrioid carcinoma G1 FIGO with mucinous features (LSAB, 10×). (B) An endometrioid carcinoma G2 FIGO (LSAB, 10×). (C) An endometrioid carcinoma G3 FIGO with basaloid features (LSAB, 4×). (D) An endometrioid carcinoma G3 FIGO with spindle cell features (LSAB, 4×). (E) A serous carcinoma (LSAB, 10×). (F) A clear cell carcinoma (LSAB, 20×).



Considering the important insights into the biological characterization and clinical management of EC, the Italian Society of Pathological Anatomy and Cytopathology (SIAPEC) and members of PAGINE (Italian Group of Gynaecological Pathology) worked on a collaborative project to draft consensus specific recommendations on the (i) most important definitions related to the 2013 The Cancer Genome Atlas (TGCA) histomolecular classifications; (ii) methods of POLE, MSI, p53 testing on cancer tissue (Figure 2); and (iii) methods of other (optional) prognostic marker evaluation on cancer tissue (Figure 3 and Tables 1-8). Members of the working group have been selected among professionals with high standard records on scientific activity and routine pathological and clinical work on gynecological pathology and molecular testing of cancers, comprising 10 pathologists/molecular pathologists.




Figure 2 | Molecular landscape of endometrial carcinoma: the role of the immunohistochemical surrogates. (A) An endometrioid carcinoma G2 FIGO with loss of MLH1 expression (LSAB, 10×). (B) An endometrioid carcinoma G2 FIGO with loss of MSH2 expression (LSAB, 10×). (C, D) An endometrioid carcinoma G3 FIGO with loss of ER (LSAB, 10×) and PR (LSAB, 10×). (E) An endometrioid carcinoma G2 FIGO with expression of ER in 80% of neoplastic cells, with a 2+ score intensity (LSAB, 10×). (F) A serous carcinoma with overexpressed aberrant pattern of p53 (LSAB, 4×).






Figure 3 | Molecular landscape of endometrial carcinoma: the role of other immunohistochemical markers. (A) An endometrioid carcinoma G1 FIGO with nuclear beta-catenin expression in foci of morular metaplasia (LSAB, 20×). (B) An endometrioid carcinoma G2 FIGO with L1CAM over-expression (>10%) (LSAB, 4×). (C) A serous carcinoma with HER2 score 3+, according to the 2007 modified ASCO CAP scoring method (LSAB, 20×). (D) A clear cell carcinoma with HER2 score 2+, according to the 2007 modified ASCO CAP scoring method (LSAB, 20×).




Table 1 | POLE: recommendations and comments from the working group.




Table 2 | MSI: recommendations and comments from the working group.




Table 3 | P53: recommendations and comments from the working group.




Table 4 | Hormonal receptors: comments from the working group.




Table 5 | L1CAM: comment from the working group.




Table 6 | Beta-catenin: comment from the working group.




Table 7 | PDL1: comments from the working group.




Table 8 | HER2: comments from the working group.





From 2013 TCGA Revolution to the Molecular Surrogates for EC Biological Characterization

In 2013, TCGA Research Network reported a large-scale, integrated genomic, transcriptomic, and proteomic analysis of 373 ECs, including 307 endometrial endometrioid carcinomas (EECs), 53 serous endometrial carcinomas (SECs), and 13 mixed cases, showing that EC could be stratified into four prognostically relevant molecular groups: POLE/ultramutated (7%) with excellent prognosis with no recurrence regardless of the FIGO grade, the microsatellite-instability/hypermutated (28%) and the copy-number-low/endometrioid (39%) characterized by intermediate prognosis, and the copy-number-high/serous like (26%) characterized by SECs and showing poor prognosis (4).

As the molecular classification proposed by the TCGA used cost prohibitive methods for group assignment in routine clinical practice, subsequent studies, in particular the Leiden/PORTEC group and the Vancouver/ProMisE group, developed and validated a molecular surrogates based on immunohistochemistry expression of p53 protein and mismatch repair (MMR) proteins and POLE sequencing. The four groups identified with such approach, i.e., POLE-mutant (POLEmut), MMR-deficient (dMMR), p53-abnormal (p53abn), and no specific molecular profile (NSMP), have been recently integrated in the European guidelines for endometrial cancer management (5, 6) with important clinical implications as the following:

	- all POLEmut carcinomas up to FIGO stage II are included in the low-risk group and can be managed by observation alone

	- p53mut EECs are lumped together with non-endometrioid carcinomas in the high-risk group and, in the absence of myometrial invasion, are considered at intermediate risk (7).





POLE Subgroup


Clinical Definition and Therapeutical Implications

The POLE1–4 genes encode for one of the four subunits that form Polϵ (DNA polymerase epsilon). POLE gene contains both the catalytic active site and the proofreading exonuclease domain (8). Polϵ is a protein responsible for the polymerization of the leading strand during DNA replication. It also possesses 3’ to 5’ exonuclease capability to repair misincorporated nucleotides during DNA replication and it is also involved in DNA repair pathways such as MMR, base excision repair (BER), nucleotide excision repair (NER), or double-strand break repair (9).

A few missense germline mutations in the proofreading domain of POLE affecting the exonuclease repair of Polϵ have been shown to be pathogenic such as W347C, N363K, D368V, L424V, P436S, or Y458F. These mutations hence result in a mutation rate increase of about 100-fold. Accordingly, these tumors are usually called ultramutated (10).

Pathogenic somatic mutations in the proofreading domain of POLE have been found in some tumor types, such as endometrial tumors (8%) and at lower frequencies in colorectal, glioblastoma, ovary, prostate, breast, or gastric cancer (9, 11–14). These mutations seem to confer similar phenotypes regardless of the tumor tissue type. These are missense, heterozygous mutations where no second hit by either mutation or LOH seems to be required, and they are very early events, possibly initiating. Some mutations are hotspots such as P286R, S297F, V411L, or S459F, but other rarer mutations have also been identified (e.g., P286H/L, S297Y, F367S, L424V/I, P436R, M444K, and A456P). These mutations result in ultramutation with an over-representation of C>A (15). Moreover, POLE tumors are hardly ever concomitant with MSI, although a few tumors with both phenotypes have been described, but they do not seem to show chromosomal instability as their karyotype is nearly diploid (16). Patients with somatic POLE driver mutations are younger on average and the prognosis is excellent in the early stage (15).

In EC, the POLE mt group is characterized by somatic mutations in the exonuclease domain of POLE, which encodes the catalytic subunit of DNA polymerase epsilon. Ultramutated tumors have an extraordinarily high mutation rate (232 × 10−6 mutations per megabase), included both low-grade (uncommonly) and high-grade EECs (significantly) and consistently showed the most favorable prognosis with no recurrence and this excellent outcome appears to be maintained across the several histotypes, regardless of the FIGO grade and other clinicopathological factors (17). According to the recent ESGO/ESTRO/ESP guidelines, all POLEmut carcinomas up to FIGO stage II, regardless of FIGO grade, histotype, or LVSI, are included in the low-risk group and could be managed by observation alone, with no need for adjuvant treatment (7).

For the very high immunogenicity (abundance of pre-existing tumor-antigen-restricted CD8+T-cells), with upregulation of immune checkpoint and other immunosuppressive genes, the POLEmut ECs together with MSI ECs, as “hot tumors”, are promising candidates for checkpoint blockade immunotherapy, being considered the best molecular types that can respond to anti-PD-1/PDL1 treatment (16). They may also be sensitive to treatment with nucleoside analogs as they increase the mutation burden to a level where tumor cells are not viable.



Pathological Features

Typical histopathological features of a POLE mut ECs are as follows:

	- endometrioid histotype

	- high grade, with foci demonstrating severe nuclear atypia and giant cells

	- high mitotic index

	- abundance in tumor-infiltrating lymphocytes (TILs) and/or peritumoral lymphocytes

	- morphological heterogeneity and ambiguity

	- substantial LVSI

	- subclonal p53 at immunohistochemistry (IHC)





Interpretation Issues

Currently, there is no surrogate markers for POLE mutation and targeted sequencing for the common mutations or whole genome or panel testing must be used (mutation analysis of the exonuclease domain of POLE exons 9, 11, 13, 14). Not all POLE mutations impact prognosis as nearly all (>95%) POLE mutations outside the exonuclease domain are not associated with a ultramutated phenotype, and part of the mutations inside the exonuclease domain are not pathogenetic (18). For the five most common POLE mutations (P286R, V411L, S297F, A456P, and S459F), pathogenicity (in this sense meaning causal for tumor ultramutation) has been confirmed (18); however, the classification of other, less frequent POLE variants is currently challenging and variants of unknown significance (VUS) include the following: A465V, L424V, T278M, and A428T (18).




Defective DNA Mismatch Repair Complex as Surrogate of Microsatellite Instability


Clinical Definition and Therapeutical Implications

MMR is a highly conserved protein complex for recognizing and repairing erroneous short insertion, short deletion, and misincorporation/mismatches of bases that can arise during DNA replication and recombination, as well as repairing some forms of DNA damage. The most important MMR players include MLH1 (mutL homologue 1), MSH2 (mutS homologue 2), MSH6 (mutS homologue 6), and PMS2 (postmeiotic segregation increased) (19).

These four proteins function in heterodimers: MLH1-PMS2 and MSH2-MSH6 43,44 (where MLH1 and MSH2 are obligatory partners of these heterodimers) (20, 21). An alteration in MLH1 and MSH2 results in subsequent proteolytic degradation of the mutated protein and its secondary partner (21). Conversely, mutations in secondary PMS2 or MSH6 may not result in proteolytic degradation of their primary partners, as MSH6 can be substituted in the heterodimer by MSH3, and PMS2 by PMS1 or MLH3. Consequently, the PMS2 antibody detects all cases that harbor either MLH1 or PMS2 abnormalities (22), and the MSH6 antibody detects all cases that harbor either MSH2 or MSH6 abnormality. MLH1 and MSH2 alone do not recognize cases with PMS2 or MSH6 abnormalities.

The inactivation of these genes (i.e., DMMR) can occur due to germline and/or somatic mutations or epigenetic silencing, resulting in the accumulation of frame-shift mutations (either through insertions or deletions) with a subsequent increased mutational burden, especially within repetitive stretches of DNA, called microsatellites (short tandem repeats, generally of a sequence that ranges from one to six bases), being distributed along the genome of both coding and non-coding regions and particularly sensitive to DNA mismatching errors during DNA replication or iatrogenic damage; this manifests as microsatellite instability (MSI). Thus, MSI is a condition of genetic hypermutability resulting from defective DNA MMR, and the two terms are often used interchangeably (22).

Germline mutation(s) of the MMR genes is the hallmark of constitutional mismatch repair deficiency (CMMRD) (23). CMMRD is due to a biallelic MMR gene mutation in which MMR defects are inherited from both parents. Mutations occur in well-characterized MMR genes including MLH1, PMS2, PMS1, MSH2, and MSH6 (24). This leads to a rare childhood cancer predisposition syndrome with recessive inheritance. The spectrum of CMMRD tumors is broad and CDMMR patients possess a high risk of multiple cancers, including hematological, brain, and intestinal tumors (25).

Lynch syndrome (LS) is an autosomal dominant disorder resulting from:

	- constitutional germline mutations, affecting the DNA MMR genes MLH1, MSH2, MSH6, and PMS2

	- constitutional MLH1 methylation

	- 3’ end truncating EPCAM deletion, causing allele-specific epigenetic silencing of the neighboring DNA mismatch repair gene MSH2 and subsequent hypermethylation of its CpG island promoter in tissues expressing EPCAM (26). In this context cancers can arise in the colo-rectum, endometrium, ovary, stomach, small bowel, gallbladder, hepatobiliary tract, pancreas, renal pelvis and/or ureter, bladder, kidney, brain, or prostate. Generally, the MLH1 variant is correlated with the highest risk of colorectal cancer, while the MSH2 variant is correlated with the highest risk of other cancers. ECs occurring in this setting represent 3%–5% of cases and often arise in younger women (45–55 years). EC is the index cancer in slightly more than 50% of cases.



Also, a substantial proportion (25%–30%) of non-LS endometrial carcinomas (sporadic ECs) have dMMR (27). Most are due to:

	- sporadic somatic biallelic hypermethylation of the MLH1 gene promoter

	- two somatic mismatch repair gene mutations

	- one somatic mutation with LOH of the other allele

	- alternatively, secondary epigenetic silencing of MSH6 is observed after neoadjuvant radio-chemotherapeutic treatments (28, 29).





Clinical and Pathological Associated Features

The MSI/hypermutated group is characterized by a high mutational rate (18 × 10−6 mutations per megabase) and included both low-grade and high-grade EEC.

Clinically, regarding patients with dMMR ECs, their prognosis seems to consistently remain intermediate. In particular, in early-stage, low-grade EECs, which usually have a good prognosis, dMMR appears as a risk factor for relapses (30, 31). In high-grade EECs, generally characterized by an intermediate prognosis between low-grade EEC and non-endometrioid carcinomas, dMMR is similarly associated to an intermediate prognosis (32). In the dMMR group of EEC, both LVSI and deep myometrial invasion were found as independent prognostic factors, while a high FIGO grade was not (33). DMMR EECs with MLH1 promoter methylation seem to have a worse prognosis than dMMR EEC with the mutation of MMR genes (33), offering a possible substratification of the dMMR group.

In non-endometrioid carcinomas, which have a poor prognosis, dMMR is a favorable prognostic factor (34–38). So, it is possible to consider the DMMR group as an intermediate-risk group regardless of the histotype. An exception could be represented by undifferentiated/dedifferentiated EC (UEC/DEC), in which a loss of SWI/SNF proteins expression seems to be associated with aggressive behavior even in the case of a dMMR signature

Moreover, dMMR ECs are unlikely to respond to conservative hormonal treatment and show a high likelihood of lymphovascular space invasion justifying a sentinel or other nodal procedure, and have not shown significant survival benefit by a chemotherapeutical approach. On the other hand, they seem to respond well to radiotherapy.

From a pathological point of view, dMMR/MSI ECs are more frequently characterized by the following distinctive gross and histological features:

	- Lower uterine segment origin

	- Significant peritumoral and intratumoral infiltrating lymphocytes (≥40 TIL/10HPFs), with more CD8+, CD45RO+, and PD1+ T cells at the invasive margin in LS—endometrial cancers compared with sporadic dMMR endometrial neoplasms (39).

	- Synchronous ovarian cancer (clear cell or endometrioid variants)

	- Higher grade with undifferentiated component

	- Phenotypic heterogeneity (defined as two morphologically distinct tumor populations)

	- > LVSI

	- > Deep myoinvasion (higher prevalence of MSH2 MSH6 loss in MELF+ EECs has also been reported) (40)

	- > Stage



Thus, morphology can significantly improve the efficacy of dMMR/MSI detection, because pathologists, on the basis of peculiar histopathological features often associated with a genetic profile, could identify “sentinel case”, with high suspicion for LS.

However, Mills et al. showed that more than half of the LS-related endometrial tumors (58%) did not have the classical pathological MSI tumor features (41). On this wave, pathological features are not always specific except for an endometroid histology and studies show contradicting results. In conclusion, to support a morphologic suspicion, in order to detect LS-related endometrial cancers, a universal screening is recommended.



Reasons for MMR Testing in EC

MMR screening/MSI testing has several important clinical implications:

	- screening for LS: it is estimated that one in 250–300 people are affected by LS and EC is often the first or sentinel cancer and can precede subsequent cancers such as colorectal carcinoma by approximately a decade. The identification of LS in a family allows surveillance and preventive measures in order to reduce the mortality from subsequent LS-related cancers.

	- histomolecular diagnosis of EC: the TCGA classification and the recent ESGO/ESTRO/ESP guidelines require MMR testing of all cases for identification of the hypermutated dMMR/MSI EC group, with important management implications;

	- predictive testing: dMMR tumors are eligible for targeted treatment with immune checkpoint inhibitors and are also characterized by overexpression of PD-1/PD-L1 (42).



In particular, recently, anti-PD1 antibody dostarlimab (Jemperli) has been approved by EMA and FDA to treat patients with dMMR or MSI-high (MSI-H) recurrent or advanced EC that has progressed after platinum-based chemotherapy.



Laboratory Diagnostic Tests

Detection of dMMR can be carried out by IHC for the MMR proteins or through MSI testing. The two methods have comparable sensitivity and show approximately 96% concordance.

MMR protein IHC is the highly accurate surrogate of MSI molecular testing in EC. It is the recommended test to assess the presence or absence of MLH1, PMS2, MSH2, and MSH6 (alone or in combination with MSI testing) (Supplementary Figure). IHC analysis is usually preferred over MSI testing, for the following advantages:

	- it is cheaper

	- it has a lower turnaround time

	- it is easily available

	- it needs only a limited amount of tissue (i.e., 4 tissue slides)

	- it is amenable to IHC external quality assurance schemes

	- it allows correlation with morphology

	- it enables the rapid identification of the defective protein, thus guiding downstream testing



Although a combination of only two antibodies MSH6 and PMS2 may reduce the cost without a significant decrease in the diagnostic accuracy as proposed by some paper, we discourage the use of a two-antibody (i.e., PMS2 and MSH6) approach (21). MMR protein expression in normal tissues is seen as nuclear staining, with uniform or variable intensity, according to the proliferative cell activity. In cancer cells, generally characterized by higher proliferation rates than normal tissue, the staining intensity is typically stronger and higher than that seen in the background stroma, normal glands, or inflammatory cells (internal control). Nuclear expression of all 4 mismatch repair proteins on IHC suggests MSS. Loss of nuclear staining for any of the proteins with an internal positive control indicates MSI.

There are 4 typical abnormal MMR IHC patterns:

	loss of both MLH1 and PMS2; this occurs in MLH1 deficiency (mutation/methylation)

	loss of both MSH2 and MSH6; this occurs in MSH2 deficiency (mutation)

	isolated loss of MSH6; this occurs in MSH6 somatic deficiency

	isolated loss of PMS2; this occurs in PMS2 somatic deficiency



It is important to note that MMR IHC loss with absence of MLH1 promoter methylation does not equate to LS, and only about half of the cases will be proven to have an inherited defect. The majority of these occur due to biallelic somatic loss of an MMR protein (27).



Problems and Pitfalls in MMR IHC Interpretation

IHC can be considered valuable only in presence of a well-identifiable positive internal control (background stroma, normal glands, or inflammatory cells).

However, in some instances, a pathologist could run into the following problems or diagnostic pitfalls (43) (Supplementary Table):

	MMR IHC is very fixation-sensitive. Poorly fixed areas typically show negative staining in the absence of stromal staining, with a gradual decrease of intensity from positive areas. It is necessary that well-fixed areas are examined when reporting MMR IHC, to avoid erroneous interpretation. For this reason, MMR IHC should be carried out on better-preserved samples (biopsies or surgical samples). When the testing is performed in a preoperative setting, there is the added advantage that this molecular information is available at the time of EC diagnosis.



	Very weak/very focal expression may be seen in the presence of DMMR. As already stated, the expression of MMR proteins is generally strong and diffuse compared to the internal control, so that any deviation from this, including very weak/focal expression in the presence of an unequivocal positivity in stromal cells, should be noted and reported either as defective or equivocal/indeterminate. For example, weak focal/patchy immunoreactivity for MSH6 can be seen with MSH2 loss of expression/germline mutations. Repeating the staining on a different section or on biopsy specimen could solve some of these issues.

	Subclonal expression, defined as a focal loss of expression by tumor cells (at least 10% of the tumoral area, to assign tumor to the dMMR group); in order to distinguish it from variable expression as a result of a fixation artifact, normal staining must be seen in the internal control in the area showing expression loss in tumor cells. The cutoff of 10% is suggested to avoid reporting this pattern in cases where it is extremely focal and of unlikely clinical significance. Subclonal expression (generally subclonal MSH6 loss) is believed to occur as an acquired secondary (non-germline) defect, a “passenger mutation” arising from an underlying dMMR (in particular MLH1 defect) or in the presence of pathogenic POLE mutations. Subclonal MSH6 loss is sometimes accompanied by variable expression of MSH2. When subclonal MSH6 loss occurs with another defect, the reporting terminology should be as for the underlying defect. When subclonal MSH6 loss occurs as an isolated abnormality, this should be reported as abnormal as it may indicate an underlying germline abnormality, most likely in a gene other than MSH6. The behavior of these cases with regard to prognosis and responses to treatment is unknown.



	Punctate nuclear expression in a low proportion of MLH1 loss cases. This pattern should be reported as loss of expression and is thought to be a technical artifact, seen with the MLH1 (M1) clone (Roche Diagnostics)

	Cytoplasmic/dot-like/membranous staining should be reported as abnormal. It is possibly related to technical reasons

	Geographical loss of MLH1 and PMS2 due to heterogeneous hypermethylation within the tumor

	Loss of 3 or all proteins (total loss)

	Discordance or heterogeneity between MMR IHC and MSI:

- MSS with loss of MMR protein expression due to MLH1 promoter hypermethylation or somatic MMR variants

- MSI with retained/proficient MMR protein expression (6%–7%) due to POLE variants or determined by catalytically inactive mutated MMR proteins (missense mutation) that retain their antigenic integrity



MSI testing is based on PCR amplification of microsatellite markers. The pentaplex panel of five poly-A mononucleotide repeats (BAT-25, BAT-26, NR-21, NR-24, and NR-27) is the recommended panel given its higher sensitivity and specificity (44). Historically, loss of stability in 1 of the five microsatellite markers was defined as MSI-low and loss of stability in ≥2 as MSI-high. Currently, MSI-low tumors should be included within MSS tumors (45).

In selected experienced centers, NGS can represent an alternative novel molecular test to assess MSI, especially in non-Lynch-associated tumors (46), with the main advantage consisting in coupling MSI analysis with the determination of tumor mutational burden (TMB), along with other possibly targetable alterations.

Subsequent testing for MLH1 hypermethylation in order to identify a MLH1/PMS2-negative tumor as sporadic and (in the absence of a germline mutation) somatic mutations should be used to further evaluate the risk of subsequent cancers




p53 IHC as Surrogate of TP53 Mutation


Clinical Definition and Therapeutical Implications

p53 protein was discovered in 1979 as a 53-kilodalton protein from SV40 transformed cells (47) and was recognized as a tumor suppressor protein in 1992 (48). Mainly acting as a transcriptional factor, it plays important roles in the regulation of cell proliferation, DNA repair, apoptosis, genomic stability, senescence, and metabolic homeostasis (49). When DNA is damaged, p53 induces the expression of p21, a cyclin-dependent kinase (CDK) inhibitor that suppresses cyclin–CDK complexes, resulting in cell cycle arrest in the G1 phase, in this way allowing DNA repair before replication at S1 (50, 51). If the cells cannot repair the DNA damage, p53 induces apoptosis by activating apoptosis signal genes, such as BAX, PUMA, Noxa, and PERP (52). Loss of p53 function allows abnormal cell dysregulated proliferation, and this phenomenon is closely associated with carcinogenesis. Dysfunction of p53 has been observed in many malignant tumors (53, 54), mainly due to the inactivation of p53 protein by binding proteins or TP53 mutations. Majority of p53 mutations in cancer are missense mutations, leading to the expression of full-length mutant p53 (p53abn) protein. Many tumor-associated p53abn proteins not only lose the tumor-suppressive function of wild-type p53 but also gain new activities to promote tumorigenesis and tumoral progression, termed gain of function.

In endometrial cancer, the copy-number high/serous-like group is characterized by low mutational rate (2.3 × 10−6 mutation per megabase) but extensive SCNA somatic copy-number alteration (SCNA), with TP53 mutation in 90% of cases (17).The copy-number high/serous like group mainly includes high-grade tumors, in particular SECs and UCSs. Although accounting for only 15% of all ECs, it is responsible for 50%–70% of endometrial cancer mortality, showing a poor outcome in all histotypes and justifying the classification of all carcinomas with a p53abn phenotype in the high-risk category irrespectively of other factors (30, 38, 55, 56). However, prognostic differences between different histotypes may still exist, due to the simultaneity of other unfavorable clinicopathological factors (57).

For instance, p53abn SC might be more aggressive than p53abn EEC and p53abn CC-EC but less aggressive than p53abn UCS (58), but until now, it is not well known if these differences can justify different types of clinical treatment. Moreover, we have to remember that also a small percentage (2%–5%) of low-grade EECs shares TP53 mutations, exhibiting a mutation-type immunoreactivity.

Recent evidence has shown improved survival outcomes with the addition of chemotherapy compared with radiation alone in p53abn ECs. Targeted therapy for p53abn ECs also exists with a proportion of p53abn ECs known to have homologous recombination deficiency (HRD), DNA damage, high PARP-1 expression, or human epidermal growth factor 2 (HER2) overexpression/amplification (see later in the text). In fact, PARP inhibitors and anti-HER-2 targeted therapy with trastuzumab have shown promising results in these tumors (59).



Immunohistochemical Interpretation

Only a validated optimized laboratory protocol including appropriate “high expressor” positive control (HGSC), low-expressing (e.g., tonsil), and negative control tissues (colon) together with a correct pathological interpretation of p53 immunohistochemical staining are fundamental to achieve high diagnostic accuracy in predicting the presence of TP53 mutation and to obtain high interlaboratory concordance (60).

A 4-tier system (61, 62), recommended for p53 IHC interpretation, in the presence of a well-recognizable positive internal (non-neoplastic cells such as lymphocytes, fibroblasts, or endothelial cells) consists of:

	abnormal/aberrant/mutation type—overexpression: diffuse and uniformly strong nuclear expression of p53 in virtually 100% of tumor cell nuclei in a well-fixed case and at least 75% of tumor cell nuclei in a less well-fixed case, generally due to non-synonymous missense mutations

	abnormal/aberrant/mutation type—complete absence, due to nonsense mutations

	abnormal/aberrant/mutation type—cytoplasmic expression (with a variable nuclear staining), generally associated to loss-of-function mutations disrupting the nuclear localization domain of p53

	normal—wild type: nuclear p53 expression is observable in <80% of cells and/or with variable intensity, in absence of TP53 mutation, but we have to keep in mind that in about 5% of cases, a mutator genotype due to some splice site mutations or truncating mutations can also result in detectable, nonfunctional p53 protein with a wild-type staining pattern.



Cases without a positive internal control must be reported as uninterpretable.



Problems and Pitfalls in p53 IHC Interpretation

	Wild-type different grading: depending on the cellular differentiation and the proliferative activity, the normal wild-type pattern can show a wide range of staining, from only very few scattered tumor cell nuclei positive (low wild-type) to the majority of nuclei being positive (high wild-type).

	Heterogeneous p53 expression/subclonal TP53 mutation: a proportion of G3 EEC or ambiguous carcinomas with an ultramutated or hypermutated genotype (either POLEmut or DMMR) can acquire a TP53 mutation later in the tumoral course, developing a subclonal TP53 mutation that may result in heterogenous p53 expression, with a combination of normal wild-type and abnormal patterns (overexpression and/or ‘null’ phenotype and/or cytoplasmic staining). In these cases (generally defined multiple classifiers, as DMMR/p53abn ECs—64%; POLEmut/p53abn ECs—31%), an experienced gynecopathologist together with an optimized immunohistochemical protocol are necessary to assess such patterns (63), differentiating them from mixed cancers or from the possibility of a “wild-type variability” and “p53 mosaic patterns”. We retain that in case the morphologic features suggestive of POLE mutations (see later in the text) are present and p53 staining pattern is abnormal, it may be useful to repeat the stain on a different tumor section.

	Mosaic patterns of p53: generally due to preanalytical factors (delayed fixation with antigen degradation) or to rare molecular alterations (splice site mutation or low allelic frequency of TP53 mutation in some tumor areas) that determine variable intensity of the staining (some staining strong, some moderate, some weak, few negative).

	Nonspecific nuclear blush due to technical artifacts, could be misinterpreted as wild type in cases of true complete absence.

	Nonspecific cytoplasmic blush due to technical artifacts, could be misinterpreted as p53abn. It represents an equivocal blush, which may be ignored.

	Mixed abnormal patterns (complete absence and overexpression) indicating either different clonal origin or tumor progression with acquisition of a different type of TP53 mutation.

	p53 overexpression in a subset of EECs (without an underlying mutation) can be explained by dysregulation of other factors such as ERβ and MDM2.






No Specific Molecular Profile Surrogate of the Copy Number Low/Endometrioid Group

The copy-number-low/endometrioid group is characterized by low mutational rate (2.9 × 10-6 mutations per megabase), with no specific molecular profile (NMSP; no MSI or POLE mutations) and with a low degree of somatic copy-number alteration (SCNA, no p53 mutations) (17). Consistently lacking of molecular signatures, the NSMP also lacks a univocal prognostic significance.

Generally, the NSMP group shows a good-to-intermediate prognosis in low-grade EEC, an intermediate outcome in high-grade EEC, and poor prognosis in non-endometrioid carcinomas (30, 32, 35, 37, 38, 56).

The NSMP group may further be stratified based on histological (i.e., tumor grade and histotype, LVSI, depth of myometrial invasion), immunohistochemical (i.e., L1CAM expression), or molecular (i.e., CTNNB1 mutation) features (64).


Beta-Catenin as a Surrogate of CTNNB1 Mutation?

Beta-catenin is a multifunctional protein expressed on the surface of epithelial cells, acting as a structural component of the E-cadherin-related cell adhesion system (65). This molecule has a crucial role in maintenance of epithelial stability by regulating cell growth and intercellular adhesion. Beta-catenin also plays other important functional roles, including control of cell polarization, differentiation, “stemness,” and cell motility (66). At the cellular level, beta-catenin is the key mediator of the Wnt canonical pathway (67, 68). Constitutive activation of the Wnt signaling is a major etiological factor for many cancers (69, 70).

In the resting state of Wnt signaling, beta-catenin is phosphorylated by glycogen synthase kinase 3ββ (GSK3-β) within a protein complex including casein kinase 1, adenomatous polyposis coli (APC), and Axin. Phosphorylated beta-catenin is immediately degraded via the ubiquitin–proteasome pathway. In the active state, WNT binds to Frizzled (Fz), activating (Dsh), which inhibits the activity of GSK3-β, resulting in dephosphorylation and stabilization of beta-catenin, in this way enabling accumulation within the nucleus. A stable beta-catenin translates WNT signal into the transient transcription of a TCF/LEF (T-cell factor/lymphocyte enhancer factor) gene program, governing cell fate, proliferation, and other processes in several types of cancer (71, 72). Stabilized molecule could be considered a cause of genomic instability, promoting tumor development and aggressiveness. Numerous studies have shown that CTNNB1, the gene of beta-catenin, together with APC and Axin are frequently mutated in different types of human cancers and that the nuclear accumulation of beta-catenin could be considered the final step of constitutive activation of WNT signaling (73).

In particular, in EC, it has been described that a subset of low-grade, early-stage EECs (about 50% of NSMP EECs and almost 20% of all ECs) can harbor CTNNB1 exon 3 mutations, and when this happens, prognosis in terms of OS and recurrence-free survival is worse (31, 70, 74), overall intermediate, although their frequent clinic–pathological characteristics are commonly associated with lower risk of recurrence (younger age, squamous differentiation, low TILs, less incidence of deep myometrial invasion, and less incidence of LVSI, with a low number of other concurrent mutations, such as KRAS and FGFR2 mutation) (64).

Nuclear accumulation of beta-catenin, well detectable by immunohistochemistry, has been assessed as a possible surrogate for sequencing to identify CTNNB1-mutant cases, resulting in conflicting data, varying from an overall good agreement between protein nuclear staining and CTNNB1 status (70, 75, 76) to high discordance.

It seems that nuclear accumulation of beta-catenin in EEC implies the presence of CTNNB1 mutation, but not vice versa (76, 77). Furthermore, no standardized criteria for interpretation of beta-catenin immunostaining have been defined in order to consider its expression normal vs. aberrant. It seems that even a minimal percentage of beta-catenin positive nuclei should be considered significant, while only a nuclear expression being at least moderate should be considered of diagnostic significance.

Finally, in most cases, nuclear beta-catenin in EEC is limited to the morular metaplasia foci, not present in all CTNNB1-mutant cases and not clearly correlated to prognosis (76–79).




Multiple Molecular Classifiers and Interpretation Issues

Multiple classifier EC is defined as a tumor harboring more than one molecular classifying feature:

	dMMR/p53abn

	POLE mut/p53abn

	dMMR/POLE mut/p53abn

	dMMR/POLE mut



The simultaneous presence of two or three molecular signatures is encountered in 3% of ECs and outcomes correspond to those predicted by the driver molecular subtype; in particular, the POLEmut signature, when characterized by a pathogenic status, prevails over the other signatures, conferring a good prognosis regardless of MMR and p53 status, while the dMMR signature prevails over the p53abn signature (18). These findings support:

	- the classification of tumors with a pathogenic POLE EDM and dMMR and/or p53abn as single classifier POLEmut ECs

	- the classification of tumors with a wild-type POLE and dMMR and/or p53abn as single classifier DMMR

	- the classification of tumors with a dMMR and p53abn as single classifier DMMR ECs



In this way, in the context of dMMR EC or POLEmut ECs, passenger secondary events such as the occurrence of TP53 mutation, do not affect biological behavior and should not prompt intensified treatment.



Open Questions and Perspectives from the Consensus Panel


Hormonal Receptor Status


Clinical Definition and Immunohistochemical Interpretation

ER and PR belong to the superfamily of steroid receptors, regulating the hormonal activity in the different phases of the endometrial cycle (80). Binding to its ligand, the hormonal receptor leads to translocation of the ligand–receptor complex to the nucleus where receptor dimers bind specific hormone-responsive DNA elements of target genes (81). In the endometrium, estrogen determines proliferation, while progesterone inhibits estrogen-induced endometrial proliferation (82).

The nuclear presence of ER and PR in tumor tissue is routinely evaluated by IHC in different organs, and also in pathological–neoplastic conditions. Immunohistochemical loss of ER and PR expression in tumor tissue is associated with a higher risk of node metastases and poor prognosis (reduced disease-free survival and disease-specific survival) and with poor response to hormonal therapy (63, 83–86). Scoring systems, based on percentage alone or on combinations of percentages and intensity of staining are used frequently (87–89), although the percentage score has been retained more relevant than staining intensity scores as confirmed by recent studies (90, 91).

However, the cutoff value for ER and PR positivity with the strongest prognostic value for clinical outcome in EC is still unclear (83, 90, 92). Over time, different cutoff values have been proposed: 1% or 10% of positive tumor nuclei, or a staining-intensity index of 3 (on a 0–9 scale) (87, 93–97).

Recently, the ENITEC collaboration study has proposed an EC-specific classification for ER and PR expression categorized into three groups: a high-risk group–low HR expressing (ER/PR expression: 0%–10%), with unfavorable outcome (5-year DSS 75.9%–83.3%); an intermediate-risk group (ER/PR expression: 20%–80%) with intermediate outcome (5-year DSS 93.0%–93.9%); and a low-risk group–high HR expressing (ER/PR expression: 90%–100%) with a favorable outcome (5-year DSS 97.8%–100%). In this study, at the first cutoff value of 10%, ER had a higher specificity, indicating that ER ≤10% is more able to identify high-risk cases; at the cutoff value of 80%, PR had a higher sensitivity, suggesting that PR is more able to identify a low-risk population (98). Contradictory results regarding the prognostic value of ER/PR expression within TGCA molecular subgroups have been reported, due to application of multiple cutoff values for ER/PR expression (64, 99)




L1CAM as a Tool to Further Clinically Stratify NMSP EECs?

L1, also known as L1CAM, is a transmembrane cell surface glycoprotein member of the L1 protein family, encoded by the L1CAM gene, sited in the long arm of the X chromosome in Xq28 position. This protein, of 200-220 kDa, is a neuronal cell adhesion molecule with important roles in cell migration, adhesion, and neuronal differentiation (100). It is normally expressed in neuronal and non-neuronal cells and also overexpressed in multiple tumor cells, making them more aggressive and chemo-resistant. In this way, this upregulation is associated with tumor progression, acquisition of EMT phenotype, and metastasis, causing poor prognosis (101–104).

Regarding EC, some authors have found significant association between L1CAM (>10%) and p53-mutant, both related to risk recurrence for EC patients (105). According to another recent work, L1CAM detection has been used as a surrogate of LVSI, and so lymph node involvement, with the advantage of also a possible preoperative evaluation (106).

Moreover, it has been demonstrated that L1CAM stratifies patients with NSMP: high L1CAM immunohistochemical expression (>10%) was associated to highly aggressive tumors, characterized by poor differentiation, NE histology, and worse prognosis independently from age of patients (higher risk of distant recurrences and pelvic lymph-node involvement) (107, 108).



PDL1


Definition and Therapeutic Implications

Programmed death-ligand 1 (PD-L1, CD247, or B7-H1) is one of the ligands of the programmed cell death 1 (PD-1) receptor, a dominant negative regulator of antitumor T-cell effector function (56). It is induced by inflammation and expressed by tumor microenvironment and tumor cells (20). The blockade of the PD-1–PD-L1 binding by the use of selected specific antibodies has become a novel therapeutic tool in tumors overexpressing PD-L1 or in tumors with activated T-cell immunoresponse and high tumoral mutation burden. Anti-PD-1/PD-L1 therapies determine T-cell proliferation and infiltration into the tumoral area, promoting an increased cytotoxic T-cell response, leading to an evident tumor response (109, 110).

Regarding EC, since the high mutational load and abundance in neoantigens, the POLEmut and DMMR groups are considered optimal candidates to respond to anti-PD-1/PDL1 treatment (immune checkpoint blockade therapy) and the assessment of PDL-1 expression may be reasonable in these tumors (42, 111).

The recent ESGO/ESTRO/ESP guidelines of EC have approved dMMR/MSI as the selection criteria for the second-line standard of care anti-PD-1/PD-L1 immune therapy with pembrolizumab. In MMR stable ECs, a combined second-line therapy consisting of pembrolizumab+lenvatinib, a multi-tyrosine kinase inhibitor, could be considered as a possible option (7).



Clinical and Pathological Associated Features

Regarding EC, considerable variations in PD-L1 positivity frequencies (from 0.9% to 44.3%) have been reported (16, 112–123). Moreover different PD-L1 expression profiles between molecular subclasses, histologic subtypes, and tumoral stage have been described, with the POLE mutant, the dMMR, the non-endometrioid types, and the advanced endometrial cancers displaying the highest PD-L1 levels in TCs and ICs, and CPS (111).

Regarding the association between PDL1 and prognosis, data are still unclear. Some authors showed that high PD-L1 in tumor cells (TCs) was associated with better OS and longer treatment-free interval (TFI) after primary chemotherapy in recurrent cases, whereas high PD-L1 in tumor-infiltrating immune cells (TICs) was associated with worse OS as well as MSI (124). On the other hand, a recent meta-analysis showed that in EC, PD-L1 expression seems to be not associated with poor prognosis (OS and PFS), while it is positively correlated with poor differentiation and advanced tumor stage (125).




HER2

Her2 (human epidermal growth factor receptor 2) or HER2/neu, also known as receptor tyrosine-protein kinase erbB-2, or CD340, or ERBB2, is an oncogenic protein encoded by the ERBB2 proto-oncogene, located at the long arm of human chromosome 17 (17q12) (126). It is a member of the human epidermal growth factor receptor (HER/EGFR/ERBB) family that is involved in the activation of different signaling pathways, such as mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K/Akt), protein kinase C (PKC), and signal transducer and activator of transcription (STAT), generally promoting cell proliferation and inhibiting the apoptosis process (127). Normal tissues have a low complement of HER2 membrane protein. Its amplification/overexpression plays an important role in the development and progression of 15%–30% of breast cancers and 7%–34% of gastric cancers, conferring worse biological behavior and clinical outcome (128), although the protein has become an important biomarker for targeted molecular therapy (129).

Over-expression also occurs in approximately 25% to 30% of endometrial serous carcinomas, with over 50% of HER2-positive tumors showing marked intratumoral HER2 immunohistochemical or genic heterogeneity (130).

With particular regard to endometrial serous carcinoma, nowadays there is a growing demand for new-targeted therapies for this aggressive tumor type, characterized by the highest recurrence rate and considered responsible for 40% of endometrial cancer mortality, with an overall 5-year survival rate of only 45% (131–133).

Recently, promising clinical results have been obtained from a multi-institutional, randomized phase 2 clinical trial, demonstrating that the addition of trastuzumab to standard chemotherapy resulted in significant improvement in progression-free and overall survival in HER2-positive advanced stage and recurrent endometrial serous carcinoma (59). This therapeutical approach limited to serous tumor subtype, either pure or as a component of mixed EC, was endorsed by the National Comprehensive Cancer Network (NCCN) Uterine Neoplasm Guidelines (134). On this wave, the pathologic testing and scoring of tumoral HER2 protein expression and gene amplification may be considered a critical part of patient selection for this type of targeted therapy.

It is well known that distinct characteristics of HER2 protein expression and gene amplification can be observed in different tumors of different organ systems (135, 136). Thus, similarly to breast and gastric cancer, based on evidence from the recent successful clinical trial and 2 comprehensive pre-trial pathologic studies (137, 138), a new set of HER2 testing algorithm and scoring criteria have been proposed for routine pathological evaluation of endometrial serous carcinoma. Scoring categories have been classified as follows (139–141) (Figure 4):

	0 HER2 NEGATIVE: No staining in tumor cells

	1+ HER2 NEGATIVE: Faint/barely perceptible, incomplete membrane staining in any proportion, or weak complete staining in <10% of tumor cells

	2+ HER2 EQUIVOCAL: Strong complete or basolateral/lateral membrane staining in ≤30%, or weak to moderate complete or basolateral/lateral staining in ≥10% of tumor cells

	3+ HER2 POSITIVE: Strong complete or basolateral/lateral membrane staining in >30% of tumor cells (modified 2007 American Society of Clinical Oncology/College of American Pathologists [ASCO/CAP] breast criteria).






Figure 4 | HER2 scoring method in endometrial carcinomas A set of HER2 testing algorithm and scoring criteria have been proposed for routine pathological evaluation of endometrial serous carcinoma. Scoring categories have been classified according to the modified 2007 American Society of Clinical Oncology/College of American Pathologists [ASCO/CAP] breast criteria.



FISH should be performed only on tumors with a 2+ immunohistochemical score on a large tumor area in direct correlation with the HER2 immunostained slide, and a HER2/CEP17 ratio of ≥2.0 can be considered amplified. However, until more data become available to define whether HER2 amplification could be considered equal or superior to INC in predicting clinical therapeutical response, tumors with HER2/CEP17 ratio <2 and average HER2 copy number ≥6.0/nucleus should also be included in the HER2 amplified category.

Future studies are necessary to resolve a number of practical pathological issues.

Currently, there are only limited data available on optimal specimen type (biopsy versus hysterectomy) for HER2 testing in uterine serous cancer.

Recently, discordant HER2 status has also been observed between primary and metastatic endometrial tumors, in particular in heterogeneous cancers (142, 143).

Furthermore, another laboratory practical problem is represented by the optimal HER2 testing algorithm (IHC as primary test vs. FISH as reflex test), depending on the correlation between test type and therapeutic response.

Similarly to breast and gastric cancers, further clinicopathologic studies will be essential to define the pathological concept and the clinical impact of intratumoral heterogeneity and its correlation to therapeutic response (144). Only fewer data are available regarding HER2 positivity rates in early-stage endometrial serous carcinoma: only a recent study showed a statistically significant association between HER2 positivity and poor prognosis in terms of DFS and OS (145).

Finally, there is a strong clinical interest in expanding targeted HER2 therapy to other high-grade EC in the future, due to the recently identified similarities in HER2 protein expression/gene amplification between endometrial serous carcinoma and endometrial carcinosarcomas (146–148).



Preoperative Setting

Nowadays, an intriguing challenge is represented by the application and validation of TCGA classification in small diagnostic biopsies/endometrial curetting, in order to decide the adequate surgical/clinical approach. Recent studies suggest highly concordant results between diagnostic biopsies and hysterectomy specimens, in particular for MMR loss, MSI high, and p53 wild and aberrant types, in contrast to moderate levels of agreement reported for the classical histomorphological parameters (grade, histotype). In this way, in the setting of an adequate technical and medical training, with well-experienced professional figures and well-defined laboratory protocols, molecular classification preoperatively applied seems to provide earlier and more reliable prognostic information to guide clinical management (149).

The bioptical specimen, being immediately placed in formalin compared with hysterectomy specimens that may sit for several hours before processing, allows a better tissue fixation and a superior antigen preservation consequently may assure a more reproducible and adequate biological characterization (150) in cases in which endometrium on surgical sample is sub-optimally preserved for immunostains.

Other possible applications of molecular categorization on bioptical samples could consider the role of MSI status in predicting resistance to progestins for early-stage EECs and the overall unfavorable prognostic significance of MMR deficiency in conservatively treated EECs (151).

Nevertheless, the potential limit derived from the adoption of the molecular TGCA classification to small biopsies in daily practice could derive from the occurrence of intratumoral heterogeneity, with possible molecular discrepancies between the initial endometrial biopsy and the hysterectomy specimen.



Optimal Tissue Handling and Sectioning Requirements for Interlaboratory Reproducibility

The increasing clinical demand for a histomolecular approach in classifying ECs should prompt pathology laboratories to implement specific protocols for specimen handling and fixation. We must be aware that molecular and IHC testing can be affected by:

	- Pre-analytical variables: specimen collection and handling, tissue fixation (uniformity, time, and type) and protocol of processing

	- Analytical variables: choice of immunohistochemistry protocol, reagent variability, antigen retrieval technique, and technician training/expertise

	- Post-analytical variables: evaluation of positive/negative controls, morphological correlations, diagnostic and prognostic significance, correlation with other data, interpretation and reporting of results, and experience/expertise of the pathologist.



The goal consists in ensuring reproducibility, obtaining high quality of stained sections with minimal inter-observer variability in the diagnostic report and in promoting inter-laboratory standardization, which are all synonyms of quality assurance. We retain that it can be achieved only by the application of automated systems (e.g., Ventana and Dako systems) and FDA-approved kits or validated laboratory platforms and tests (152, 153).

In particular:

	- Time from tissue acquisition to fixation should be as short as possible (cold ischemia time of less than 1 h)

	- Samples for molecular/IHC testing should be fixed in 10% neutral buffered formalin for 6–72 h for both endometrial biopsy and hysterectomy specimens

	- Samples should be sliced at 5- to 10-mm intervals after appropriate gross inspection and margin designation and placed in a sufficient volume of neutral buffered formalin. Any exceptions to this process must be included in the report.

	- Sections should ideally not be used for IHC testing if cut >6 weeks earlier; this may vary with primary fixation or storage conditions

	- Optimal internal validation procedure of the test must be performed before test is offered






Conclusions

For the correct assignment of ECs to one of the 4 molecular subgroups, a correct interpretation of molecular and immunohistochemical data is fundamental.

Currently, there is no surrogate markers for POLE mutation, and targeted sequencing for the common mutations or whole genome or panel testing must be used.

In order to support a morphologic suspicion and/or to detect LS-related endometrial cancers, a universal screening is recommended for MMR testing in EC, with important management and therapeutical implications.

Similarly to MMR deficiency detection by IHC, a validated optimized laboratory protocol together with a correct pathological interpretation of p53 immunohistochemical staining are fundamental to achieve high diagnostic accuracy in predicting the presence of TP53 mutation, in this way selecting candidate patients for targeted therapy with PARP inhibitors.

Considering the NSMP group, it may be stratified based on histological (i.e., tumor grade and histotype, LVSI, and depth of myometrial invasion), immunohistochemical (i.e., L1CAM expression), or molecular (i.e., CTNNB1 mutation) features. Up-to-date contradictory results regarding the prognostic value of ER/PR expression within all the TGCA molecular subgroups have been reported.

Considerable variations in PD-L1 positivity frequencies have been reported and data regarding the association between PDL1 and prognosis are still unclear.

Based on the modified 2007 ASCO/CAP guidelines for breast cancer, a new set of HER2 testing algorithm and scoring criteria have been proposed for routine pathological evaluation of endometrial serous carcinoma, helping to select patients eligible for antiHER2 therapies.

Considering all these advances in the EC molecular landscape, we retain that, in the personalized medicine era, although molecular classification of ECs is going to open a new interesting scenario by introducing novel molecularly driven treatment choices for EC, pathology is still crucial for clinical management. In this new context, molecular classifiers should be combined with clinical risk groups and pathological parameters in an integrated histo-molecular approach, able to better discriminate outcomes for different patients.



Author Contributions

All authors contributed to the study conception and design. AS, FI, AP, MF, and EB performed the literature search. FF, FC, GT, and AS performed data analysis. AS, GZ, and FI drafted and/or critically revised the work. All authors contributed to the article and approved the submitted version.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.805613/full#supplementary-material

Supplementary Figure  | Flow chart for Lynch Syndrome triage, by the use of IHC for 4 MMR proteins as a first choice test



References

1. Lortet-Tieulent, J, Ferlay, J, Bray, F, and Jemal, A. International Patterns and Trends in Endometrial Cancer Incidence 1978–2013. J Natl Cancer Inst (2017) 110:354–61. doi: 10.1093/jnci/djx214

2. WHO Classification of Tumours Editorial Board. Female Genital Tumours. 5th ed Vol. 4. Lyon: IARC (2020).

3. Murali, R, Grisham, RN, and Soslow, RA. The Roles of Pathology in Targeted Therapy of Women With Gynecologic Cancers. Gynecol Oncol (2018) 148(1):213–21. doi: 10.1016/j.ygyno.2017.11.020

4. Cancer Genome Atlas Research Network, Kandoth, C, Schultz, N, Cherniack, AD, Akbani, R, Liu, Y, et al. Integrated Genomic Characterization of Endometrial Carcinoma. Nature (2013) 497:67–73. doi: 10.1038/nature12113

5. Bae, HS, Kim, H, Kwon, SY, Kim, K-R, Song, JY, and Kim, I. Should Endometrial Clear Cell Carcinoma Be Classified as Type IIEndometrial Carcinoma? Int J Gynecol Pathol (2015) 34:74–84. doi: 10.1097/PGP.0000000000000111

6. Colombo, N, Creutzberg, C, Amant, F, Bosse, T, González-Martín, A, Ledermann, J, et al. ESMO-ESGO-ESTRO Consensus Conference on Endometrial Cancer: Diagnosis, Treatment and Follow-Up. Ann Oncol (2015) 27:16–41. doi: 10.1093/annonc/mdv484

7. Concin, N, Matias-Guiu, X, Vergote, I, Cibula, D, Mirza, MR, Marnitz, S, et al. ESGO/ESTRO/ESP Guidelines for the Management of Patients With Endometrial Carcinoma. Virchows Arch (2021) 478:153–90. doi: 10.1007/s00428-020-03007-z

8. Bellido, F, Pineda, M, Aiza, G, Valdés-Mas, R, Navarro, M, Puente, DA, et al. POLE and POLD1 Mutations in 529 Kindred With Familial Colorectal Cancer and/or Polyposis: Review of Reported Cases and Recommendations for Genetic Testing and Surveillance. Genet Med (2016) 18(4):325–32. doi: 10.1038/gim.2015.75

9. Church, DN, Briggs, SE, Palles, C, Domingo, E, Kearsey, SJ, Grimes, JM, et al. DNA Polymerase and δ Exonuclease Domain Mutations in Endometrial Cancer. Hum Mol Genet (2013) 22(14):2820–8. doi: 10.1093/hmg/ddt131

10. Campbell, BB, Light, N, Fabrizio, D, Zatzman, M, Fuligni, F, de Borja, R, et al. Comprehensive Analysis of Hypermutation in Human. Cancer Cell (2017) 171(5):1042–56. doi: 10.1016/j.cell.2017.09.048

11. Church, DN, Stelloo, E, Nout, RA, Valtcheva, N, Depreeuw, J, ter Haar, N, et al. Prognostic Significance of POLE Proofreading Mutations in Endometrial Cancer. J Natl Cancer Inst (2014) 107(1):402. doi: 10.1093/jnci/dju402

12. Domingo, E, Freeman-Mills, L, Rayner, E, Glaire, M, Briggs, S, Vermeulen, L, et al. Somatic POLE Proofreading Domain Mutation, Immune Response, and Prognosis in Colorectal Cancer: A Retrospective, Pooled Biomarker Study. Lancet Gastroenterol Hepatol (2016) 1(3):207–16. doi: 10.1016/S2468-1253(16)30014-0

13. Rayner, E, van Gool, IC, Palles, C, Kearsey, SE, Bosse, T, and Tomlinson, I. Church DNA Panoply of Errors: Polymerase Proofreading Domain Mutations in Cancer. Nat Rev Cancer (2016) 16(2):71–81. doi: 10.1038/nrc.2015.12

14. Erson-Omay, EZ, alayan, AO, Schultz, N, Weinhold, N, Omay, SB, Özduman, K, et al. Günel M Somatic POLE Mutations Cause an Ultramutated Giant Cell High-Grade Glioma Subtype With Better Prognosis. Neuro Oncol (2015) 17(10):1356–64. doi: 10.1093/neuonc/nov027

15. Temko, D, Van Gool, IC, Rayner, E, Glaire, M, Makino, S, Brown, M, et al. Tomlinson I Somatic POLE Exonuclease Domain Mutations are Early Events in Sporadic Endometrial and Colorectal Carcinogenesis, Determining Driver Mutational Landscape, Clonal Neoantigen Burden and Immune Response. J Pathol (2018) 245(3):283–96. doi: 10.1002/path.5081

16. Eggink, FA, Van Gool, IC, Leary, A, Pollock, PM, Crosbie, EJ, Mileshkin, L, et al. Immunological Profiling of Molecularly Classified High-Risk Endometrial Cancers Identifies POLE-Mutant and Microsatellite Unstable Carcinomas as Candidates for Checkpoint Inhibition. Oncoimmunology (2016) 6(2):e1264565. doi: 10.1080/2162402X.2016.1264565

17. Santoro, A, Angelico, G, Travaglino, A, Inzani, F, Arciuolo, D, Valente, M, et al. New Pathological and Clinical Insights in Endometrial Cancer in View of the Updated ESGO/ESTRO/ESP Guidelines. Cancers (2021) 13:2623. doi: 10.3390/cancers13112623

18. León-Castillo, A, Britton, H, McConechy, MK, McAlpine, JN, Nout, R, Kommoss, S, et al. Interpretation of Somatic POLE Mutations in Endometrial Carcinoma. J Pathol (2020) 250:323–35. doi: 10.1002/path.5372

19. Boland, CR, and Goel, A. Microsatellite Instability in Colorectal Cancer. Gastroenterology (2010) 138(6):2073–87 e3. doi: 10.1053/j.gastro.2009.12.064

20. Fassan, M, Scarpa, A, Remo, A, De Maglio, G, Troncone, G, Marchetti, A, et al. Current Prognostic and Predictive Biomarkers for Gastrointestinal Tumors in Clinical Practice. Pathologica (2020) 112(3):248–59. doi: 10.32074/1591-951X-158

21. Luchini, C, Bibeau, F, Ligtenberg, MJL, Singh, N, Nottegar, A, Bosse, T, et al. ESMO Recommendations on Microsatellite Instability Testing for Immunotherapy in Cancer, and Its Relationship With PD-1/PD-L1 Expression and Tumour Mutational Burden: A Systematic Review-Based Approach. Ann Oncol (2019) 30:1232–43. doi: 10.1093/annonc/mdz116

22. Ma, J, Setton, J, Lee, NY, Riaz, N, and Powell, SN. The Therapeutic Significance of Mutational Signatures From DNA Repair Deficiency in Cancer. Nat Commun (2018) 9:3292. doi: 10.1038/s41467-018-05228-y

23. Galuppini, F, Opocher, E, Tabori, U, Mammi, I, Edwards, M, Campbell, B, et al. Concomitant IDH Wildtype Glioblastoma and IDH1-Mutant Anaplastic Astrocytoma in a Patient With Constitutional Mismatch Repair Deficiency Syndrome. Neuropathol Appl Neurobiol (2018) 44:233–9. doi: 10.1111/nan.12450andofLynchsyndrome

24. Abedalthagafi, M. Constitutional Mismatch Repair-Deficiency: Current Problems and Emerging Therapeutic Strategies. Oncotarget (2018) 9(83):35458–69. doi: 10.18632/oncotarget.26249

25. Wimmer, K, Kratz, CP, Vasen, HF, Caron, O, Colas, C, Entz-Werle, N, et al. Diagnostic Criteria for Constitutional Mismatch Repair Deficiency Syndrome: Suggestions of the European Consortium ‘Care for CDMMR’ (C4CDMMR). J Med Genet (2014) 51:355–65. doi: 10.1136/jmedgenet-2014-102284

26. Li, X, Liu, G, and Wu, W. Recent Advances in Lynch Syndrome. Exp Hematol Oncol (2021) 10:37. doi: 10.1186/s40164-021-00231-4

27. Leclerc, J, Vermaut, C, and Buisine, MP. Diagnosis of Lynch Syndrome and Strategies to Distinguish Lynch-Related Tumors From Sporadic MSI/dMMR Tumors. Cancers (Basel) (2021) 13(3):467. doi: 10.3390/cancers13030467

28. Indraccolo, S, Lombardi, G, Fassan, M, Pasqualini, L, Giunco, S, Marcato, R, et al. Genetic, Epigenetic, and Immunologic Profiling of MMR-Deficient Relapsed Glioblastoma. Clin Cancer Res (2019) 25:1828–37. doi: 10.1158/1078-0432.CCR-18-1892

29. Bao, F, Panarelli, NC, Rennert, H, Sherr, DL, and Yantiss, RK. Neoadjuvant Therapy Induces Loss of MSH6 Expression in Colorectal Carcinoma. Am J Surg Pathol (2010) 34:1798–804. doi: 10.1097/PAS.0b013e3181f906cc

30. Bosse, T, Nout, RA, McAlpine, JN, McConechy, MK, Britton, H, Hussein, YR, et al. Molecular Classification of Grade 3 Endometrioid Endometrial Cancers Identifies Distinct Prognostic Subgroups. Am J Surg Pathol (2018) 42:561–8. doi: 10.1097/PAS.0000000000001020

31. Moroney, MR, Davies, KD, Wilberger, AC, Sheeder, J, Post, MD, Berning, AA, et al. Molecular Markers in Recurrent Stage I, Grade 1 Endometrioid Endometrial Cancers. Gynecol Oncol (2019) 153:517–20. doi: 10.1016/j.ygyno.2019.03.100

32. Joehlin-Price, A, Van Ziffle, J, Hills, NK, Ladwig, N, Rabban, JT, and Garg, K. Molecularly Classified Uterine FIGO Grade 3 Endometrioid Carcinomas Show Distinctive Clinical Outcomes But Overlapping Morphologic Features. Am J Surg Pathol (2021) 45:421–9. doi: 10.1097/PAS.0000000000001598

33. Pasanen, A, Loukovaara, M, and Bützow, R. Clinicopathological Significance of Deficient DNA Mismatch Repair and MLH1 Promoter Methylation in Endometrioid Endometrial Carcinoma. Mod Pathol (2020) 33:1443–52. doi: 10.1038/s41379-020-0501-8

34. Conlon, N, Da Cruz Paula, A, Ashley, CW, Segura, S, De Brot, L, da Silva, EM, et al. Endometrial Carcinomas With a “Serous” Component in Young Women Are Enriched for DNA Mismatch Repair Deficiency, Lynch Syndrome, and POLE Exonuclease Domain Mutations. Am J Surg Pathol (2020) 44:641–8. doi: 10.1097/PAS.0000000000001461

35. Kim, SR, Cloutier, BT, Leung, S, Cochrane, D, Britton, H, Pina, A, et al. Molecular Subtypes of Clear Cell Carcinoma of the Endometrium: Opportunities for Prognostic and Predictive Stratification. Gynecol Oncol (2020) 158:3–11. doi: 10.1016/j.ygyno.2020.04.043

36. Delair, DF, Burke, KA, Selenica, P, Lim, RS, Scott, SN, Middha, S, et al. The Genetic Landscape of Endometrial Clear Cell Carcinomas. J Pathol (2017) 243:230–41. doi: 10.1002/path.4947

37. McConechy, MK, Hoang, LN, Chui, MH, Senz, J, Yang, W, Rozenberg, N, et al. In-Depth Molecular Profiling of the Biphasic Components of Uterine Carcinosarcomas. J Pathol Clin Res (2015) 1:173–85. doi: 10.1002/cjp2.18

38. Cherniack, AD, Shen, H, Walter, V, Stewart, C, Murray, BA, Bowlby, R, et al. Integrated Molecular Characterization of Uterine Carcinosarcoma. Cancer Cell (2017) 31:411–23. doi: 10.1016/j.ccell.2017.02.010

39. Ramchander, NC, Ryan, NAJ, Walker, TDJ, Harries, L, Bolton, J, Bosse, T, et al. Distinct Immunological Landscapes Characterize Inherited and Sporadic Mismatch Repair Deficient Endometrial Cancer. Front Immunol (2019) 10:3023. doi: 10.3389/fimmu.2019.03023

40. Santoro, A, Angelico, G, Inzani, F, Spadola, S, Arciuolo, D, Valente, M, et al. Pathological Features, Immunoprofile and Mismatch Repair Protein Expression Status in Uterine Endometrioid Carcinoma: Focus on MELF Pattern of Myoinvasion. Eur J Surg Oncol (2021) 47(2):338–45. doi: 10.1016/j.ejso.2020.06.041

41. Mills, AM, Liou, S, Ford, JM, Berek, JS, Pai, RK, and Longacre, TA. Lynch Syndrome Screening Should be Considered for All Patients With Newly Diagnosed Endometrial Cancer. Am J Surg Pathol (2014) 38:1501–9. doi: 10.1097/PAS.0000000000000321

42. Marabelle, A, Fakih, M, Lopez, J, Shah, M, Shapira-Frommer, R, Nakagawa, K, et al. Association of Tumour Mutational Burden With Outcomes in Patients With Advanced Solid Tumours Treated With Pembrolizumab: Prospective Biomarker Analysis of the Multicohort, Open-Label, Phase 2 KEYNOTE-158 Study. Lancet Oncol (2020) 21:1353–65. doi: 10.1016/S1470-2045(20)30445-9

43. Singh, N, Wong, R, Tchrakian, N, Allen, S-G, Clarke, B, and Gilks, CB. Interpretation and Reporting Terminology for Mismatch Repair Protein Immunohistochemistry in Endometrial Cancer. BAGP Guidance Document: MMR Immunohistochemistry interpretation and terminology. Modern Pathol (2020) 34(5):1–2. doi: 10.1038/s41379-020-00680-y

44. Goel, A, Nagasaka, T, Hamelin, R, and Boland, CR. An Optimized Pentaplex PCR for Detecting DNA Mismatch Repair-Deficient Colorectal Cancers. PloS One (2010) 5:e9393. doi: 10.1371/journal.pone.0009393

45. Umar, A, Boland, CR, Terdiman, JP, Syngal, S, de la Chapelle, A, Rüschoff, J, et al. Revised Bethesda Guidelines for Hereditary Nonpolyposis Colorectal Cancer (Lynch Syndrome) and Microsatellite Instability. J Natl Cancer Inst (2004) 96:261–8. doi: 10.1093/jnci/djh034

46. Nowak, JA, Yurgelun, MB, Bruce, JL, Rojas-Rudilla, V, Hall, DL, Shivdasani, P, et al. Detection of Mismatch Repair Deficiency and Microsatellite Instability in Colorectal Adenocarcinoma by Targeted Next-Generation Sequencing. J Mol Diagn (2017) 19:84–91. doi: 10.1016/j.jmoldx.2016.07.010

47. Linzer, DI, and Levine, AJ. Characterization of a 54K Dalton Cellular SV40 Tumor Antigen Present in SV40-Transformed Cells and Uninfected Embryonal Carcinoma Cells. Cell (1979) 17:43–52. doi: 10.1016/0092-8674(79)90293-9

48. Lane, DP. P53, Guardian of the Genome. Nature (1992) 358:15–6. doi: 10.1038/358015a0

49. Chen, J. The Cell-Cycle Arrest and Apoptotic Functions of P53 in Tumor Initiation and Progression. Cold Spring Harb Perspect Med (2016) 6(3):a026104. doi: 10.1101/cshperspect.a026104

50. Al Bitar, S, and Gali-Muhtasib, H. The Role of the Cyclin Dependent Kinase Inhibitor P21cip1/Waf1 in Targeting Cancer: Molecular Mechanisms and Novel Therapeutics. Cancers (Basel) (2019) 11(10):1475. doi: 10.3390/cancers11101475

51. Abbas, T, and Dutta, A. P21 in Cancer: Intricate Networks and Multiple Activities. Nat Rev Cancer (2009) 9(6):400–14. doi: 10.1038/nrc2657

52. Riley, T, Sontag, E, and Chen, P. Levine A Transcriptional Control of Human P53-Regulated Genes. Nat Rev Mol Cell Biol (2008) 9(5):402–12. doi: 10.1038/nrm2395

53. Petitjean, A, Mathe, E, Kato, S, Ishioka, C, Tavtigian, SV, Hainaut, P, et al. Impact of Mutant P53 Functional Properties Ontp53mutation Patterns and Tumor Phenotype: Lessons From Recent Developments in the IARC TP53 Database. Hum Mutat (2007) 28:622–9. doi: 10.1002/humu.20495

54. Olivier, M, Hollstein, M, and Hainaut, P. TP53 Mutations in Human Cancers: Origins, Consequences, and Clinical Use. Cold Spring Harb. Perspect Biol (2010) 2(1):a001008. doi: 10.1101/cshperspect.a001008

55. Stelloo, E, Bosse, T, Nout, RA, Mackay, HJ, Church, DN, Nijman, HW, et al. Refining Prognosis and Identifying Targetable Pathways for High-Risk Endometrial Cancer; a TransPORTEC Initiative. Mod Pathol (2015) 28:836–44. doi: 10.1038/modpathol.2015.43

56. Santoro, A, Angelico, G, Travaglino, A, Raffone, A, Arciuolo, D, D’Alessandris, N, et al. Clinico-Pathological Significance of TCGA Classification and SWI/SNF Proteins Expression in Undifferentiated/Dedifferentiated Endometrial Carcinoma: A Possible Prognostic Risk Stratification. Gynecol Oncol (2021) 161:629–35. doi: 10.1016/j.ygyno.2021.02.029

57. Raffone, A, Travaglino, A, Mascolo, M, Carbone, L, Guida, M, Insabato, L, et al. TCGA Molecular Groups of Endometrial Cancer: Pooled Data About Prognosis. Gynecol Oncol (2019) 155:374–83. doi: 10.1016/j.ygyno.2019.08.019

58. Prueksaritanond, N, and Chantape, W. Comparative Survival Outcomes of Uterine Papillary Serous Carcinoma, Clear Cell Carcinoma, Grade 3 Endometrioid Adenocarcinoma, and Carcinosarcoma of Endometrial Cancer in Rajavithi Hospital. J Med Assoc Thail Chotmaihet Thangphaet (2016) 99:75–83.

59. Fader, AN, Roque, DM, Siegel, E, Buza, N, Hui, P, Abdelghany, O, et al. Randomized Phase II Trial of Carboplatin-Paclitaxel Versus Carboplatin-Paclitaxel-Trastuzumab in Uterine Serous Carcinomas That Overexpress Human Epidermal Growth Factor Receptor 2/Neu. J Clin Oncol (2018) 36:2044–51. doi: 10.1200/JCO.2017.76.5966

60. Köbel, M, Ronnett, BM, Singh, N, Soslow, RA, Gilks, CB, and McCluggage, WG. Interpretation of P53 Immunohistochemistry in Endometrial Carcinomas: Toward Increased Reproducibility International. J Gynecol Pathol (2019) 38:S123–31. doi: 10.1097/PGP.0000000000000488

61. Köbel, M, Reuss, A, du, BA, Kommoss, S, Kommoss, F, Gao, D, et al. The Biological and Clinical Value of P53 Expression in Pelvic High-Grade Serous Carcinomas. J Pathol (2010) 222:191–8. doi: 10.1002/path.2744

62. Koübel, M, Piskorz, AM, Lee, S, Lui, S, LePage, C, Marass, F, et al. Optimized P53 Immunohistochemistry Is an Accurate Predictor of TP53 Mutation in Ovarian Carcinoma. J Pathol Clin Res (2016) 2:247–58. doi: 10.1002/cjp2.53

63. van Weelden, WJ, Massuger, L, Enitec, JMA, and Pijnenborg, AR. Anti-Estrogen Treatment in Endometrial Cancer: A Systematic Review. Front Oncol (2019) 9:359. doi: 10.3389/fonc.2019.00359

64. Stelloo, E, Nout, RA, Osse, EM, Juergenliemk-Schulz, IJ, Jobsen, JJ, Lutgens, LC, et al. Improved Risk Assessment by Integrating Molecular and Clinicopathological Factors in Early-Stage Endometrial Cancer—Combined Analysis of the PORTEC Cohorts. Clin Cancer Res (2016) 22:4215–24. doi: 10.1158/1078-0432.CCR-15-2878

65. Nelson, WJ, and Nusse, R. Convergence of Wnt, Beta-Catenin, and Cadherin Pathways. Science (2004) 303:1483–847. doi: 10.1126/science.1094291

66. Ring, A, Kim, YM, and Kahn, M. Wnt/catenin Signaling in Adult Stem Cell Physiology and Disease. Stem Cell Rev Rep (2014) 10(4):512–25. doi: 10.1007/s12015-014-9515-2

67. Bovolenta, P, Rodriguez, J, and Esteve, P. Nfrizzled/RIK Mediated Signalling in Axon Guidance. Development (2006) 133:4399–408. doi: 10.1242/dev.02592

68. MacDonald, BT, Tamai, K, and He, X. Wnt/beta-Catenin Signaling: Components, Mechanisms, and Diseases. Dev Cell (2009) 17(1):9–26. doi: 10.1016/j.devcel.2009.06.016

69. Polakis, P. The Many Ways of WNT in Cancer. Curr Opin Gen Dev (2007) 17:45–51. doi: 10.1016/j.gde.2006.12.007

70. Zannoni, GF, Angelico, G, and Santoro, A. Aberrant Non-Canonical WNT Pathway as Key-Driver of High-Grade Serous Ovarian Cancer Development. Virchows Arch (2020) 477:321–2. doi: 10.1007/s00428-020-02760-5

71. Wu, D, and Pan, W. GSK3: A Multifaceted Kinase in Wnt Signaling. Trends Biochem Sci (2010) 35(3):161–8. doi: 10.1016/j.tibs.2009.10.002

72. Lecarpentier, Y, Schussler, O, Hébert, J-L, and Vallée, A. Multiple Targets of the Canonical WNT/β-Catenin Signaling in Cancers. Front Oncol (2019) 9:1248. doi: 10.3389/fonc.2019.01248

73. Zhan, T, Rindtorff, N, and Boutros, M. Wnt Signaling in Cancer. Oncogene (2017) 36:1461–73. doi: 10.1038/onc.2016.304

74. Kurnit, K, Kim, GN, Fellman, BM, Urbauer, DL, Mills, GB, Zhang, W, et al. CTNNB1 (Beta-Catenin) Mutation Identifies Low Grade, Early Stage Endometrial Cancer Patients at Increased Risk of Recurrence. Mod Pathol (2017) 30:1032–41. doi: 10.1038/modpathol.2017.15

75. Travaglino, A, Raffone, A, Saccone, G, De Luca, C, Mollo, A, Mascolo, M, et al. Immunohistochemical Nuclear Expression of β-Catenin as a Surrogate of CTNNB1 Exon 3 Mutation in Endometrial Cancer. Am J Clin Pathol (2019) 151:529–38. doi: 10.1093/ajcp/aqy178

76. Kim, G, Kurnit, K, Djordjevic, B, Singh, C, Munsell, MF, Wang, W-L, et al. Nuclear β-Catenin Localization and Mutation of the CTNNB1 Gene: A Context-Dependent Association. Mod Pathol (2018) 31:1553–9. doi: 10.1038/s41379-018-0080-0

77. Meljen, VT, Mittenzwei, R, Wong, J, Puechl, A, Whitaker, R, Broadwater, G, et al. Endometrial Adenocarcinomas With No Specific Molecular Profile. Int J Gynecol Pathol (2021) 40(6):587–96. doi: 10.1097/PGP.0000000000000747

78. Costigan, DC, Dong, F, Nucci, MR, and Howitt, BE. Clinicopathologic and Immunohistochemical Correlates of CTNNB1 Mutated Endometrial Endometrioid Carcinoma. Int J Gynecol Pathol (2020) 39:119–27. doi: 10.1097/PGP.0000000000000583

79. Travaglino, A, Raffone, A, Gencarelli, A, Raimondo, D, Moretta, P, Pignatiello, S, et al. Relationship Between Morular Metaplasia and Squamous Differentiation in Endometrial Carcinoma. Pathol Res Pr (2021) 217:153307. doi: 10.1016/j.prp.2020.153307

80. Yaşar, P, Ayaz, G, User, SD, Güpür, G, and Muyan, M. Molecular Mechanism of Estrogen-Estrogen Receptor Signaling. Reprod Med Biol (2016) 16(1):4–20. doi: 10.1002/rmb2.12006

81. Fuentes, N, and Silveyra, P. Estrogen Receptor Signaling Mechanisms. Adv Protein Chem Struct Biol (2019) 116:135–70. doi: 10.1016/bs.apcsb.2019.01.001

82. Marquardt, RM, Kim, TH, Shin, JH, and Jeong, JW. Progesterone and Estrogen Signaling in the Endometrium: What Goes Wrong in Endometriosis? Int J Mol Sci (2019) 20(15):3822. doi: 10.3390/ijms20153822

83. Trovik, J, Wik, E, Werner, HM, Krakstad, C, Helland, H, Vandenput, I, et al. Hormone Receptor Loss in Endometrial Carcinoma Curettage Predicts Lymph Node Metastasis and Poor Outcome in Prospective Multicentre Trial. Eur J Canc (2013) 49:3431–41. doi: 10.1016/j.ejca.2013.06.016

84. van der Putten, LJM, Visser, NCM, van de Vijver, K, Santacana, M, Bronsert, P, Bulten, J, et al. Added Value of Estrogen Receptor, Progesterone Receptor, and L1 Cell Adhesion Molecule Expression to Histology-Based Endometrial Carcinoma Recurrence Prediction Models: An ENITEC Collaboration Study. Int J Gynecol Canc (2018) 28:514–23. doi: 10.1097/IGC.0000000000001187

85. Zannoni, GF, Monterossi, G, De Stefano, I, Gargini, A, Salerno, MG, Farulla, I, et al. The Expression Ratios of Estrogen Receptor Alpha (ERalpha) to Estrogen Receptor Beta1 (ERbeta1) and ERalpha to ERbeta2 Identify Poor Clinical Outcome in Endometrioid Endometrial Cancer. Hum Pathol (2013) 44:1047–54. doi: 10.1016/j.humpath.2012.09.007

86. Ethier, JL, Desautels, DN, Amir, E, and MacKay, H. Is Hormonal Therapy Effective in Advanced Endometrial Cancer? A Systematic Review and Meta-Analysis. Gynecol Oncol (2017) 147:158–66. doi: 10.1016/j.ygyno.2017.07.002

87. Jongen, V, Briet, J, de Jong, R, ten Hoor, K, Boezen, M, van der Zee, A, et al. Expression of Estrogen Receptor-Alpha and -Beta and Progesterone Receptor-A and -B in a Large Cohort of Patients With Endometrioid Endometrial Cancer. Gynecol Oncol (2009) 112:537–42. doi: 10.1016/j.ygyno.2008.10.032

88. Krakstad, C, Trovik, J, Wik, E, Engelsen, IB, Werner, HM, Birkeland, E, et al. Loss of GPER Identifies New Targets for Therapy Among a Subgroup of ERalpha-Positive Endometrial Cancer Patients With Poor Outcome. Br J Canc (2012) 106:1682–8. doi: 10.1038/bjc.2012.91

89. Singh, M, Zaino, RJ, Filiaci, VJ, and Leslie, KK. Relationship of Estrogen and Progesterone Receptors to Clinical Outcome in Metastatic Endometrial Carcinoma: A Gynecologic Oncology Group Study. Gynecol Oncol (2007) 106:325–33. doi: 10.1016/j.ygyno.2007.03.042

90. Wang, Y, Ma, X, Wang, Y, Liu, Y, and Liu, C. Comparison of Different Scoring Systems in the Assessment of Estrogen Receptor Status for Predicting Prognosis in Endometrial Cancer. Int J Gynecol Pathol (2019) 38:111–8. doi: 10.1097/PGP.0000000000000490

91. Allison, KH, Hammond, MEH, Dowsett, M, McKernin, SE, Carey, LA, Fitzgibbons, PL, et al. Estrogen and Progesterone Receptor Testing in Breast Cancer: ASCO/CAP Guideline Update. J Clin Oncol (2020) 38(12):1346–66. doi: 10.1200/JCO.19.02309

92. Palmer, DC, Muir, IM, Alexander, AI, Cauchi, M, Bennett, RC, and Quinn, MA. The Prognostic Importance of Steroid Receptors in Endometrial Carcinoma. Obstet Gynecol (1988) 72:388–93.

93. Yi, M, Huo, L, Koenig, KB, Mittendorf, EA, Meric-Bernstam, F, Kuerer, HM, et al. Which Threshold for ER Positivity? A Retrospective Study Based on 9639 Patients. Ann Oncol (2014) 25:1004–11. doi: 10.1093/annonc/mdu053

94. Wik, E, Raeder, MB, Krakstad, C, Trovik, J, Birkeland, E, Hoivik, EA, et al. Lack of Estrogen Receptor-Alpha Is Associated With Epithelial-Mesenchymal Transition and PI3K Alterations in Endometrial Carcinoma. Clin Canc Res (2013) 19:1094–105. doi: 10.1158/1078-0432.CCR-12-3039

95. Guan, J, Xie, L, Luo, X, Yang, B, Zhang, H, Zhu, Q, et al. The Prognostic Significance of Estrogen and Progesterone Receptors in Grade I and II Endometrioid Endometrial Adenocarcinoma: Hormone Receptors in Risk Stratification. J Gynecol Oncol (2019) 30:e13. doi: 10.3802/jgo.2019.30.e13

96. Huvila, J, Talve, L, Carpen, O, Edqvist, PH, Ponten, F, Grenman, S, et al. Progesterone Receptor Negativity is an Independent Risk Factor for Relapse in Patients With Early Stage Endometrioid Endometrial Adenocarcinoma. Gynecol Oncol (2013) 130:463–9. doi: 10.1016/j.ygyno.2013.06.015

97. Mylonas, I. Prognostic Significance and Clinical Importance of Estrogen Receptor Alpha and Beta in Human Endometrioid Adenocarcinomas. Oncol Rep (2010) 24:385–93. doi: 10.3892/or_00000871

98. van Weelden, WJ, Reijnen, C, V N, H, Vandevelde, K, Bulten, J, Bult, P, et al. The Cutoff for Estrogen and Progesterone Receptor Expression in Endometrial Cancer Revisited: A European Network for Individualized Treatment of Endometrial Cancer Collaboration Study. Hum Pathol (2021) 109:80–91. doi: 10.1016/j.humpath.2020.12.003

99. Karnezis, AN, Leung, S, Magrill, J, McConechy, MK, Yang, W, Chow, C, et al. Evaluation of Endometrial Carcinoma Prognostic Immunohistochemistry Markers in the Context of Molecular Classification. J Pathol Clin Res (2017) 3:279–93. doi: 10.1002/cjp2.82

100. Djabali, M, Mattei, MG, Nguyen, C, Roux, D, Demengeot, J, Denizot, F, et al. The Gene Encoding L1, a Neural Adhesion Molecule of the Immunoglobulin Family, Is Located on the X Chromosome in Mouse and Man. Genomics (1990) 7(4):587–93. doi: 10.1016/0888-7543(90)90203-7

101. Rathjen, FG, and Schachner, M. Immunocytological and Biochemical Characterization of a New Neuronal Cell Surface Component (L1 Antigen) Which is Involved in Cell Adhesion. EMBO J (1984) 3:1–10. doi: 10.1002/j.1460-2075.1984.tb01753.x

102. Brümmendorf, T, Kenwrick, S, and Rathjen, FG. Neural Cell Recognition Molecule L1: From Cell Biology to Human Hereditary Brain Malformations. Curr Opin Neurobiol (1998) 8:87–97. doi: 10.1016/S0959-4388(98)80012-3

103. Patzke, C, Acuna, C, Giam, LR, Wernig, M, and Südhof, TC. Conditional Deletion of L1CAM in Human Neurons Impairs Both Axonal and Dendritic Arborization and Action Potential Generation. J Exp Med (2016) 213:499–515. doi: 10.1084/jem.20150951

104. Schmid, RS, and Maness, PF. L1 and NCAM Adhesion Molecules as Signaling Coreceptors in Neuronal Migration and Process Outgrowth. Curr Opin Neurobiol (2008) 18:245–50. doi: 10.1016/j.conb.2008.07.015

105. Van Gool, IC, Stelloo, E, Nout, RA, Nijman, HW, Edmondson, RJ, Church, DN, et al. Prognostic Significance of L1CAM Expression and Its Association With Mutant P53 Expression in High-Risk Endometrial Cancer. Mod Pathol (2016) 29(2):174–81. doi: 10.1038/modpathol.2015.147

106. de Freitas, D, Aguiar, FN, Anton, C, Bacchi, CE, Carvalho, JP, and Carvalho, FM. L1 Cell Adhesion Molecule (L1CAM) Expression in Endometrioid Endometrial Carcinomas: A Possible Pre-Operative Surrogate of Lymph Vascular Space Invasion. PloS One (2018) 13(12):e0209294. doi: 10.1371/journal.pone.0209294

107. Kommoss, FK, Karnezis, AN, Kommoss, F, Talhouk, A, Taran, FA, Staebler, A, et al. L1CAM Further Stratifies Endometrial Carcinoma Patients With No Specific Molecular Risk Profile. Br J Cancer (2018) 119:480–6. doi: 10.1038/s41416-018-0187-6

108. Corrado, G, Laquintana, V, Loria, R, Carosi, M, de Salvo, L, Sperduti, I, et al. Endometrial Cancer Prognosis Correlates With the Expression of L1CAM and Mir34a Biomarkers. J Exp Clin Cancer Res (2018) 637(1):139. doi: 10.1186/s13046-018-0816-1

109. Kim, ST, Cristescu, R, Bass, AJ, Kim, KM, Odegaard, JI, Kim, K, et al. Comprehensive Molecular Characterization of Clinical Responses to PD-1 Inhibition in Metastatic Gastric Cancer. Nat Med (2018) 24:1449–58. doi: 10.1038/s41591-018-0101-z

110. Baumeister, SH, Freeman, GJ, Dranoff, G, and Sharpe, AH. Coinhibitory Pathways in Immunotherapy for Cancer. Annu Rev Immunol (2016) 34:539–73. doi: 10.1146/annurev-immunol-032414-112049

111. Pasanen, A, Ahvenainen, T, Pellinen, T, Vahteristo, P, Loukovaara, M, and Bützow, R. PD-L1 Expression in Endometrial Carcinoma Cells and Intratumoral Immune Cells: Differences Across Histologic and TCGA-Based Molecular Subgroups. Am J Surg Pathol (2020) 44:174–81. doi: 10.1097/PAS.0000000000001395

112. Howitt, BE, Shukla, SA, Sholl, LM, Ritterhouse, LL, Watkins, JC, Rodig, S, et al. Association of Polymerase E-Mutated and Microsatellite-Instable Endometrial Cancers With Neoantigen Load, Number of Tumor-Infiltrating Lymphocytes, and Expression of PD-1 and PD-L1. JAMA Oncol (2015) 1:1319–23. doi: 10.1001/jamaoncol.2015.2151

113. Mo, Z, Liu, J, Zhang, Q, Chen, Z, Mei, J, Liu, L, et al. Expression of PD-1, PD-L1 and PD-L2 is Associated With Differentiation Status and Histological Type of Endometrial Cancer. Oncol Lett (2016) 12:944–50. doi: 10.3892/ol.2016.4744

114. Bregar, A, Deshpande, A, Grange, C, Zi, T, Stall, J, Hirsch, H, et al. Characterization of Immune Regulatory Molecules B7-H4 and PD-L1 in Low and High Grade Endometrial Tumors. Gynecol Oncol (2017) 145:446–52. doi: 10.1016/j.ygyno.2017.03.006

115. Yamashita, H, Nakayama, K, Ishikawa, M, Nakamura, K, Ishibashi, T, Sanuki, K, et al. Microsatellite Instability Is a Biomarker for Immune Checkpoint Inhibitors in Endometrial Cancer. Oncotarget (2017) 9:5652–64. doi: 10.18632/oncotarget.23790

116. Sloan, EA, Ring, KL, Willis, BC, Modesitt, SC, and Mills, AM. PD-L1 Expression in Mismatch Repair-Deficient Endometrial Carcinomas, Including Lynch Syndrome-Associated and MLH1 Promoter Hypermethylated Tumors. Am J Surg Pathol (2017) 41:326–33. doi: 10.1097/PAS.0000000000000783

117. Li, Z, Joehlin-Price, AS, Rhoades, J, Ayoola-Adeola, M, Miller, K, Parwani, AV, et al. Programmed Death Ligand 1 Expression Among 700 Consecutive Endometrial Cancers: Strong Association With Mismatch Repair Protein Deficiency. Int J Gynecol Cancer (2018) 28:59–68. doi: 10.1097/IGC.0000000000001120

118. Kim, J, Kim, S, Lee, HS, Yang, W, Cho, H, Chay, DB, et al. Prognostic Implication of Programmed Cell Death 1 Protein and Its Ligand Expressions in Endometrial Cancer. Gynecol Oncol (2018) 149:381–7. doi: 10.1016/j.ygyno.2018.02.013

119. Asaka, S, Yen, TT, Wang, TL, Shih, IM, and Gaillard, S. T Cell-Inflamed Phenotype and Increased Foxp3 Expression in Infiltrating T-Cells of Mismatch-Repair Deficient Endometrial Cancers. Mod Pathol (2019) 32:576–84. doi: 10.1038/s41379-018-0172-x

120. Crumley, S, Kurnit, K, Hudgens, C, Fellman, B, Tetzlaff, MT, Broaddus, R, et al. Identification of a Subset of Microsatellite-Stable Endometrial Carcinoma With High PD-L1 and CD8+ Lymphocytes. Mod Pathol (2019) 32:396–404. doi: 10.1038/s41379-018-0148-x

121. Kucukgoz Gulec, U, Kilic Bagir, E, Paydas, S, Guzel, AB, Gumurdulu, D, Vardar, MA, et al. Programmed Death-1 (PD-1) and Programmed Death-Ligand 1 (PD-L1) Expressions in Type 2 Endometrial Cancer. Arch Gynecol Obstet (2019) 300:377–82. doi: 10.1007/s00404-019-05180-2

122. Talhouk, A, Derocher, H, Schmidt, P, Leung, S, Milne, K, Gilks, CB, et al. Molecular Subtype Not Immune Response Drives Outcomes in Endometrial Carcinoma. Clin Cancer Res (2018) 25:2537–48. doi: 10.1158/1078-0432.CCR-18-3241

123. Herzog, TJ, Arguello, D, Reddy, SK, and Gatalica, Z. PD-1, PD-L1 Expression in 1599 Gynecological Cancers: Implications for Immunotherapy. Gynecol Oncol (2015) 137:204–5. doi: 10.1016/j.ygyno.2015.01.514

124. Zhang, S, Minaguchi, T, Xu, C, Qi, N, Itagaki, H, Shikama, A, et al. PD-L1 and CD4 Are Independent Prognostic Factors for Overall Survival in Endometrial Carcinomas. BMC Cancer (2020) 20:127. doi: 10.1186/s12885-020-6545-9

125. Lu, L, Li, Y, Luo, R, Xu, J, Feng, J, and Wang, M. Prognostic and Clinicopathological Role of PD-L1 in Endometrial Cancer: A Meta-Analysis. Front Oncol (2020) 10:632. doi: 10.3389/fonc.2020.00632

126. Brandt-Rauf, PW, Pincus, MR, and Carney, WP. The c-erbB-2 Protein in Oncogenesis: Molecular Structure to Molecular Epidemiology. Crit Rev Oncogenesis (1994) 5(2-3):313–29. doi: 10.1615/CritRevOncog.v5.i2-3.100

127. Riese, DJ, and Stern, DF. Specificity Within the EGF Family/ErbB Receptor Family Signaling Network. BioEssays (1998) 20:41–8. doi: 10.1002/(SICI)1521-1878(199801)20:1<41::AID-BIES7>3.0.CO;2-V

128. Iqbal, N, and Iqbal, N. Human Epidermal Growth Factor Receptor 2 (HER2) in Cancers: Overexpression and Therapeutic Implications. Mol Biol Int (2014) 2014:852748. doi: 10.1155/2014/852748

129. Twomey, JD, Brahme, NN, and Zhang, B. Drug-Biomarker Co-Development in Oncology - 20 Years and Counting. Drug Resist Updat (2017) 30:48–62. doi: 10.1016/j.drup.2017.02.002

130. Santin, AD, Bellone, S, Van Stedum, S, Bushen, W, De Las Casas, LE, Korourian, S, et al. Determination of HER2/neu Status in Uterine Serous Papillary Carcinoma: Comparative Analysis of Immunohistochemistry and Fluorescence In Situ Hybridization. Gynecol Oncol (2005) 98(1):24–30. doi: 10.1016/j.ygyno.2005.03.041

131. Hamilton, CA, Cheung, MK, Osann, K, Chen, L, Teng, NN, Longacre, TA, et al. Uterine Papillary Serous and Clear Cell Carcinomas Predict for Poorer Survival Compared to Grade 3 Endometrioid Corpus Cancers. Br J Cancer (2006) 94(5):642–6. doi: 10.1038/sj.bjc.6603012

132. de Boer, SM, Powell, ME, Mileshkin, L, Katsaros, D, Bessette, P, Haie-Meder, C, et al. Adjuvant Chemoradiotherapy Versus Radiotherapy Alone in Women With High-Risk Endometrial Cancer (PORTEC-3): Patterns of Recurrence and Post-Hoc Survival Analysis of a Randomised Phase 3 Trial. Lancet Oncol (2019) 20(9):1273–85. doi: 10.1016/S1470-2045(19)30395-X

133. Homesley, HD, Filiaci, V, Gibbons, SK, Long, HJ, Cella, D, Spirtos, NM, et al. A Randomized Phase III Trial in Advanced Endometrial Carcinoma of Surgery and Volume Directed Radiation Followed by Cisplatin and Doxorubicin With or Without Paclitaxel: A Gynecologic Oncology Group Study. Gynecol Oncol (2009) 112(3):543–52. doi: 10.1016/j.ygyno.2008.11.014

134. National Comprehensive Cancer Network. Uterine Neoplasms (Version 4.2019). Available at: https://www.nccn.org/professionals/physician_gls/pdf/uterine.pdf (Accessed October, 2019).

135. Wolff, AC, Hammond, MEH, Allison, KH, Harvey, BE, Mangu, PB, Bartlett, JMS, et al. Human Epidermal Growth Factor Receptor 2 Testing in Breast Cancer: American Society of Clinical Oncology/ College of American Pathologists Clinical Practice Guideline Focused Update. Arch Pathol Lab Med (2018) 142:1364–82. doi: 10.5858/arpa.2018-0902-SA

136. Bartley, AN, Washington, MK, Ventura, CB, Ismaila, N, Colasacco, C, Benson, AB 3rd, et al. HER2 Testing and Clinical Decision Making in Gastroesophageal Adenocarcinoma: Guideline From the College of American Pathologists, American Society for Clinical Pathology, and American Society of Clinical Oncology. Arch Pathol Lab Med (2016) 140:1345–63. doi: 10.5858/arpa.2016-0331-CP

137. Buza, N, English, DP, Santin, AD, and Hui, P. Toward Standard HER2 Testing of Endometrial Serous Carcinoma: 4-Year Experience at a Large Academic Center and Recommendations for Clinical Practice. Mod Pathol (2013) 26(12):1605–12. doi: 10.1038/modpathol.2013.113

138. Buza, N, and Hui, P. Marked Heterogeneity of HER2/NEU Gene Amplification in Endometrial Serous Carcinoma. Genes Chromosomes Cancer (2013) 52(12):1178–86. doi: 10.1002/gcc.22113

139. Buza, N, Euscher, ED, Matias-Guiu, X, McHenry, A, Oliva, E, Ordulu, Z, et al. Reproducibility of Scoring Criteria for HER2 Immunohistochemistry in Endometrial Serous Carcinoma: A Multi-Institutional Interobserver Agreement Study. Modern Pathol (2021) 34:1194–202. doi: 10.1038/s41379-021-00746-5

140. Buza, N. HER2 Testing in Endometrial Serous Carcinoma Time for Standardized Pathology Practice to Meet the Clinical Demand. Arch Pathol Lab Med (2021) 145(6):687–91. doi: 10.5858/arpa.2020-0207-RA

141. Buza, N. HER2 Testing and Reporting in Endometrial Serous Carcinoma: Practical Recommendations for HER2 Immunohistochemistry and Fluorescent In Situ Hybridization: Proceedings of the ISGyP Companion Society Session at the 2020 USCAP Annual Meeting. Int J Gynecol Pathol (2021) 40(1):17–23. doi: 10.1097/PGP.0000000000000711

142. Rottmann, D, Assem, H, Matsumoto, N, Wong, S, Hui, P, and Buza, N. Does Specimen Type Have an Impact on HER2 Status in Endometrial Serous Carcinoma? Discordant HER2 Status of Paired Endometrial Biopsy and Hysterectomy Specimens in the Presence of Frequent Intratumoral Heterogeneity. Int J Gynecol Pathol (2021) 40(3):263–71. doi: 10.1097/PGP.0000000000000690

143. Halle, MK, Tangen, IL, Berg, HF, Hoivik, EA, Mauland, KK, Kusonmano, K, et al. HER2 Expression Patterns in Paired Primary and Metastatic Endometrial Cancer Lesions. Br J Cancer (2018) 118(3):378–87. doi: 10.1038/bjc.2017.422

144. Wakatsuki, T, Yamamoto, N, Sano, T, Chin, K, Kawachi, H, Takahari, D, et al. Clinical Impact of Intratumoral HER2 Heterogeneity on Trastuzumab Efficacy in Patients With HER2-Positive Gastric Cancer. J Gastroenterol (2018) 53(11):1186–95. doi: 10.1007/s00535-018-1464-0

145. Erickson, BK, Najjar, O, Klein, M, Shahi, M, Dolan, M, Cimino-Mathews, A, et al. Human Epidermal Growth Factor 2 (HER2) in Early Stage Uterine Serous Carcinoma: A Multi-Institutional Cohort. Fader J Clin Oncol (2020) 38(15_suppl):6084–4. doi: 10.1200/JCO.2020.38.15_suppl.6084

146. Rottmann, D, Snir, OL, Wu, X, Wong, S, Hui, P, Santin, AD, et al. HER2 Testing of Gynecologic Carcinosarcomas: Tumor Stratification for Potential Targeted Therapy. Mod Pathol (2020) 33(1):118–27. doi: 10.1038/s41379-019-0358-x

147. Menderes, G, Bonazzoli, E, Bellone, S, Black, J, Predolini, F, Pettinella, F, et al. SYD985, a Novel Duocarmycinbased HER2-Targeting Antibody-Drug Conjugate, Shows Antitumor Activity in Uterine and Ovarian Carcinosarcoma With HER2/Neu Expression. Clin Cancer Res (2017) 23(19):5836–45. doi: 10.1158/1078-0432.CCR-16-2862

148. Guzzo, F, Bellone, S, Buza, N, Hui, P, Carrara, L, Varughese, J, et al. HER2/neu as a Potential Target for Immunotherapy in Gynecologic Carcinosarcomas. Int J Gynecol Pathol (2012) 31(3):211–21. doi: 10.1097/PGP.0b013e31823bb24d

149. Abdulfatah, E, Wakeling, E, Sakr, S, Al-Obaidy, K, Bandyopadhyay, S, Morris, R, et al. Molecular Classification of Endometrial Carcinoma Applied to Endometrial Biopsy Specimens: Towards Early Personalized Patient Management. Gynecol Oncol (2019) 154:467–74. doi: 10.1016/j.ygyno.2019.06.012

150. Plotkin, A, Kuzeljevic, B, De Villa, V, Thompson, EF, Gilks, CB, Clarke, BA, et al. Interlaboratory Concordance of ProMisE Molecular Classification of Endometrial Carcinoma Based on Endometrial Biopsy Specimens. Int J Gynecol Pathol (2019) 39(6):537–45. doi: 10.1097/PGP.0000000000000654

151. Chung, YS, Woo, HY, Lee, JY, Park, E, Nam, EJ, Kim, S, et al. Mismatch Repair Status and Progestin Therapy in Endometrial Cancer. Am J Obstet Gynecol (2021) 224(4):370.e1–370.e13. doi: 10.1016/j.ajog.2020.10.003

152. Clive, R, and Taylor, MD. DPhil. The Total Test Approach to Standardization of Immunohistochemistry. Arch Pathol Lab Med—Vol 124, July 2000 Editorials. 51. Walker RA. Quantification of Immunohistochemistry–Issues Concerning Methods, Utility and Semiquantitative Assessment I. Histopathology (2006) 49:406–10. doi: 10.1111/j.1365-2559.2006.02514.x

153. Angelico, G, Santoro, A, Inzani, F, Straccia, P, Spadola, S, Arciuolo, D, et al. An Emerging Anti-P16 Antibody-BC42 Clone as an Alternative to the Current E6H4 for Use in the Female Genital Tract Pathological Diagnosis: Our Experience and a Review on P16ink4a Functional Significance, Role in Daily-Practice Diagnosis, Prognostic Potential, and Technical Pitfalls. Diagnostics (2021) 11:713. doi: 10.3390/diagnostics11040713




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 © 2022 Zannoni, Bragantini, Castiglione, Fassan, Troncone, Inzani, Pesci, Santoro and Fraggetta. 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: 11 April 2022

doi: 10.3389/fonc.2022.782030

[image: image2]


Prognostic Effect of Primary Recurrence Patterns in Squamous Cervical Carcinoma After Radical Surgery


Zongkai Zhang 1†, Long Jiang 2†, Rui Bi 1,3, Xiaohua Wu 1,4, Guihao Ke 1,4 and Jun Zhu 1,4*


1 Department of Oncology, Shanghai Medical College, Fudan University, Shanghai, China, 2 Department of Anesthesia, Zhongshan Hospital Fudan University Shanghai Cancer Center, Shanghai, China, 3 Department of Pathology, Fudan University Shanghai Cancer Center, Shanghai, China, 4 Department of Gynecologic Oncology, Fudan University Shanghai Cancer Center, Shanghai, China




Edited by: 

Stefano Restaino, Ospedale Santa Maria della Misericordia di Udine, Italy

Reviewed by: 

Clarissa Polen-De, Mayo Clinic, United States

Jinluan Li, Fujian Provincial Cancer Hospital, China

*Correspondence: 

Jun Zhu
 dragonzld@163.com

†These authors have contributed equally to this work

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


Received: 23 September 2021

Accepted: 16 March 2022

Published: 11 April 2022

Citation:
Zhang Z, Jiang L, Bi R, Wu X, Ke G and Zhu J (2022) Prognostic Effect of Primary Recurrence Patterns in Squamous Cervical Carcinoma After Radical Surgery. Front. Oncol. 12:782030. doi: 10.3389/fonc.2022.782030




Objective

To examine the effect of primary recurrence patterns on the prognosis of squamous cervical cancer after initial treatment.



Methods

Primary recurrence patterns and prognostic factors were examined in stage IB-IIA cervical cancer patients after initial treatment. Recurrence site (locoregional recurrence and distant metastasis or in-field and out-field recurrence for patients receiving adjuvant radiotherapy) and subtype (nodal and organ recurrence) were examined. Clinicopathological characteristics and survival rates were evaluated to generate a prognostic nomogram.



Results

A total of 472 patients were included. The median follow-up period, 5-year overall (OS) rate, and median OS were 59.1 months, 33.7%, and 24.0 months, respectively. Overall, 38.8% and 61.2% of the patients had locoregional recurrence and distant metastasis, respectively, and survival rates were comparable in these groups. Patients with nodal recurrence had better OS than those with organ recurrence (38.3% vs 30.7%, respectively; P = 0.001). Patients not receiving adjuvant radiotherapy had increased risk of pelvic recurrence [odds ratio (OR) = 0.148; 95% confidence interval[(CI): 0.075–0.291, P = 0.000]. Positive lymph-vascular space invasion (OR= 1.928; 95% CI: 1.151–3.229, P = 0.013) and no chemotherapy (OR = 0.521; 95% CI: 0.317–0.733, P = 0.040) increased the risk of distant metastasis. Positive lymph node status after initial treatment were associated with nodal recurrence (OR = 3.729; 95% CI: 1.838–7.563, P = 0.000), while elevated preoperative squamous cell carcinoma antigen (SCC-Ag) levels were associated with organ recurrence (OR = 1.642; 95% CI: 1.325–2.265, P = 0.002). Recurrence subtype, therapy for relapse, the International Federation of Gynecology and Obstetrics stage, adjuvant radiotherapy, preoperative SCC-Ag levels, and risk subgroup were independently associated with OS.



Conclusions

Primary recurrence patterns were associated with specific clinicopathological characteristics of cervical cancer. Recurrent cervical cancer prognosis was mainly affected by recurrence location and subtype.





Keywords: cervical cancer, recurrence patterns, therapy for relapse, locoregional recurrence, distant metastasis



Introduction

Cervical cancer is the fourth most common gynecologic cancer worldwide and a leading cause of cancer-related deaths in developing countries (1). The incidence of cervical cancer has decreased owing to extensive screening and vaccination programs, with the latter targeting patients with high-risk human papilloma virus genotypes (2, 3). Standard treatment for early-stage cervical cancer [International Federation of Gynecology and Obstetrics (FIGO 2009) stage IB-IIA] includes radical surgery with or without adjuvant radiotherapy (RT) (4, 5). Consecutive editions of clinical guidelines have improved cervical cancer management, thus increasing remission rates and decreasing the risk of relapse; these changes have resulted in recently reported 5-year overall survival (OS) rates of early stage cervical cancer in the range of 70%–90% (6, 7). This progress notwithstanding, approximately 10%–15% of patients with early-stage disease experience recurrence (8).

Cervical cancer recurrence patterns may vary; however, they generally include locoregional recurrence (LR) and distant metastasis (DM). Recurrent disease management requires a personalized approach depending on the site of recurrence, which may determine prognosis. Previous studies have shown that patient prognosis after initial treatment was associated with clinicopathological characteristics, recurrence patterns, and relapse therapy type (9–11). However, few studies have examined risk factors for recurrence and the relationship between different recurrence patterns and prognosis. This study aimed to examine patients experiencing cervical cancer recurrence to identify their clinicopathological characteristics, recurrence patterns, and treatment type received, and to evaluate the relationship between different clinicopathological characteristics and recurrence patterns; this study aimed to examine the impact of recurrence patterns on prognosis.



Materials and Methods

We retrospectively extracted data of 472 patients with recurrent cervical cancer who underwent standard abdominal radical hysterectomy and pelvic lymph node (LN) dissection at the Department of Gynecologic Oncology, Fudan University Shanghai Cancer Center, China, between May 2006 and January 2014. All included patients had histologically confirmed squamous cell carcinoma and the 2009 FIGO stage IB–IIA disease after initial treatment. All patients provided consent for their data to be used for research purposes. Data on clinicopathological and prognostic characteristics, including age at diagnosis, the FIGO stage, postoperative pathological findings[histological type, tumor grade, lymph-vascular space invasion (LVSI) status, tumor volume, and LN status], treatment modalities, date and type of recurrence, and date of death or last follow-up, were collected. The study was approved by the Ethics Committee of Fudan University Shanghai Cancer Center, Shanghai, China.


Adjuvant Therapy

Patients with intermediate-risk factors that met the Sedlis criteria, including tumor diameter, depth of stromal invasion (DSI), or LVSI status, and patients with more than one high-risk factor (including parametrial involvement, positive LN, or positive surgical margins) received adjuvant RT (ART) or concurrent chemoradiotherapy. Patients received pelvic intensity-modulated radiotherapy with computed tomography (CT) planned. Target delineation was based on the Radiation Therapy Oncology Group Consensus Guidelines (12, 13). Concurrent cisplatin was administered weekly at a dose of 40 mg/m2. Brachytherapy was administered among patients with vaginal margin invasion. Patients with one or more high-risk factors received 4–6 cycles of paclitaxel (135 mg/m2) and carboplatin (AUC = 5) on day 1.



Recurrence Classification and Treatment

Recurrence was confirmed based on findings from biopsy and/or imaging-based examinations such as CT, magnetic resonance imaging (MRI), or positron emission tomography (PET) scanning, obtained ahead of treatment planning. LR was defined as isolated pelvic recurrence, including vaginal recurrence with or without pelvic LN recurrence. DM was defined as distant site failure at either an organ or LN site. Multiple-site recurrence was defined as recurrence both inside and outside the pelvis; this type of recurrence was classified as DM. In-field and out-field recurrences were defined as recurrence inside or outside the pelvis for patients after ART. LN recurrence (LNR) included bilateral upper neck, supraclavicular, mediastinal, celiac, and pelvic and inguinal regions. Organ recurrence included recurrences in the vagina and other organs. Therapy for relapse included external beam radiation therapy and brachytherapy, surgery, and systemic chemotherapy. RT and surgery were classified as local therapy.



Statistical Analyses

Patients’ demographic and clinicopathological characteristics and treatments for recurrent disease were reported as frequencies. Univariable survival curves were created using the Kaplan-Meier method. Between-group comparisons were performed using the log-rank test. Cox proportional hazards regression was used for univariate and multivariate analyses. Variables with p-values of <0.10 in univariate analysis were included in multivariate analyses. For all statistical tests, two-tailed p-values of <0.05 were considered significant. A prognostic nomogram was generated based on multivariable analysis results. Harrel’s concordance index (C-index) and a calibration curve were used to evaluate nomogram performance. The accuracy and reliability of the recurrence model were evaluated based on time-dependent receiver operating characteristic curves. All statistical analyses were performed in SPSS version 25.0 (SPSS, Chicago, IL) and R software ver. 4.0.5.




Results

This study included 472 women who underwent pelvic LN dissection for cervical squamous cell carcinoma with FIGO stages IB-IIA. The patients’ median age was 47 (range: 22–77) years. All tumors were pathologically staged after radical surgery and included stages IB1 (n = 112, 23.7%), IB2 (n = 61, 12.9%), IIA1 (n = 162, 34.3%), and IIA2 (n = 137, 29.0%). Preoperative squamous cell carcinoma antigen (SCCA) levels of ≥2.55 ng/mL, bulky tumor size of ≥4 cm, DSI greater than 1/2 thickness, positive LVSI, and parametrial invasion were observed in 62.0% (n = 240), 56.8% (n = 268), 85.8% (n = 400), 63.0% (n = 289), and 14.4% (n = 64) of the patients, respectively. Thirty-eight (8.5%) patients had positive vaginal margins. Positive LN (PLN) was detected in 224 (50.3%) patients. The median number of harvested LNs was 23 (range: 7–77); a single (range: 0–37) PLN was harvested. A total of 356 (75.4%) patients underwent ART. Among 305 (85.0%) patients who underwent chemotherapy, 204 (64.2%) received concurrent chemotherapy (Table 1).


Table 1 | Baseline characteristic.




Recurrence Patterns and Prognostic Factors

LR and DM accounted for 38.8% (183/472) and 61.2% (289/472) of recurrence cases, respectively. A total of 26.1% (n = 123) and 73.9% (n = 349) of failures were LNR and organ recurrence, respectively (Table 2).


Table 2 | Univariate logistic regression models for different recurrence sites and subtypes.



RT, systemic chemotherapy, and surgery for relapse accounted for 44.0% (54/123), 41.5% (51/123), and 13.8% (17/123) of therapies for LNR, respectively. The corresponding rates for organ recurrence were 26.6% (93/349), 64.2% (224/349), and 9.2% (32/349), respectively (Table 1).

In univariate analysis, PLNs, SCCA levels of ≥2.55 ng/mL, tumor size of ≥4 cm, DSI, positive LVSI, parametrial invasion, and no ART were predictors of LR and DM (Table 2). In multivariate analysis, DSI (odds ratio [OR] = 1.494; 95% confidence interval [CI]: 1.286–2.853, P = 0.011) and ART (OR = 0.148; 95% CI: 0.075–0.291, P = 0.000) were independently associated with LR. LVSI (OR= 1.928; 95% CI: 1.151–3.229, P = 0.013) and adjuvant chemotherapy (OR = 0.521; 95% CI: 0.317–0.733, P = 0.040) were independently associated with DM. In addition, PLNs (OR = 3.729; 95% CI: 1.838–7.563, P = 0.000) and ART (OR = 0.470; 95% CI: 0.176–0.843, P = 0.003) were independently associated with LNR. SCCA levels of ≥2.55 ng/mL (OR = 1.642; 95% CI: 1.325–2.265, P = 0.002) and LVSI (OR = 1.462; 95% CI: 1.203–2.048, P = 0.005) were independently associated with organ recurrence (Table 3).


Table 3 | Multivariate logistic regression models for different recurrence sites and subtypes.





Survival and Stratification Analyses

For cases of disease recurrence, the median follow-up time was 59.1 (range 1.9–146.6) months. The 5-year OS rate was 33.7%, and the median OS was 24.0 months. Patients with LR (5-year OS rate, 28.1%; median OS = 40 months) and those with DM (5-year OS rate, 38.9%; median OS = 37 months) (P = 0.755) had similar survival rates (Figure 1A). However, the prognosis was poorer for patients with LR with ART than for those without ART (Figure 1B). LNR (5-year OS rate, 38.3%; median OS = 51 months) had a better survival than organ recurrence (5-year OS rate, 30.7%; median OS = 34 months) (P = 0.001) (Figure 1C). Prognosis associated with pelvic LNR (5-year OS rate, 18.3%; median OS = 37 months) was poorer than that associated with LNR outside of the pelvis (5-OS rate, 36.9%; median OS = 50 months) (P = 0.019) (Figure 1D). Among patients with organ recurrence only, lung metastasis (5-year OS rate, 32.5%; median OS = 48 months) was associated with survival rates that were better than those associated with other organ recurrence sites (5-year OS rate, 19.7%; median OS = 34 months) (P = 0.039) (Figure 1E). Patients with vaginal recurrence (5-year OS rate, 31.7%; median OS = 34 months) had a worse prognosis than did those without vaginal recurrence (5-year OS rate, 46.0%; median OS = 51 months) (P = 0.001) (Figure 1F). According to ART stratification, in-field recurrence was associated with poorer prognosis (5-year OS rate, 24.9%; median OS = 29 months) than out-field recurrence (5-year OS rate, 30.8%; median OS = 42 months) (P = 0.024) (Figure 1B). For all recurrent cases, surgery was associated with 5-year OS rates that were better than those associated with RT and chemotherapy (5-year OS rate of surgery, RT and chemotherapy: 56.9%, 35.7% and 27.3%; median OS: NA, 46 months and 32 months, respectively, P < 0.001). For in-field recurrence only, surgery (5-year OS rate, 36.5%; median OS = 36 months) was associated with OS that was better than that associated with secondary RT (5-year OS rate, 12.2%; median OS = 24 months) (P = 0.047). In patients with LR, LNR, and organ recurrence, outcomes associated with surgery and RT were better than those associated with systemic chemotherapy (P = 0.011).




Figure 1 | (A) Five-year overall survival (OS) rates for different recurrence sites. (B) OS rates for patients with locoregional recurrence (LR) with or without adjuvant radiotherapy (ART) and the OS for patients with the out-field recurrence. (C) Five-year OS rates for patients with different recurrence subtypes, (D) patients with lymph node recurrence, (E) patients with or without isolated lung metastasis, and (F) patients with or without vaginal stump.





Predictive Factors for OS and Nomogram

In multivariate analysis, type of recurrence, therapy for relapse, the FIGO stage, ART, baseline serum SCCA levels, and risk factor subgroup were independently associated with prognosis after recurrence (Table 4). All relevant predictors were used to construct a prognostic nomogram, and points were assigned based on corresponding factor coefficients; the total score was used to predict 5-year OS rates. The C-index of the nomogram was 0.724 (95% CI, 0.679–0.769) in the internal validation set (Figure 2A). Calibration curves are presented in Figure 2B. The results indicated that the nomogram was well-calibrated. In addition, this nomogram was compared to commonly used risk prediction methods, including the FIGO stage and Sedlis criteria and other previously used models. The AUC of our nomogram was greater than those of models previously used (0.846 vs. 0.720 vs. 0.677, P < 0.001) (Figure 2C).


W 4 | Multivariate Cox proportional hazards models for 5-year overall survival.






Figure 2 | (A) Nomogram predicting 5-year OS rates for patients with relapse after initial treatment. The nomogram was based on scores corresponding to each independent variable. The total score (bottom of the scale) indicates the probabilities of 5-year OS rates. (B) The predicted and observed 5-year OS rates were used for model calibration. The x-axis displays nomogram-predicted probability, while the y-axis displays observed survival rates estimated using the Kaplan-Meier method. The dotted line indicates excellent model calibration, with good concordance between the predicted and observed survival rates. The vertical bars represent 95% confidence intervals. (C) Receiver operating characteristic curves with area under the curve values compare nomogram and traditional model discrimination. The blue lines represent survival rates predicted by the nomogram.






Discussion

In the present study, primary recurrence patterns were associated with the prognosis of squamous cervical cancer after initial treatment. The patterns of recurrence in cervical cancer vary, and thus, different treatments for relapse may result in different prognoses. The National Comprehensive Cancer Network Guidelines recommend individualized therapy for relapse, including surgery, RT, and chemotherapy. For localized recurrence after initial treatment, radical retreatment, including RT and/or chemotherapy, and surgery may be administered. However, radical retreatment options may vary among recurrence sites; for example, patients with regional LN recurrence may be suitable candidates for radical surgery and RT. In such cases, patients eligible for radical treatment may achieve long-term disease-free survival rates of approximately 40% (14). Most previous studies evaluated prognosis based on patients’ clinicopathological features and recurrence sites. However, few studies have examined the relationship between specific parameters and recurrence patterns. The present study examined the prognostic relevance of recurrence patterns and subtypes, and that of clinicopathological factors.

In our cohort, there were more cases of DM than LR (61.2% vs. 38.8%). Furthermore, the incidence of organ recurrence was higher than that of LNR. Vaginal recurrence was the most common recurrence site, followed by the lung and bone. Previous population-based studies reported vaginal recurrence as the most common local recurrence site in patients with cervical cancer; meanwhile, the lung and bone were the common sites of distant metastases (15, 16). In our study, LNR was a particular kind of recurrence pattern; in addition, approximately 12.5% and 8.3% of recurrence cases were observed at para-aortic and supraclavicular LNs, respectively. The para-aortic lymphatic system is connected to the cervix and pelvic LNs, resulting in a high recurrence rate in para-aortic LNs (17, 18). Kim et al. reported rates of 59.5% and 40.5% for distant and pelvic recurrence, respectively (combined: 21.5%, central: 10.7%, pelvic 8.3%) (19). Pamela et al. used PET scans to detect recurrences in para-aortic LNs and reported a rate of 18.7%, which was consistent with the present study findings (20). Tae et al. reported a 5.4% recurrence rate in the supraclavicular region after radical hysterectomy in patients with early-stage cervical cancer (21).

Common prognostication methods include the FIGO staging system and the Peters and Sedlis criteria. However, these models fail to account for the effects of recurrence patterns. When patients experience disease recurrence, little attention is given to baseline clinical characteristics, which may help assess the risk of recurrence. Studies on the relevance of recurrence patterns and initial treatment types to the risk of relapse are rare. Nevertheless, baseline clinicopathological characteristics may help inform treatment as these factors may affect the risk of relapse. Consequently, we examined the associations among baseline clinicopathological characteristics, recurrence patterns, therapy for relapse, and prognosis to establish a predictive model to inform clinical practice.

In the present study, approximately half of the patients with recurrence had elevated serum SCCA levels at diagnosis and half had positive LN status after surgery. All cases with recurrence presented with intermediate- or high-risk factors or both at baseline. Different recurrence patterns may be associated with specific clinicopathological characteristics at initial treatment. According to univariate and multivariate analyses, DSI and the absence of ART were associated with a high risk of LR. Patients who did not receive adjuvant chemotherapy but had LVSI were more likely to experience DM than their counterparts. PLN status after initial treatment or lack of ART may result in LNR. Preoperative serum SCCA levels and positive LVSI findings were independent predictive factors for organ recurrence. Jeong et al. reported that approximately 59% of recurrence cases had elevated serum SCCA levels at diagnosis (22). Serum SCCA levels are biomarkers commonly used for auxiliary diagnosis and surveillance in cervical cancer; elevated serum SCCA levels are associated with the extent of the disease (23, 24). However, no previous study has examined the association between serum SCCA levels and specific recurrence patterns. According to the Sedlis criteria, DSI is an intermediate risk factor for recurrence in cervical cancer; we have previously shown that DSI may be independently associated with both DFS and OS (25). The effect of LVSI on early-stage cervical cancer remains controversial, and previous studies have yielded conflicting results. Balaya and Obrzut found that LVSI may be associated with decreased 5-year DFS and 10-year OS (26, 27). Meanwhile, Creasman et al. have suggested that LVSI may not be a prognostic factor (28). In the present study, patients with positive LVSI had increased risk of DM, specifically, at distant organs. The present study model was superior to previous models for disease prognostication (29–31).

The prognosis associated with LR was comparable to that associated with DM. More specifically, cases of LNR had better prognosis than cases of organ recurrence; however, pelvic LNR had poor overall prognosis. Isolated LNR may be radically treated with either surgery or RT; in contrast, organ recurrence is difficult to treat with any radical approach. For patients with organ recurrence, vaginal recurrence was associated with poor prognosis; meanwhile, isolated lung metastasis was associated with better OS rates compared to those associated with the other sites of organ recurrence. Isolated lung disease may be treatable with surgery or RT, which may improve prognosis. Previous studies have shown that patients who benefit from aggressive local therapy for oligometastatic disease include those with nodal or lung metastases (32). Nevertheless, pelvic recurrence was associated with poor prognosis in patients with LR after ART. The palliation of pelvic recurrences is difficult at previously irradiated sites that are not amenable to local pain control techniques or surgical resection. These sites are generally not responsive to chemotherapy; consequently, affected patients are often advised to undergo pelvic exenteration or receive systematic chemotherapy; however, pelvic exenteration is a complex procedure susceptible to complications, which may affect prognosis. Thus, the National Comprehensive Cancer Network guidelines recommend pelvic exenteration for very select patients. Moreover, secondary RT is not feasible due to the high risk of adverse effects and dose-limiting toxicity (33, 34). Chemotherapy is often recommended for patients with extra-pelvic metastases or recurrent disease who are not candidates for RT or exenterative surgery.

This study had some limitations that should be considered when interpreting its findings. First, it was a retrospective study, which makes it subject to the effects of selection bias and confounding factors. Second, nodal metastasis has been redefined in the 2018 FIGO staging system; however, this study dataset and the included citations refer mostly to the 2009 FIGO staging system. Finally, although local treatment status emerged as a prognostic factor for OS, the lack of precise information on recurrence treatment may impact the specificity of the present results.



Conclusion

Recurrent cervical cancer is associated with poor prognosis in cases of in-field recurrence. Different clinicopathological characteristics are associated with different recurrence sites and subtypes. The present findings suggest that patients with DSI and absence of ART are at a high risk of LR. Patients who did not receive adjuvant chemotherapy and presented with LVSI were more likely to experience DM than their counterparts. PLNs after initial treatment or lack of ART may increase the risk of LNR. Preoperative serum SCCA levels and positive LVSI status increased the risk of organ recurrence. Recurrent cervical cancer prognosis is associated with recurrence location and subtype.
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Background

Endometrial cancer (EC) represents the sixth most common female tumor. In the advanced setting, the prognosis is dismal with limited treatment options. Platinum-based chemotherapy represents the actual standard of care in first-line chemotherapy, but no standard second-line chemotherapy is approved, with less than 1/4 of patients responding to second-line chemotherapy. In the last 10 years, immune checkpoint inhibitors (ICIs) have changed the treatment landscape of many solid tumors.



Methods

The review was conducted according to the PRISMA guidelines. We searched EMBASE, MEDLINE, Cochrane Database, and conference abstracts from international societies, up to November 2021. Clinical trials employing ICIs in advanced EC, written in English, were included. Reviews, letters, and commentaries were excluded. The overall response rate (ORR), progression-free survival (PFS), overall survival (OS), and safety (number and grade of treatment-related adverse events [TRAEs]) were evaluated.



Results

15 studies, for a total of 1,627 patients, were included: 14 non-randomized phase I/II trials and 1 randomized phase III trial. Anti-PD1 (pembrolizumab, nivolumab, dostarlimab) and anti-PD-L1 agents (avelumab, atezolizumab, durvalumab) were administered as single agents; pembrolizumab and nivolumab were combined with the tyrosine-kinase inhibitors (TKI) lenvatinib and cabozantinib, respectively; and durvalumab was associated with anti-CTLA4 tremelimumab. 4 studies selected only MSI patients. Single agents determined an ORR from 26.7% to 58% among MSI patients, from 3% to 26.7% among MSS patients. DCR ranged from 53.5% to 88.9% in MSI, 31.4% to 35.2% in MSS patients. The combination of TKI and ICIs determined 32% to 63.6% of ORR in all-comers, 32%–36.2% in MSS patients. 54.2% to 76% of patients developed TRAEs. The combination of ICIs and TKI achieved a higher toxicity rate than single agents (≥G3 TRAEs 88.9%).



Conclusion

ICIs represent an effective option for pretreated advanced EC patients with a tolerable profile. Given the encouraging results in MSI patients, every woman diagnosed with EC should be investigated for MS status. In MSS women, the combination of ICIs and TKI is more effective than monotherapy, notwithstanding safety concerns. PD-L1 cannot predict ICI response, whereas other biomarkers such as MSI and tumor mutational burden seem more accurate. Ongoing randomized trials will further clarify the role of these therapeutic options.



Systematic Review Registration

PROSPERO, CRD42021293538.





Keywords: endometrial cancer (EC), immune checkpoint inhibitors (ICI), immunotherapy, pembrolizumab, lenvatinib, dostarlimab, PD1, microsatellite instability (MSI)



1 Introduction

With an incidence of approximately 10.8 cases/100,000/year, endometrial cancer (EC) represents the sixth most common cancer among women, accounting for 4.5% of all new cancer diagnoses. The incidence rises with age, being very uncommon before 40 years and reaching 35.2 cases/100,000/year among >50-year-old women, with a median age at diagnosis of 63 years (1–3). Several risk factors for EC have been identified: age, familiar history, previous radiation therapy, obesity, diabetes, metabolic disease, diet, exercise, and general lifestyle (4). Furthermore, menopause, tamoxifen use, birth control pills, intrauterine devices, pregnancy, polycystic ovarian syndrome, and history of endometrial hyperplasia, while affecting circulating sex hormone levels, might contribute to EC development (5). EC represents the 13th cause of cancer-related deaths among women, with a mortality rate of 2.5/100,000/year (1). The 5-year survival rate dramatically drops from 94.9% for localized diseases to 17.8% for the metastatic stage, representing 9% of total diagnoses (2). In the localized setting, surgery is the first-choice treatment, also combined with radiotherapy, whereas chemotherapy represents the cornerstone for the high-risk and advanced diseases. The current standard of care (SOC) for first-line advanced/recurrent EC is the combination of carboplatin and paclitaxel, which guarantees a median overall survival (mOS) of 37 months and a median progression-free survival (mPFS) of 13 months (6). However, there is currently no SOC after platinum progression (7). Response rates (RRs) with single-agent chemotherapy (mainly ifosfamide, docetaxel, doxorubicin, weekly paclitaxel), and endocrine therapy, range from 8% to 24%, with less than 1 year of OS (8, 9). Recent findings have suggested the efficacy of platinum derivatives in “platinum-sensitive” patients (10). However, while platinum rechallenge might be an option in recurrent EC with a long recurrence-free interval, there is clearly a need for new therapeutic options (7, 9, 10).

The Cancer Genome Atlas (TCGA) described at least 4 molecular subtypes of EC: polymerase ϵ (POLE)-mutant, microsatellite instable-high (MSI-H), copy number low, and copy number high. The first two subtypes are associated with a better prognosis. Effectively, up to 30% of EC are MSI-H, characterized by defective proteins that repair DNA through the mismatch repair (MMR) mechanism. MMR-deficient (MMRd) EC accumulates errors in areas of repetitive DNA sequences called microsatellites, developing a high mutational load due to the release of a significant number of neo-antigens, which has been associated with immunotherapy response (11). Indeed, immunotherapy, particularly immune-checkpoint inhibitors (ICIs), represents the current cutting-edge therapy for many solid tumors, including gynecological malignancies (12). It is worthy of note that the Food and Drug Administration (FDA) granted two accelerated approvals of ICIs for pretreated EC patients: pembrolizumab for MSI-H tumors in 2017, and pembrolizumab plus lenvatinib for MS-stable (MSS) disease in 2019 (13, 14). Moreover, in 2021, the European Medial Agency (EMA) approved pembrolizumab and lenvatinib for pretreated EC patients, and dostarlimab for MSI-H EC (15, 16).

We hereby systematically reviewed the clinical trials regarding ICIs for the treatment of advanced EC to evaluate how they might change the clinical approach to this malignancy and future directions for tailored trials. To the best of our knowledge, this is the first systematic review to synthesize the efficacy and safety of clinical trials employing ICIs in EC.



2 Materials and Methods


2.1 Protocol Registration

We registered the protocol for this systematic review with PROSPERO (CRD42021293538).



2.2 Search Strategy and Data Extraction

This systematic review was carried out following the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) statement (17). Two authors (BM and MM) independently performed a literature search of the databases PubMed, EMBASE, and Cochrane Central Register of Controlled Trials, in November 2021. The search terms (“endometrial neoplasms” OR (“endometrial” AND “neoplasms”) OR “endometrial cancer” OR (“endometrial” AND “cancer”) OR “uterine cancer” OR (“uterine” AND “cancer”) AND [“immune checkpoint inhibitors” OR “ICIs” OR “avelumab” OR “nivolumab” OR “atezolizumab” OR “pembrolizumab” OR “durvalumab” OR “tremelimumab” OR “ipilimumab” or “dostarlimab”)] were used. An additional search for conference abstracts from the American Association of Clinical Oncology (ASCO), European Society of Medical Oncology (ESMO), and Society of Gynecologic Oncology (SGO) was also performed. Article citations were manually checked for additional references.



2.3 Inclusion and Exclusion Criteria, Population, Intervention, and Outcomes

We included phase I–IV clinical trials reporting efficacy and safety data of ICIs (single agents or combinations) in advanced/recurrent EC patients, written in the English language. From multi-cohort trials, the number and data of EC patients were identified. Meta-analyses, reviews, case reports, correspondences, personal opinions, and in vitro/animal studies were excluded. For the selected studies, the following data were collected: trial name, first author, year of publication, phase, number of treated patients, administered drugs and dosage, and primary and secondary endpoints. We specifically addressed the following efficacy outcomes: overall response rate (ORR), disease control rate (DCR), progression-free survival (PFS), and overall survival (OS); for safety, number and grade of treatment-related adverse events (TRAEs).



2.4 Risk of Bias

Two reviewers independently assessed the risk of bias. In case of disagreement, a third reviewer was consulted. The Risk Of Bias In Non-randomised Studies - of Interventions (ROBINS-I) tool was used to assess the risk of bias, including eight domains: confounding bias; selection bias; classification bias; deviation from intended interventions bias; missing data; measure outcome bias; selection of the reported results; and overall bias (18).




3 Results

A total of 104 studies were identified from the electronic search. After duplicate removal and title/abstract screening, 75 studies were eligible. After checking inclusion and exclusion criteria, we removed 4 studies for being written in languages other than English, 33 among case reports, reviews, correspondences, personal opinions, or commentaries; in 1 study, the complete text was not available, and 22 reports were removed for focusing on different topics. At the end of the screening, a total of 15 studies were included in our review (Figure 1).




Figure 1 | PRISMA flowchart for study selection of the systematic review.




3.1 Characteristics of the Included Studies

The included studies were 14 phase I/II clinical trials and 1 randomized phase III trial (19–33). No phase IV trial was found. Anti-PD1 agents were used in 11 studies; 4 studies employed anti-PD-L1 agents (in 1 study, anti-CTLA4 was associated). Among PD1, 8 studies used pembrolizumab, 2 nivolumab, and 1 dostarlimab (19–29). Anti-PD-L1 agents consisted of avelumab (1 study), atezolizumab (1 study), and durvalumab (2 studies) (30–33). Anti-PD1 was administered as a single agent in 7 studies (19–23, 27, 29). Pembrolizumab was combined with the tyrosine-kinase inhibitor (TKI) lenvatinib in 3 studies, nivolumab with the TKI cabozantinib in 1 study (24–26, 28). Anti-PD-L1 was administered as monotherapy in 3 studies (30–32). Durvalumab was associated with anti-CTLA-4 tremelimumab in 1 study (33). No study of single-agent anti-CTLA-4 was found. Pembrolizumab was administered every 3 weeks (q3w) at the fixed dosage of 200 mg in 5 studies, 10 mg/kg in 3 studies; nivolumab was administered at the flat dose of 240 mg every 2 weeks (q2w), and in 1 study the shift to 480 mg every 4 weeks (q4w) was planned; atezolizumab was administered either at 1,200 mg or at 15 mg/kg q3w; the avelumab dosage was 10 mg/kg q2w, and dostarlimab was started at the dosage of 500 mg q3w then continued at 1,500 mg every 6 weeks (q6w); and durvalumab was administered at the fixed dosage of 1,500 mg q4w alone or combined with tremelimumab 75 mg q4w. 1,627 patients were treated, ranging from 9 to 827. The overall response rate (ORR) was the most frequent primary endpoint (11 studies): it was defined as the percentage of patients achieving a complete response (CR) or a partial response (PR) (19–24, 26, 27, 29, 30, 33). In one study, the primary endpoint was defined as objective tumor response rate (OTRR—defined as the sum of complete and partial responses divided for the total number of patients) (32). Progression-free survival (PFS)—defined as the time from randomization to disease progression or death, whichever occurred first—was the primary endpoint in 4 studies (20, 25, 28, 30). Overall survival (OS)—defined as the time from randomization to death—was assessed as a co-primary endpoint with PFS in the only selected phase III study (25). PFS, OS, duration of response (DOR), and safety were most commonly investigated among secondary endpoints. Quality of life was addressed as the secondary endpoint only in one study (25). Table 1 shows the main characteristics of the included studies. No serious risk of bias emerged (Figure 1, Supplementary Material).


Table 1 | Trials of ICIs in advanced/recurrent EC.



Overall, ORR ranged from 3% to 63.6%. When considering only MSI patients, ORR to single agents ranged from 26.7% to 58% (median 48%), while when including only MSS patients, ORR was 3% to 26.7% (median 14.8%). In the combination ICI-TKI studies, ORR was 32% to 63.6%; KEYNOTE-146 reported an ORR of 63.6% in MSI patients (n = 11), whereas MSS patients reached an ORR of 32% to 36.2% in KEYNOTE-146 and -775. 12 studies reported DCR, ranging from 26.1% to 95.6% in all-comers, with peaks in MSI patients treated with single agents (53.5% to 88.9%), and patients receiving the combination of pembrolizumab/lenvatinib (90.9% in MSI, 84% in MSS patients). No additional benefit derived from the dual-ICI combination, as durvalumab plus tremelimumab determined an ORR of 11.1%. Considering the types of responses, 35% of patients developed a PD, and 27% PR, 26% SD, and 7% of CR were observed (Figure 2).




Figure 2 | Responses and response rates of the included studies. Overall response rate (ORR) ranged from 3% to 58%. ORR to single agents ranged from 26.7% to 58% for MSI patients, 3% to 26.7% for MSS patients (studies that selected MSI and MSS patients are indicated in the figure). In the combination ICIs-TKI studies (“combo” in the figure), ORR was 32% to 52%, reaching 36.2% in MSS patients, 63.6% in MSI patients. DCR ranged from 26.1% to 95.6% in all studies, with peaks in MSI patients (around 90% as single agents or combinations) and MSS patients in case of combination (84%). Objective tumor response rate (OTRR—marked with *) to the combo durvalumab plus tremelimumab was 11.1%. Types of responses recorded in the studies were: 35% progressive disease (PD), 27% partial response (PR), 26% stable disease (SD), 7% complete response (CR).



11 studies reported mPFS that ranged from 1.7 to 18.9 months. Among MSI groups, mPFS to ICI monotherapy was 8.1 months (range 5.5–13.1 mos). With combination ICI–TKI, mPFS ranged from 7.2 to 8.7 mos in all-comers, with similar benefits in MSS patients (6.6–7.4 months), reaching 18.9 months among 11 MSI patients in KEYNOTE-146. mOS was available only for 5 studies, ranging from 9.6 to 18.3 months (Figure 3).




Figure 3 | Progression-free survival (PFS) and overall survival (OS) of the included studies. 11 studies reported mPFS, which ranged from 1.7 to 18.9 months. Among MSI patients treated with ICI monotherapy, mPFS was 8.1 months (5.6–13.1 mos). With combination ICIs-TKI, mPFS ranged from 7.2 to 18.9 mos (among the 11 MSI patients of Keynote-146), ranging from 6.6 to 7.4 months for MSS patients. mOS was available for 5 studies, ranging from 9.6 to 18.3 mos (MSI, MSS groups and combination—”combo” studies are indicated.



With ICI monotherapy, 54.2% to 76% of patients developed TRAEs, of which 6.8% to 27.7% were ≥G3. The combination of ICIs and TKI achieved a higher toxicity rate than single agents (≥G3 TRAEs 67%–88.9%). The dual anti-PD1/anti-CTLA4 inhibition determined 44% of serious TRAEs (Table 1).



3.2 ICIs Targeting PD1


3.2.1 Pembrolizumab

Pembrolizumab monotherapy was investigated in 5 trials, 1 of which was a phase Ib study and 4 were phase II studies, for a total of 150 patients (range 9–79) (19–23). Pembrolizumab was administered at the dosage of 10 mg/kg q3w in all studies except for KEYNOTE-158 and NCT02899793, which used the flat dose of 200 mg q3w. Patients were selected for MSI-H/MMRd status in 4 studies (19–22). Among them, NCT02899793 was a pilot study comparing MSI-H patients with Lynch syndrome versus sporadic MLH1 mutations (22). In KEYNOTE-028, patients were included in case of PD-L1 positivity (cutoff 1% on tumor or inflammatory cells or in the stroma) (23).

Cohorts D/K of the KEYNOTE-158 phase II trial (NCT02628067) included 79 MSI-H EC patients. The primary endpoint was ORR; DOR, PFS, and OS were secondary endpoints. ORR was 48% (95% confidence interval [CI], 36.7%–59.6%), DCR 83.5%. mPFS was 13.1 months (95% CI, 4.3–34.4 mos), mOS not reached (NR; 95% CI, 27.2 mos-NR). 14 CR were recorded (of note, EC recorded one of the highest CR rates among the solid tumors included in the study). TRAEs were reported in 76% of patients, with no grade 5 events (19). Similar results were achieved in 15 MMRd and 9 MSI-H EC patients in two phase II trials, with—primary endpoint—ORRs of 55% and 56% and DCRs 73.3% and 88.9%, respectively. In the first study, mOS was 148.8 weeks. ≥G3 toxicities were reported in 27.7% of MMRd patients, but no ≥G3 TRAE was recorded among 9 MSI-H patients (20, 21). In the pilot phase II NCT02899793 study, 24 MSI-H EC patients were treated with pembrolizumab, reaching an ORR of 58% (95% CI, 36.6%–77.9%), which was 100% in patients with Lynch syndrome, versus 44% of sporadic cases (p = 0.024). Patients with Lynch syndrome (n = 6) were all alive after 3 years, whereas in sporadic patients (n = 18), 3-year PFS and 3-year OS were 30% (p = 0.017) and 43% (p = 0.043), respectively. 6.8% ≥G3 TRAEs were recorded (22). In the multi-cohort phase Ib KEYNOTE-028 study (NCT02054806), patients with locally advanced or metastatic PD-L1-positive solid tumors were enrolled. ORR was the primary endpoint; secondary endpoints included safety, DOR, PFS, and OS. 23 EC patients were included in the efficacy analysis, with an ORR of 13.0% (95% CI, 2.8%–33.6%), DCR of 26.1%, mPFS of 1.8 months (95% CI, 1.6–2.7 mos), and mOS NR. Among these patients, only one was POLE-mutant and one MSI-H; the remaining were stable or not evaluable for MSI. The only POLE-mutant patients achieved a PR, and the MSI patient had PD; among all patients, 3 PR, 3 SD, and 13 PD were recorded. 13 TRAEs and 4 G3 TRAEs, but no G4 AEs, occurred (23).

The combination of pembrolizumab 200 mg q3w and lenvatinib 20 mg daily was evaluated in 3 studies enrolling pretreated EC patients (24–26). There were 2 phase Ib/II trials investigating ORR (24 weeks after treatment starting) as the primary endpoint, and a phase III trial with PFS and OS as co-primary endpoints. Overall, 542 patients received the combination. In the phase Ib/II KEYNOTE-146/Study111 (NCT02501906), 108 patients were included. The study demonstrated a 24-week ORR (primary endpoint) of 38.0% (95% CI, 28.8%–47.8%), ranging from 36.2% (26.5%–46.7%) in patients with MSS tumors (n = 94) to 63.6% (95% CI, 30.8%–89.1%) in patients with MSI-H tumors (n = 11). DCR was 84.7% (95% CI, 77.1%–90.5%) in all-comers, 84% (95% CI, 75%–90.8%) in MSS patients, and 90.9% (95% CI, 58.7%–99.8%) in MSI patients. mDOR was 21.2 months. mPFS was similar between all-comers (7.4 months; 95% CI, 5.3–8.7 mos) and MSS patients (7.4 mos; 95% CI, 5.0–7.6 mos) and reached 18.9 months in MSI patients (95% CI, 4 mos-NR). mOS was 16.7 months in all patients (95% CI, 15 mos-NR), 16.4 months in MSS (95% CI, 13.5-25.9 mos), and NR in MSI patients. 69.4% of women experienced ≥G3 TRAEs, most frequently hypothyroidism (47.6%). 6 treatment-related deaths were reported (24). This study led the FDA to grant breakthrough therapy designation to the combination of pembrolizumab and lenvatinib for pretreated MSS EC women (14). The KEYNOTE-775/Study309 (NCT03517449) is the phase III confirmatory trial for KEYNOTE-146. 827 women were randomized to receive lenvatinib 20 mg plus pembrolizumab 200 mg q3w (n = 411) versus treatment of physician choice (doxorubicin or weekly paclitaxel) (n = 416). PFS and OS were the co-primary endpoints, while ORR, safety, and quality of life were secondary endpoints. In all-comers, ORR was 32% vs. 15%, mPFS was 7.2 vs. 3.8 mos (HR 0.56), and mOS was 18.3 vs. 11.4 months (HR 0.62), respectively. In the MSS cohort, ORR was 30% vs. 15%, mPFS was 6.6 vs. 3.8 mos (HR 0.6; 95% CI, 0.50–0.72; p < 0.0001), and mOS was 17.4 vs. 12 mos (HR 0.68; 95% CI, 0.56–0.84; p = 0.0001), respectively. ≥G3 TRAEs were observed in almost 89% of the lenvatinib/pembrolizumab arm (most commonly hypertension) and 72.7% of the chemotherapy arm, with 30.8% discontinuing pembrolizumab, 18.7% discontinuing lenvatinib, and 14% discontinuing both pembro and lenvatinib in the combination arm (25). 23 EC patients were treated in the phase Ib/II NCT02501096 trial. The—primary endpoint—24-week ORR was 52% (95% CI, 30.6%–73.2%), with 2 CR and 10 PR, and DCR was 95.6%. mPFS was 9.7 months (95% CI, 4.2 mos-NR). ≥G3 TRAEs occurred in 67% of patients, hypertension, fatigue (12%), diarrhea (9%), proteinuria (8%), and increased lipase levels (7%) being the most common. 2 treatment-related deaths were recorded (26).



3.2.2 Nivolumab

As monotherapy, nivolumab was tested in the JapicCTI-163212 phase II trial on the Japanese population. 22 patients in the EC cohort received nivolumab 240 mg q2w, with ORR as the primary endpoint, and OS, PFS, DOR, and safety as secondary endpoints. ORR was 23% (95% CI, 11%–38%), mPFS 3.4 months (95% CI, 2.0–5.4 mos). DCR was 68.2%, with no CR observed. 61% of patients developed a TRAE, which was >G3 in 17% of cases. Exploratory biomarker analysis included PD-L1+ and MSI-H patients: similar ORRs were recorded between PD-L1-positive and -negative patients; none of the 6 MSS-stable patients and both 2 MSI women responded to nivolumab (27).

Nivolumab was tested in combination with cabozantinib in the randomized three-cohort phase II NCT03367741 trial. Patients were eligible if they had recurrent EC progressing to at least 1 platinum-based chemotherapy in the first two cohorts; a third exploratory cohort included patients with carcinosarcoma or progressive patients to previous immunotherapy. 76 women were randomized to receive nivolumab (240 mg q2w for the first 4 cycles, followed by 480 mg q4w) plus cabozantinib 40 mg daily (arm A; n = 36) or nivolumab monotherapy (arm B; n = 18); the exploratory cohort (cohort C) of 9 carcinosarcoma and 20 ICI-progressing EC patients received nivolumab plus cabozantinib. PFS was the primary endpoint. OS, ORR, and safety were assessed as secondary endpoints. mPFS was 5.3 months (95% CI, 3.5–9.5 mos) in arm A, and 1.9 months (95% CI, 1.6–3.8 mos) in arm B. ORR was 25% and 16.7% in arms A and B, respectively. DCR was 69.4% in arm A, 27.8% in arm B. Diarrhea (47.2%), transaminase increase (44.4%), fatigue (38.9%), and nausea (30.6%) were the most common TRAEs. In the exploratory cohort, among 9 patients with carcinosarcoma, 1 PR and 4 SD were observed; among the 20 immunotherapy-progressive EC women, 6 responses and 8 SD were recorded (28).



3.2.3 Dostarlimab

In the phase I/II GARNET study, 103 women with MSI and 142 with MSS advanced/recurrent EC received 500 mg of dostarlimab q3w for 4 doses and then 1,000 mg q6w. The primary endpoint was ORR; DCR and DOR were secondary endpoints. Dostarlimab showed a meaningful clinical benefit, with an ORR of 44.7% (95% CI, 34.9%–54.8%) in MSI, and 13.4% (95% CI, 8.3%–20.1%) in MSS women. DCR was 57.3% and 35.2% in the MSI and MSS groups, respectively. 63.5% MSI and 71.7% MSS patients developed TRAEs, of which 13.5% and 19.3% were serious AEs (29).




3.3 ICIs Targeting PD-L1


3.3.1 Avelumab

In a single-arm phase II study (NCT02912572), two cohorts of EC patients (15 MSI and 16 MSS) were treated with avelumab 10 mg/kg q2w until progression or unacceptable toxicity. The co-primary endpoints were the frequency of patients with a PFS of at least 6 months after initiating therapy (PFS6), and ORR. Secondary endpoints were PFS, OS, and safety. The MSS cohort was closed after meeting futility criteria, whereas MSI patients exhibited an ORR of 26.7% (95% CI, 7.8%–55.1%) and a PFS6 rate of 40% (95% CI, 16.3%–66.7%), regardless of PD-L1 status. DCR was 53.3%. 71% of patients developed a TRAE, of which 19.4% were G3 TRAEs (30).



3.3.2 Atezolizumab

Atezolizumab 1,200 mg or 15 mg/kg q3w was administered during a phase Ia study (NCT01375842) to 15 patients with advanced/recurrent EC, 93% of which progressed to ≥2 prior systemic therapies. 7/15 patients were MSS, 1 was MSI-H, and 7 had MS-unknown status. Patients were initially evaluated for PD-L1 status (with a cutoff for positivity of 5%); the study was then extended to all patients independently from PD-L1. Atezolizumab clinical benefit seemed to be highly related to PD-L1 expression and MSI. ORR was 13%, DCR 26.7%; 2 PR were observed, 1 in a MSI patient, 1 in a patient with 70% of TIL infiltration, both of which were PD-L1 positive. mPFS was 1.7 months (95% CI, 0.6–11 mos), mOS 9.6 months (95% CI, 0.6–11.8 mos). 47% of patients developed a TRAE, but no G4-G5 events were recorded (31).



3.3.3 Durvalumab

In the phase II PHAEDRA (ANZGOG1601) trial, durvalumab 1,500 mg q4w was administered to 71 patients with MSS (n = 35) or MSI (n = 36) advanced EC. The objective tumor response (OTR, including CR and PR by RECIST criteria) rate was the primary endpoint while PFS and OS were secondary endpoints. Among MSI, the OTR rate was 47% (95% CI, 32%–63%), with 6 CR and 11 PR, and DCR was 63.9%. mPFS was 8.3 mos, and mOS was NR with a 12-mos OS rate of 71%. In the MSS subgroup, the OTR rate was 3% (95% CI, 1%–15%), DCR was 31.4%, with only 1 PR and 10 SD observed, and mPFS was 1.8 mos, mOS 11.5 mos, and 12-mos with an OS rate of 51% (32). In the NCT03015129 phase II trial, EC patients were randomized to receive durvalumab 1,500 mg q4w with or without tremelimumab 75 mg q4w for 4 cycles, followed by durvalumab maintenance, until progression or unacceptable toxicity. ORR was the primary endpoint. At least 10 patients with carcinosarcoma or MSI per arm were planned: as 2 patients were excluded due to early death, 27 patients per arm were considered. 5 patients were MSI, 48 MSS; in 3 cases, the MS status was unknown. In the single-agent arm, there were 1 CR (MSS) and 3 PR (2 MSS and 1 MSI), reaching an ORR of 14.8% (90% CI, 6.6%–100%). mPFS was 7.6 weeks, PFS24wks was 13.3% (90% CI, 6.1%–100%), and mDOR was 16 wks. Regarding the combination arm, 2 CR (1 MSI, 1 MSS) and 1 PR (MSS) were found. ORR was 11.1% (90% CI, 4.2%–100%), mPFS was 8.1 wks, and PFS24wks was 18.5% (90% CI, 10.1%–100%). As for safety, G3 TRAEs occurred in 7% of patients in the single-agent arm and 32% of patients in the double-agent arm, with fatigue and diarrhea as the most common TRAEs. G4 TRAEs occurred in 4% of single-agents and 11% of combination groups (33).





4 Discussion

EC profoundly impacts women’s health in terms of morbidity and mortality, and dismal results are reported in platinum-progressing patients (1–3, 7). Therefore, the search for effective treatments beyond the first line represents one of the most important unmet needs for this malignancy (7). In the last 10 years, ICIs have brought a paradigm shift in the therapy of many solid tumors. Effectively, EC represents a unicum among gynecological tumors, as ICI approvals have already occurred in pretreated patients (13–16). The results of our systematic review confirm that ICIs are effective in patients with pretreated advanced EC. ORR ranges from 3% to 63.6%, DCR ranges from 26.1% to 95.6%. Overall, response to ICIs is tripartite: 1/3 of progressing patients, 1/3 of responding patients (CR+PR), and 1/3 of disease stability. Therefore, 2 out of 3 women might benefit from ICIs. The impressive results of the KEYNOTE-158 (cohorts D/K) and GARNET trials justify the use of anti-PD-1 in MSI-H tumors, confirming the FDA and EMA approvals (19, 29). The results of the other trials corroborate the efficacy of single-agent ICIs in MSI-H patients, as ORR ranges from 26.7% to 58% (19–22, 29, 30, 32). The efficacy is far more limited in MSS patients, with ORRs ranging from 3% to 26.7% (29, 32). However, another effective approved therapy for those patients is represented by the double association of pembrolizumab and the TKI lenvatinib, with ORRs of 32%–36.2% (24–26, 28). Besides ORR, the amount of disease stability is considerable, with DCRs from 26.1% to 95.6%, in line with the effect of ICIs: effectively, since ICIs restore a tumor-specific immune response, novel patterns of response are observed after immunotherapy that differ from chemotherapy and target therapies, such as durable responses that not always start rapidly but can persist even after ICI interruption (34). OS results are incomplete for most studies, however—as previously described in other solid tumors, the ICI effect is prolonged and OS is improved beyond PFS. This is in line with studies conducted in other solid tumors, as—once established—the immune response persists in the long run (Figure 2).

Despite these premises, we should point out that at least 1 out of 3 EC patients progresses to ICIs. Therefore, the search for predictive biomarkers is of utmost importance for better patient selection and treatment strategy definition. Regarding PD1 and PD-L1, EC shows the highest rates of expression among gynecological tumors, with PD1 positivity reported in around 75% of cases, and PD-L1 positivity ranging from 25% to 100% of EC specimens (especially in the endometrioid subtype), associated with advanced stages and poor prognosis (35). Controversial data regard the correlation between PD-L1 expression and MS status, with evidence of higher PD-L1 levels in MSI than MSS EC in some cases, but no differences in other reports (36–38). Moreover, results regarding the predictive role of PD-L1 for ICIs are inconsistent (23, 27). Differently from PD-L1, tumor mutational burden (TMB) seems useful for identifying a subgroup of patients who could better respond to ICIs (39, 40). In a biomarker analysis of KEYNOTE-158, 790 patients were evaluable for TMB: 102 patients (13%) were TMB high (having >10 mutations per megabase) and reached an ORR of 29% versus 6% of the non-TMB-high group (40). We should deepen the predictive role of TMB in EC, especially POLE-mutant and MSI tumors, which are associated with high TMB (39). A high number of tumor-infiltrated lymphocytes (TILs) are associated with a more favorable prognosis of EC, as if a more robust immune response against tumor was activated (41). A substantial TIL infiltrate, with a high CD8+/FOXP3+ ratio, has been indicated as a possible biomarker of response to ICIs also in EC (38, 41). On the contrary, infiltration of immune-suppressive elements in the tumor microenvironment (TME)—such as tumor-associated macrophages (TAMs)—correlates with advanced stages, higher aggressivity, and shorter survival (42). Among the other potential biomarkers, it has been evidenced that cyclooxygenase-2 (COX-2) is inversely correlated with CD8+ infiltration, playing a potential predictive role for ICIs. It is known that COX-2 expression relates to EC development and aggressiveness, playing a negative prognostic role (43–45). Homo sapiens AT-rich interactive domain 1A (ARID1A) mutations have been correlated with higher infiltrations of CD8+ and CD4+ T-cells, B cells, neutrophils, macrophages, and dendritic cells (DCs), representing potential predictive biomarkers for ICI efficacy (46).

The most recent TCGA classification could represent a starting point for better understanding the genomic and immunological features of EC in order to guide the best treatment selection: POLE-ultra-mutated tumors represent 8%–10% of endometrioid subtype and are characterized by mutation of a catalytic subunit of epsilon DNA polymerase; MSI-H tumors have high mutation rate and are found in sporadic and inherited EC; copy number-low included the majority of endometrioid subtype, having a low mutation rate and frequent mutations of phosphatase and tensin homolog (PTEN), phosphoinositide 3-kinase (PI3KCA), ARID1A, Kirsten rat sarcoma virus (KRAS), and catenin beta-1 (CTNNB1) genes; copy number-high included serous and 25% of endometrioid tumors, having a high copy number variation but low mutation rate, TP53 mutations, low hormone receptor expression, very similar to triple-negative breast cancer, and serous ovarian cancer (11). The classification of TCGA is intriguing, as POLE-mutant and MSI-H EC correspond to specific phenotypes with signs of immune activation, such as high TMB, PD1/PD-L1 overexpression, and high CD3+ and CD8+ TIL infiltrates (38, 41). Some cases are described of good response in POLE-mutant or MSI-H EC, also in histologic subtypes different from endometrioid, such as clear cells or serous—for which evidence is far more limited (47). Even if MSI seems an effective predictive marker for guiding patients’ selection so far, further investigation is needed. As emerged from the pilot NCT02899793 study, defects of MMR genes leading to MSI could differ from each other: in the study, germline mutations were associated with a meaningfully higher response to pembrolizumab than sporadic mutations. Moreover, Lynch-like versus sporadic MSI, as well as the different genetic alterations, also has a prognostic significance (22, 48). Effectively, whether mechanisms underlying MSI characterize ICI sensitivity is unclear, and pathways leading to ICI resistance remain unknown. Therefore, future studies should evaluate ICIs and their combinations in different subtypes of MSI patients but also resistance mechanisms to ICIs and treatment after progression. Combination of ICIs with drugs having a different mechanism of action could be helpful to overcome ICI resistance, as preliminary results of the exploratory cohort of the NCT03367741 trial show: among the 20 immunotherapy-progressive women, 6 responses and 8 SD to nivolumab plus cabozantinib were recorded (28). Far less is known about the role of POLE mutation for ICI response, which should be further investigated. A single patient reaching an SD after pembrolizumab was reported in the KEYNOTE-028 trial, and other good responses to ICIs are described, but with limited data (44, 45). Effectively, nivolumab induced an ORR of 50% in patients with pathogenic POLE mutations and MMRp treated with nivolumab in the exonucleasic domain-mutated (ed) POLE cohort of the phase II NCT03012581 trial, of which 4/16 were diagnosed with EC (46–49). The integration of molecular and immune classification could be helpful to guide best patients’ selection.

Regarding MSS EC, the combination of ICIs and TKIs seems effective. Multikinase TKIs have been associated with a decrease in immunosuppressive elements such as TAMs and increase in CD8+ T cells, inducing immune activation, and they upregulate PD-L1 and Tregs that, in turn, promote angiogenesis (50–52). However, after these studies, concerns about the safety profile have emerged, as 2 out of 3 patients developed serious adverse events (24–26, 28). Like other tumor subtypes, combination treatments represent future options for EC, and currently, studies are focusing on the association with other drugs. Many trials are ongoing, most frequently regarding the combination of ICIs and chemotherapy, radiotherapy, PARP inhibitors, and tyrosine-kinase inhibitors; also, some studies are targeting the adjuvant setting. Effectively, chemotherapy holds immunomodulant properties: for example, platinum compounds can upregulate the class I major histocompatibility complex (MHC), recruit effector T cells and stimulate their cytotoxicity, and downregulate immunosuppressive elements of the TME (53). Antiangiogenics directly influence TME, increasing TILs, favoring dendritic cell maturations and T-cell infiltration (54). PARP inhibitors increase CD4+ and CD8+ T-cells, class II MHC, and immune mediators such as PD1, interferon (IFN) gamma and tumor necrosis factor (TNF) alpha, decreasing inhibitory elements such as T-cell immunoglobulin domain and mucin domain 3 (Tim-3), lymphocyte-activation gene 3 (LAG-3), and PD1 (55). Finally, other immunomodulant pathways such as LAG-3, indoleamine 2,3-dioxygenase (IDO), and Janus kinase (JAK) represent complementary axes for improving immune response and potentiate anti-PD/PD-L1 (Table 2). Another potential combination is with radiotherapy, which indeed holds a central role for treating EC both with curative intent in the localized stage and as symptom palliation in the metastatic setting (7). In fact, radiation causes cancer cell damage, exposing tumor antigens and activating immune response after priming T cells. Moreover, radiotherapy modulates TME, favoring the infiltration of immune cells at tumor sites (56). Therefore, the combination of ICIs and RT is under evaluation, especially in the localized setting (Table 2). All the studies we included in our systematic review have been conducted in pretreated patients. Nonetheless, it could be of interest to evaluate if an earlier ICI start is feasible and effective for advanced EC patients, for planning a correct sequence strategy. Currently, studies of ICIs and chemotherapy or PARP inhibitors combinations are ongoing in naïve patients (Table 2).


Table 2 | Ongoing trials of ICI combinations in EC.



Our analysis has several potential limitations. First is the heterogeneity of the included trials, in terms of treated patients, biomarker selection, and endpoints. We did not conduct a quantitative comparative meta-analysis due to the non-comparative design of the almost totality of included trials, and therefore the conclusions drawn about the efficacy and safety of ICIs in EC from our work are only descriptive. Moreover, OS data are incomplete: a longer follow-up is needed to clarify the real impact on survival of ICIs for EC patients. Furthermore, in many studies, safety data are partially reported. Data from randomized trials comparing ICIs with other treatments are warranted to validate efficacy and safety outcomes.



5 Conclusions

The results of our systematic review demonstrate that ICIs are effective and well-tolerated in patients with pretreated advanced/recurrent EC. To the best of our knowledge, it is the first systematic review focusing on this topic. With single agents, the highest responses are observed among MSI patients. MSS patients benefit more from the combination of pembrolizumab and lenvatinib, notwithstanding with worse toxicity than ICIs alone. So far, no advantages have derived from the double PD1/CTLA4 blocking. Randomized clinical trials are expected. Given the exciting results in MSI-H patients, MMR status should be investigated in every advanced EC patient at diagnosis. On the contrary, PD-L1 as a unique biomarker cannot predict ICI response in EC. For sure, accurate predictive biomarkers are warranted, as well as further studies investigating resistance mechanisms and treatment after ICI progression. So far, clinical trials have focused on pretreated patients, but the impact of ICIs both as single agents and as combinations should be investigated in naïve patients.
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Objective

This study aimed to explore the best treatment strategy for International Federation of Gynecology and Obstetrics (FIGO) 2018 stage IIA1 cervical cancer patients by comparing the survival outcomes of two treatment methods: abdominal radical hysterectomy (ARH) with standard postoperative therapy and radio-chemotherapy (R-CT).



Methods

Patients with FIGO2018 stage IIA1 cervical cancer who underwent ARH or received R-CT were screened from the clinical diagnosis and treatment for cervical cancer in China (Four C) database. The recurrence cases between the two groups were analyzed. The 5-year overall survival (OS) and disease-free survival (DFS) of patients diagnosed with stage IIA1 cervical cancer in 47 hospitals in mainland China between 2004 and 2018 were compared by using propensity score matching (PSM).



Results

A total of 724 patients met the inclusion criteria. In the total study population, The R-CT group had higher recurrence (22.8% for the R-CT group and 11.2% for the ARH group, P<0.001) rates compared to the ARH group.The 5-year OS and DFS of the ARH group (n=658) were significantly higher than those of the R-CT group (n=66) (OS: 85.9% vs. 71.2%, P=0.009; DFS: 79.2%vs. 70.5%, P=0.027). R-CT was associated with worse 5-year OS (HR=3.19, 95% CI: 1.592-6.956, P=0.001) and DFS (HR=2.089, 95% CI: 1.194-3.656, P=0.01). After 1:2 PSM, the 5-year OS and DFS of the ARH group (n=126) were significantly higher than those of the R-CT group (n=64) (OS:88.9% vs. 70.1%, P=0.04; DFS:82.8% vs. 69.8%, P=0.019). R-CT was still associated with worse 5-year OS (HR=2.391, 95% CI: 1.051-5.633, P=0.046) and DFS (HR=2.6, 95% CI: 1.25-5.409, P=0.011).



Conclusion

Our study demonstrated that for stage FIGO2018 stage IIA1 cervical cancer patients, ARH offers better oncological outcomes than R-CT.





Keywords: cervical cancer, stage ⅡA1, overall survival, disease-free survival, treatment strategies



Introduction

All cases of lymph node metastasis were classified as newly established International Federation of Gynecology and Obstetrics (FIGO) 2018 stage IIIC (1, 2), so FIGO2018 stage IIA1 was redefined as follows: cancerous lesion with invasion that exceeded the cervix but did not reach 1/3 of the vagina or the pelvic wall; maximum tumour diameter of the cancerous stove ≤4 cm; and no metastasis to the pelvic lymph nodes. However, for the treatment of FIGO2018 stage IIA1 cervical cancer patients, surgical treatment or curative chemotherapy could be chosen (3). Since FIGO2018 stage IIA1 cervical cancer no longer includes lymph node metastasis, it was worth exploring whether the optimal treatment strategy has also changed. Based on the above questions, this study was intended to screen FIGO2018 stage IIA1 cervical cancer patients from the clinical diagnosis and treatment for cervical cancer in China (Four C) database. We compared the oncological outcomes of abdominal radical hysterectomy (ARH) with standard postoperative therapy and radio-chemotherapy (R-CT) to explore the best treatment strategies for patients with FIGO2018 stage IIA1 cervical cancer.



Materials and Methods


Data Source

We systematically collected clinical data on 63,926 patients with cervical cancer at each stage in 47 hospitals in mainland China between 2004 and 2018 and tracked patients’ long-term oncological outcomes. This study was a multi-centre retrospective cohort study approved by the Southern Hospital Ethics Committee of Southern Medical University (Ethics number NFEC-2017-135). The clinical trial identifier is CHiCTR1800017778 (International Clinical Trials Registry Platform Search Port, http://apps.who.int/trialsearch/). Data collection and follow-up were carried out by gynecologists who had received unified training. After the completion of data entry, two independent gynecologists double-entered the data and checked the information to ensure the accuracy of the data. Relevant data collection and database construction procedures can be found in papers published by our team (4–8). Among them, the cases in this database collected before 2009 were staged by FIGO 1994, and the cases collected after 2009 were staged by FIGO2009. All the cases were re-corrected according to the FIGO2018 cervical cancer staging system after being entered into the database.



Inclusion and Exclusion Criteria

In this study, the inclusion and exclusion criteria were as follows:

Inclusion criteria for the ARH with postoperative standard therapy group (ARH group): (1) age ≥18 years old; (2) cervical biopsy pathology diagnosis of cervical cancer; (3) postoperative histological types: squamous cell carcinoma, adenocarcinoma, and adenosquamous cell carcinoma; (4) clinical stage IIA1 (2018) disease; (5) no neoadjuvant chemotherapy or radiotherapy; (6) surgical approach: abdominal; (7) operation type: Querleu–Morrow type C hysterectomy + pelvic lymph node excision ± abdominal para-aortic lymph node excision/biopsy; (8) complete postoperative pathological report and information on the lymph node status (negative pelvic lymph node and para-aortic lymph node metastases); (9) postoperative adjuvant treatment: standard; and (10) attending follow-up visits.

Inclusion criteria for the R-CT group: (1) age ≥18 years old; (2) cervical biopsy pathology diagnosis of cervical cancer; (3) histological types: squamous cell carcinoma, adenocarcinoma, and adenosquamous cell carcinoma; (4) FIGO2018 stage: stage IIA1; (5) pre-treatment MRI or CT examination and description of the lymph node status (negative for pelvic lymph node and para-aortic lymph node metastases); (6) initial treatment: R-CT, treatment including pelvic external beam radiotherapy+vaginal brachytherapy, with a radiotherapy dose≥85 Gy, including concurrent platinum-containing chemotherapy; and (7) attending follow-up visits.

The exclusion criteria were as follows: (1) did not meet the abovementioned admission criteria; and (2) pregnancy combined with cervical cancer, residual cancer, or another malignancy.



Observation Indicators

The observation endpoints were overall survival (OS) and disease-free survival (DFS), and the cut-off point for long-term oncological outcomes was 5-year. OS was defined as the date of diagnosis until death from any cause or the last effective follow-up, and DFS was defined as the date of diagnosis until death, recurrence, or the last effective follow-up.



Statistical Methods

SPSS software (Version 22.0, SPSS Inc., Chicago, IL, USA) was used for statistical analysis, and the PSM extension of SPSS 22.0 software was used to achieve propensity score matching (PSM). Measurement data are expressed as the mean ± standard deviation, and an independent sample t-test was used for comparisons between groups. Count data are expressed as percentages (%), and the chi-square test was used to compare intergroup rates. Kaplan-Meier curves were drawn to analyze survival, and log-rank tests were used to compare differences in the survival curves. Multivariate Cox regression was used to analyze and determine independent risk factors, the relevant risks, and confidence intervals. In this study, P < 0.05 was considered statistically significant.




Results


Case Screening Results

This study screened 724 patients who met the inclusion criteria. The data screening process is shown in Figure 1.




Figure 1 | Flow diagram of patient recruitment and exclusions.





Recurrence Patterns

The median follow-up was 58 months (1–152 months). Up to the last day of follow-up, 107patients developed neoplastic recurrence, and the recurrence rate was 14.8% for 5-year. 14.1% of the ARH group patients and 21.2% in the R-CT group developed neoplastic recurrence. Besides, The R-CT group had shorter recurrence 16.43 ± 12.21 months for the R-CT group and 21.30 ± 13.74 months for the ARH group) time compared to the ARH group. Local recurrence was seen in 26 cases. Distant recurrence was seen in 34 cases. The recurrence pattern of the remaining 47 cases was unknown (Table 1).


Table 1 | Recurrence patterns of patients in the ARH and R-CT groups.





Prognosis Comparison of the ARH Group and the R-CT Group Before and After Matching

A total of 724 patients met the inclusion criteria: 658 in the ARH group and 66 in the R-CT group (Table 2). Among the overall study population, Kaplan-Meier curve analysis showed that both the 5-year OS and DFS in the ARH group were significantly higher than those in the R-CT group (OS: 85.9% vs. 71.2%, P=0.009; DFS: 79.2%vs. 70.5%, P=0.027) (Figures 2A, B). Cox multivariate analysis showed a higher risk of death or recurrence in the R-CT group than in the ARH group (HR=3.19, 95% CI: 1.592-6.956, P=0.001) and worse DFS (HR=2.089, 95% CI: 1.194-3.656, P=0.01) (Table 3).


Table 2 | Clinicopathologic characteristics of patients in the ARH and R-CT groups.






Figure 2 | The 5-year OS and DFS rates of the ARH group and R-CT groups before and after 1:2 matching. Before matching, panels A and B; after matching, panels C and D.




Table 3 | Cox multivariate survival analysis before propensity score matching.



Due to differences in age between the ARH group and the R-CT group in the overall study population, 1:2 PSM was performed. After PSM, 126 patients were included in the ARH group, and 64 patients were included in the R-CT group (Table 2). These results were consistent with those of the whole study population. Kaplan-Meier curve analysis showed that both the 5-year OS and DFS in the ARH group were higher than those in the R-CT group (OS:88.9% vs. 70.1%, P=0.04; DFS:82.8% vs. 69.8%, P=0.019) (Figures 2C, D). Multivariate Cox analysis showed a higher risk of death or recurrence in the R-CT group than in the ARH group (HR=2.391, 95% CI: 1.051-5.633, P=0.046) and worse DFS (HR=2.6, 95% CI: 1.25-5.409, P=0.011) (Table 4).


Table 4 | Cox multivariate survival analysis after propensity score matching.






Discussion

According to the FIGO2018 staging system for cervical cancer, all patients with lymph node metastasis were classified as the newly established stage IIIC, and patients with stage IIA1 cervical cancer with lymph node metastasis were no longer included. However, the 2020 NCCN Guidelines for Cervical Cancer are consistent with the previous treatment principles of FIGO2009 stage IIA1 cervical cancer: (1) radical hysterectomy + pelvic lymphadenectomy (evidence level 1) ± para-aortic lymphadenectomy (evidence level 2B), and sentinel lymphadenography can be considered. (2) For patients with contraindications or refuse surgery, external pelvic irradiation + vaginal brachytherapy ± concurrent chemotherapy containing platinum is recommended (3). With changes in the principles of the FIGO2018 staging system, are the above treatments still suitable for patients with stage IIA1 cervical cancer? To answer this question, we conducted this multi-centre, large-sample retrospective study to compare long-term oncological outcomes in patients with FIGO2018 stage IIA1 cervical cancer who were cured by ARH and R-CT to obtain the optimal treatment strategy.

The oncological outcomes in the ARH group were better than those in the R-CT group in the overall study population. After controlling for confounding factors, such as age and histological type by 1:2 PSM, the 5-year OS and DFS of the ARH group were still higher than those of the R-CT group. In this study, the overall recurrence rate was 14.8%. The results are consistent with the recurrence rate of cervical cancer reported in previous studies (5%-40%). The R-CT group had a higher recurrence rate but shorter recurrence time compared to the ARH group, but there was no statistical difference between groups. Based on previous reports, we opted to combine cervical, vaginal vault, pelvic LN, and pelvic wall recurrences as LRR, and organ metastasis, peritoneal carcinomatosis and extra-pelvic LN recurrences as DR (9). Heterogeneity exists between different recurrence patterns in cervical cancer patients in previous studies (10–14). In our study, there was also statistical difference in recurrence modes between the two groups(P<0.05). In ARH group, the proportion of distant metastases (34.4%) was higher than that of local metastases (25.8%). Since 71.4% of the recurrence cases in the R-CT group had unknown metastasis sites, there were only 2 cases of local and distant metastasis respectively. However, additional information on the specific site of recurrence is needed for further research. This finding suggests that FIGO2018 stage IIA1 patients with cervical cancer may benefit from radical hysterectomy with standard postoperative therapy.

Previous articles comparing the oncological outcomes between ARH and R-CT in cervical cancer patients were based on the FIGO2009 staging system. In 2009, Bansal N (15) found that in stage IB1-IIA2 cervical cancer, the oncological outcome of patients with a tumor diameter < 6 cm receiving surgical treatment was better than that of the same patients receiving radiotherapy, and the study results of Rungruang B (16) were similar. In our study, 5-year OS and DFS were adopted as the observation outcome, so the results were more accurate. In addition, patients who received standard postoperative adjuvant treatment were included in this study, and the effects of non-standard postoperative treatment and other factors on the prognosis of patients were excluded. Moreover, the results and conclusions of this study were consistent with previous findings of our team (4).

However, findings from some studies are inconsistent with our findings. Landoni F (17, 18) found no difference between the survival outcomes of radiation therapy and surgical treatment in patients with stage IB1-IIA2 cervical cancer, possibly due to factors such as the small sample size in their studies, non-standard postoperative assisted treatment, and uncontrolled bias. The same problem was also present in the research of Yamashita H, et al. (19) In 2017, Wu SG et al. (20) analyzed 3,653 patients who received RH and 116 patients who received R-CT, and the results of PSM showed no significant difference in the effect of the two treatment methods on the prognosis of patients with stage IB1 and stage IIA1 cervical cancer, but the study also included patients with stage 1B cervical cancer. Furthermore, there was a large difference in the number of patients between the two groups, and the reliability of the PSM results was relatively low.

Compared with previous reports or articles on the optimal treatment strategy for cervical cancer, this study has certain advantages. On the one hand, there is currently a lack of relevant literature reports on the treatment strategy for FIGO2018 stage IIA1 cervical cancer, and previous studies were based on the optimal treatment plan for FIGO2009 stage IIA1 cervical cancer. However, patients with lymph node metastasis were not excluded from those studies. This study supplemented the relatively new research results in this aspect. On the other hand, this study was a multi-centre retrospective study that covered the case information of 1070 cervical cancer patients from 47 hospitals in various regions of China. At present, the current project represents a relatively comprehensive perspective of cervical cancer clinical diagnosis and treatment on a large number of patients worldwide. Due to the sufficient number of samples, we conducted multi-angle, multi-level, and multi-azimuth analyses of each stage of cervical cancer and adopted PSM to balance the baseline differences, which made the results more reliable.

We acknowledge several limitations to this study. This was a retrospective study, and there may have been confounding factors and biases, but these differences were balanced to a large extent through PSM; Although this study did not completely cover all regions in China and there are different medical levels in different regions, this database still represents the most comprehensive database on the diagnosis and treatment of cervical cancer patients in China.

In conclusion, our study found that for stage IIA1 cervical cancer patients, abdominal radical hysterectomy (ARH) with postoperative standard therapy offers better overall survival and disease-free survival outcomes than radio-chemotherapy (R-CT). This finding is consistent with the treatment recommended by the 2021 NCCN guidelines. Of course, the treatment strategy for FIGO2018 stage IIA1 cervical cancer still requires further prospective studies for verification.
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We aimed to estimate the diagnostic value of DNA methylation levels in cytological samples of endometrial cancer (EC) and atypical hyperplasia (AH). Two hypermethylated genes, namely, cysteine dioxygenase type 1 (CDO1) and zinc finger protein 454 (ZNF454), in patients with EC were identified from The Cancer Genome Atlas database. In 103 endometrial histological specimens (the training set), the methylation levels of candidate genes were verified by quantitative methylation-specific polymerase chain reaction (qMSP). The methylation levels of another 120 cytological specimens (the testing set) were evaluated. Sensitivity (Se), specificity (Sp), accuracy, and area under the curve (AUC) were determined, with diagnosis verified by histopathological results. CDO1 and ZNF454 verified hypermethylation in histological specimens of patients with EC and AH compared with those with benign and normal endometrium (P < 0.001). In cytological specimens, hypermethylated CDO1 showed 86.36% Se and 90.79% Sp with the cutoff value of 6.0 to distinguish between malignant and benign groups; ZNF454 showed 79.55% Se and 93.42% Sp with the cutoff value of 7.1. When the two genes were combined, Se increased to 90.91% and Sp was 86.84%. AUC reached 0.931 (95% CI: 0.885–0.976). The diagnostic accuracy with cytology had no significant difference with endometrial tissue (P = 0.847 for CDO1, P = 0.108 for ZNF454, and P = 0.665 for their combination). Hypermethylated CDO1 and ZNF454 in endometrial cytology showed high Se, Sp, and AUC to detect EC and AH. Methylation analysis of endometrial cytology is promising biomarker for the screening of EC and AH.
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Introduction

Among female reproductive tract cancers, endometrial cancer (EC) is the most prevalent in developed countries (1). The 5-year survival rate of early diagnosed cases (stage I and stage II) ranges from approximately 96% to 74% (2, 3). However, approximately 15% of ECs are diagnosed in stages III–IV with a very poor prognosis (4). The risk of developing EC from endometrial hyperplasia without atypia is around 3% and increases up to 23% in endometrial atypical hyperplasia (AH) (5). It is very important to screen AH and early EC in women at high risks (6).

There are no highly sensitive and standardized screening methods for EC (7). Transvaginal ultrasound is a non-invasive diagnostic test but the cutoff value for endometrial thickness remains unclear. With a low specificity (Sp) of 24.3%–74%, transvaginal ultrasound cannot reliably identify malignant lesions (8, 9). Although traditional dilation and curettage (D&C) is relatively effective and hysteroscopic biopsy can be performed to make a definite diagnosis, these are invasive procedures to obtain endometrial tissues (10, 11). Hysteroscopic biopsy or D&C collects limited amount of endometrial tissue, which results in difficulty and disagreement for pathological diagnosis (12, 13). In addition, with a high false positive rate, DNA quantitative cytology test or sequencing of circulating tumor DNA had not been optimized enough in a large-scale screening either (14, 15). Limitations also exist in the endometrial cytology test (ECT) on early screening and in the diagnosis of EC, such as a lack of enough cytopathologists and a unified diagnostic standard (16).

More and more studies on epigenetics reveal a close association between DNA methylation and the progression of cancer. Some methylation biomarkers have been applied for early detection, diagnosis, and prognosis (17). They could differentiate cancerous tissue from normal tissue with >95% accuracy in common cancers (18). DNA methylation of cytological specimens, as a minimally or non-invasive biomarker, is explored extensively in solid tumors, such as cervical cancer using liquid-based cervical scrapes, urothelial tract carcinoma using urinary samples, and lung cancer using bronchoalveolar lavage fluid samples (19–21). Compared with the benign endometrium (BE), tissue specimens of EC and precancerous lesions show significant differences in methylation levels (22–24). There is an urgent need to find a comprehensive panel of methylation biomarkers for more minimally invasive, accurate, and economical screening methods of EC.

In the present study, we aimed to propose a novel method for the screening of EC. Two hypermethylated candidate genes, namely, cysteine dioxygenase type 1 (CDO1) and zinc finger protein 454 (ZNF454), were selected in patients with EC from The Cancer Genome Atlas (TCGA) database and literature. The sensitivity (Se) and Sp of the two genes were examined on endometrial cytology. The area under the curve (AUC) of receiver operating characteristic (ROC) of methylation assays were also detected to estimate the diagnostic value for EC and AH.



Materials and Methods


Identification of Candidate Biomarkers

To identify candidate genes, the DNA methylation data from a total of 431 EC tissue samples and 46 corresponding adjacent normal endometrial samples were obtained from TCGA database (http://cancergenome.nih.gov/), along with the corresponding clinical information (Supplementary Table 1). The methylation score for each CpG in genome-wide identification and validation was represented as a β-value and normalized, and the details were described previously (25). The β-value indicated a level of DNA methylation ranging from 0 (unmethylated) to 1 (fully methylated). Different cutoff values were defined as hypomethylation (β-value: 0.3–0.25) and hypermethylation (β-value: 0.7–0.5). The sex chromosome probes were removed, and the remaining CpG sites were analyzed in 22 pairs of chromosomes. Only the top 5% of genes with differences in hypermethylation from the mean β-values of tumor (βT) minus the normal values (βN) and Δβ (βT-βN) ≥ 0.3 were selected. We focused on probes of CpG sites located closest (≤2 kb) to the upstream of the transcriptional start site (TSS) of the coding genes. If several CpG sites, we would take the average value as the methylation value of the gene. Finally, we selected two hypermethylated candidates with ≥5 remaining CpG sites in the coding gene based on relevant literature, for further validation.

Then, the two genes were further confirmed hypermethylated in EC by first-generation sequencing using randomly collected specimens of cancerous and non-cancerous tissues after hysterectomy. The process of recruitment was the same as the patients in the training set.



Recruitment of Histological and Cytological Specimens

According to the method to calculate sample size in the diagnosis experiment (26) and the Se and Sp of candidate genes in relevant studies (22, 27, 28), a minimum of 41 cases in the malignant group and 57 cases in the benign group were required for our study (Se was taken as 0.88 and Sp was taken as 0.82 to predict results).

From June 2019 to January 2020, women with certain diagnosis, including EC, AH, or benign diseases, such as uterine myoma, adenomyosis, and uterine prolapse, underwent total hysterectomy in The First Affiliated Hospital of Xi’an Jiaotong University. Their endometrial tissues specimens obtained from surgical resections were formalin-fixed and paraffin-embedded, as a training set for histological DNA methylation analysis. The histopathological diagnosis using hematoxylin and eosin staining was confirmed by two pathologists as the reference standard. Inclusion criteria were as follows: 1) patients were at 25–90 years old and 2) patients without systemic diseases or other malignant tumors except for EC. Exclusion criteria were as follows: clinical information was incomplete or non-traceable.

As a testing set, endometrial cytological samples were prospectively collected from patients in The First Affiliated Hospital of Xi’an Jiaotong University, Tangdu Hospital of the Fourth Military Medical University, and Shaanxi Provincial Cancer Hospital with Li brushes (Xi’an Meijiajia Medical Co., 20152660054) before hysterectomy or D&C. These patients were suspected of having EC, AH, or benign diseases. Specimens were sampled by professional gynecologists after standard training. The procedure of endometrial sampling using Li Brush was shown in our previous study (16). First, the patients were placed in the lithotomy position. After conventional perineal and vaginal disinfection (iodine), the uterine cervix was exposed by a sterile speculum and the uterine depth was detected with uterine probe. Second, the sampler was put into the fundus of uterus after the brush head was hidden in the drivepipe. The drivepipe was drawn out 5 mm to show the brush, and the handle was rotated 5–10 complete circles to gather cells of the uterine corpus. Third, the drivepipe was advanced 3 mm and the handle was again rotated to gather cells from the uterine fundus. Last, the brush was removed from uterine cavity after protecting the brush head under the casing. When sampling was complete, endometrial cells were collected in the preservation solution for DNA methylation test. Our previous study showed that cytology by Li brush had a lower insufficient sample rate than did D&C (29). All of the patients were pathologically diagnosed by their tissues or cells using hematoxylin and eosin staining. The pathological results were defined as gold standard and demographic data were well documented. Inclusion criteria were the same as described above in the training set. Exclusion criteria were as follows: 1) insufficient quantity of samples for methylation test and 2) clinical information was incomplete or non-traceable.

This article was approved by the Ethics Committee of The First Affiliated Hospital of Xi’an Jiaotong University (XJTU1AF2015LSL-007). Informed consent was obtained from every participant in this study. All participants were recruited randomly.

The test criteria included Se, Sp, and accuracy. Se was defined as the probability that a patient who was diagnosed as positive (EC and AH) by the gold standard showed a positive methylation result. Sp was defined as the probability that a person who was diagnosed as negative (BE) by the gold standard had a negative result for methylation test. Accuracy was the ratio when the methylation result and cytopathologic or histopathologic diagnoses were both positive or both negative.



Quantitative Methylation-Specific Polymerase Chain Reaction

Genomic DNA was extracted from paraffin-embedded endometrial tissue and cells specimens (from hysterectomy, D&C, and cytology) using the TIANamp Genomic DNA Kit (TIANGEN Biotech Co., DP304, Beijing, China). According to the manufacturer’s instructions, tissues were prepared in a cell suspension and digested with Proteinase K at 56°C until being dissolved. The genomic DNA was dissolved in nuclease-free water and bisulfite converted using the DNA Bisulfite Conversion Kit (TIANGEN Biotech Co., DP215, Beijing, China). Two pairs of primers were designed, allowing separate amplification of populations representing methylated and unmethylated DNA fragments. To confirm the quality and quantity of bisulfite-modified DNA, ACTB was used to normalize the DNA input, thus allowing unbiased amplification. Primers to measure the amount of the non-CpG region of ACTB in each methylation-independent assay were designed as controls. These primers were designed by Oligo 7.0 Primer Analysis software (Molecular Biology Insights, Inc., Colorado Springs, CO, USA). Polymerase chain reaction (PCR) products were amplified with the LightCycler 480 SYBR Green I Master (Roche, Indianapolis, IN, USA) and performed using ABI7500 (Applied Biosystems, Thermo Fisher Scientific Corp., Waltham, MA, USA). A 25 μl of reaction contained 5 μl of bisulfite-converted DNA, 250 nmol/L each primer, and 10 μl of Master Mix. The reactions were conducted under the following thermal profiles: 95°C for 10 min, 45 cycles consisted of denaturing at 95°C for 20 s, annealing at 60°C for 30 s. The melt curve data were generated by increasing the temperature from 60°C to 90°C and recording fluorescence. All specimens conducted triplicate testing in each gene.

The cycle threshold (Ct)–values of the two PCR reactions were compared to determine the methylation level of the site. The lower the Ct-values, the higher the gene methylation status. The ACTB was used as an internal reference gene by amplifying non-CpG sequences. The DNA methylation level was estimated as the ΔCt by using the formula: Ct (target gene) − Ct (ACTB). The distribution of the dot plots represents the methylation levels, in terms of change in Ct (ΔCt-value) of each candidate gene. We generated the best cutoff values of ΔCt from the tissues or cells to distinguish between benign and cancerous subjects. Methylation was considered as positive when ΔCt-value ≤ the cutoff value (at least two replicates).



Statistical Analysis

Patients and tumor characteristics were tabulated. Normality test was used to determine whether the variance of the population was equal by Kolmogorov–Smirnov test, and age differences between groups as continuous variables were compared using Student’s t-test (two-tailed). The significant differences of methylated CpG sites between cancerous and benign specimens were analyzed using the Mann–Whitney U-test. In addition, the differences between EC, AH, and BE were analyzed using the Kruskal–Wallis test (P < 0.001). ROC curves were generated to determine the ΔCt cutoff values of candidate gene methylation. The Se, Sp, and AUC of each gene, or genetic combination, were calculated. The differences of the accuracy between the training set and the testing set were considered significant if the P-value of Chi-squared test was < 0.05. Data were analyzed using SPSS version 20.0 software (SPSS Inc., Chicago, IL, USA).




Results


Candidate Biomarkers

The data that support the findings of this study are available in TCGA database. As described in the above method, a total of 75 candidate biomarkers in the top 5% were selected, of which 17 were upstream genes. Six genes with ≥5 remaining CpG sites were further analyzed and two of them, namely, CDO1 and ZNF454, were picked up by referring to relevant references (22, 27, 28). Their methylation data were showed in Supplementary Table 2, and the methylation levels, between cancerous and normal tissues, showed a significant difference (P < 0.001) (Figure 1A). ROC curve was determined on the basis of TCGA database (Figure 1B). To explore further the clinical relevance of DNA methylation level, we made comparisons between different age groups, stages, pathologic parameters, and grades. We found that methylation level of CDO1 or ZNF454 had no statistical difference between women aged ≤60 and >60 (Figure 2A) and between different stages (Figure 2B). Methylation status of CDO1 had no statistical difference between different pathological types. However, ZNF454 had a significant difference between endometrioid carcinoma and serous carcinoma (P < 0.001) and between serous carcinoma and mixed carcinoma (P < 0.05) (Figure 2C). In addition, methylation level of CDO1 or ZNF454 had statistical difference between different grades (P < 0.01) (Figure 2D).




Figure 1 | DNA methylation levels of candidate genes from TCGA database. DNA methylation levels are displayed as Δβ-values for each candidate gene. (A) CDO1 and ZNF454 methylation levels between cancerous and normal tissues. (B) The area under the receiver operating characteristic curve (AUC-ROC) for the DNA methylation status of CDO1 and ZNF454. ****P < 0.0001.






Figure 2 | DNA methylation level between different age groups, stages and pathologic types. (A) CDO1 and ZNF454 methylation levels between women aged ≤60 and >60. (B) CDO1 and ZNF454 methylation levels between different stages. (C) CDO1 and ZNF454 methylation levels between different pathological types. (D) CDO1 and ZNF454 methylation levels between different grades. ****P < 0.0001; **P < 0.01; *P < 0.05; ns, no significance.



Next, the Se, Sp, and accuracy of these two genes were calculated in the initial verification using first-generation sequencing (Sanger sequencing results were partially shown in Supplementary Figures 1, 2). Thirty-eight individual endometrial tissues were randomly collected from surgical resections in The First Affiliated Hospital of Xi’an Jiaotong University, including 25 cancerous and 13 normal tissues (Table 1). Se and Sp levels of CDO1 were 92.00% and 92.31%, respectively. Se and Sp levels of ZNF454 were 88.00% and 100.00%, respectively. In addition, their diagnostic accuracy levels were both above 92%. Therefore, the two genes, namely, CDO1 and ZNF454, were determined for follow-up verification in training set.


Table 1 | Se, Sp, and accuracy of DNA methylation of CDO1 and ZNF454 using first-generation sequencing.





Verification of Candidate Genes in Histological Specimens (Training Set)

A total of 103 specimens (21 EC, 20 AH, 41 BE, and 21 adjacent benign endometrial tissues) were included in the training set. Demographics related to the clinical samples were shown in Supplementary Table 3. There were 20 endometrioid carcinoma and one mucinous carcinoma among 21 EC. To assess methylation differences between malignant and BE, EC and AH were included in the malignant group, with a total of 41 patients. They both required early treatment and management in clinical. From the perspective of screening, we did not distinguish EC and AH respectively. BE and adjacent benign endometrial tissues were included in benign group, with a total of 62 patients. Women in malignant group were aged from 28 to 66 years (47.10 ± 8.22 years) and those in benign group were aged from 30 to 66 years (49.63 ± 7.54 years). Age was not significantly different between the two groups (P = 0.116).

Primer sequences for qMSP analysis were designed as Supplementary Table 4. To determine the amplification efficiency of primers, we used methylated primers to amplify the methylated or the unmethylated templates. As shown in Supplementary Figure 3A, the template was well amplified when the concentration of methylated template was only 1 × 102 copies/μl, whereas the unmethylated template had very low amplification even the concentration of unmethylated template reached 1 × 105 copies/μl. Supplementary Figure 3B shows the representative curves for 100% methylated DNA and fully unmethylated DNA along with different dilution of methylated and unmethylated DNA. The melting temperature (Tm) of the unmethylated template was lower than that of the methylated template in the melt curve (Supplementary Figure 3C). At 86.61°C, the methylated primers specifically amplified the methylated template.

As shown in Figures 3A, B, the mean methylation levels of CDO1 and ZNF454 in EC, AH, and BE were significantly different (P < 0.001). By using ROC curve and AUC analysis methods, the optimal cutoff values of ΔCt of CDO1/ZNF454 were 9.8/11.4 when the Youden index (Se + Sp − 1) reached the maximum in the ROC curves. At the thresholds, in the malignant group, 33 cases of CDO1 methylation were positive, and eight cases were negative. In the benign group, four cases were positive and 58 cases were negative. Thus, the diagnostic Se and Sp were 80.49% and 93.55%, respectively. AUC was 0.910 (95% CI: 0.851–0.968) (Figure 3C). Whereas 32 cases of ZNF454 methylation were positive and nine cases were negative in the malignant group, 11 were positive and 51 were negative in the benign group. The Se and Sp levels of ZNF454 were 78.05% and 82.26%, respectively. AUC was 0.838 (95% CI: 0.750–0.925) (Figure 3D). When the two genes were combined, the Se and Sp levels were 92.68% and 82.26%, respectively. AUC was 0.911 (95% CI: 0.854–0.968) (Figure 3E).




Figure 3 | DNA methylation levels for candidate genes detected by quantitative methylation-specific polymerase chain reaction (qMSP) in histological specimens. DNA methylation levels are displayed as the difference in cycle threshold (ΔCt)–values for (A) CDO1 and (B) ZNF454. Horizontal bars in the middle indicate the average methylation levels. The area under the receiver operating characteristic curve (AUC-ROC) for the DNA methylation status of (C) CDO1, (D) ZNF454, and (E) combination of the two genes. ***P < 0.001.





Methylation Assays of Candidate Genes in Cytological Specimens (Testing Set)

A total of 174 cytological specimens were collected, of which 25 cases that did not have a sufficient number of endometrial cells for the methylation test and 29 cases that lacked detailed pathological information were successively excluded. The degree of satisfaction of sampling for the methylation test was 85.63% (149 of 174) and 120 cytological specimens were left in an independent testing set (42 EC, 2 AH, and 76 BE). Their demographics were shown in Supplementary Table 3, and one of the patients did not undergo hysterectomy for financial reasons, so her stage of EC was unknown. Among 42 EC, there were 38 endometrioid carcinoma, two mucinous carcinoma, one serous carcinoma, and one mixed serous and endometrioid carcinoma. Women in the malignant group (EC and AH) were aged from 28 to 74 years (51.48 ± 9.67 years), and those in the benign group were aged from 23 to 77 years (48.82 ± 10.11 years). Age was not significantly different between the two groups (P = 0.161).

As shown in Figures 4A, B, CDO1 and ZNF454 methylation levels were significantly different among EC, AH, and BE (P < 0.001). When the Youden index reached the maximum in the ROC curves, the cutoff ΔCt-values of CDO1/ZNF454 were 6.0/7.1. Thus, in the malignant group, 38 cases of CDO1 methylation were positive, and six cases were negative. In the benign group, seven cases were positive, and 69 cases were negative. Se level was 86.36%, and Sp level was 90.79%. AUC was 0.911 (95% CI: 0.850–0.973) (Figure 4C). Thirty-five cases of ZNF454 methylation were positive, and nine cases were negative in the malignant group. Five cases of ZNF454 methylation were positive, and 71 cases were negative in the benign group. Se and Sp levels were 79.55% and 93.42%, respectively. AUC was 0.905 (95% CI: 0.848–0.963) (Figure 4D). When the two genes were combined, Se and Sp levels were 90.91% and 86.84%, respectively. AUC increased to 0.931 (95% CI: 0.885–0.976) (Figure 4E). Compared with the indicators of individual genes, the Se and AUC were best but Sp was slightly lower.




Figure 4 | DNA methylation levels for candidate genes detected by quantitative methylation-specific polymerase chain reaction (qMSP) in cytological specimens. DNA methylation levels are displayed as the difference in cycle threshold (ΔCt)–values for (A) CDO1 and (B) ZNF454. Horizontal bars in the middle indicate the average methylation levels. The area under the receiver operating characteristic curve (AUC-ROC) for the DNA methylation status of (C) CDO1, (D) ZNF454, and (E) combination of the two genes. ***P < 0.001.





Comparison of the Accuracy of Histological and Cytological Methylation

The diagnostic accuracy of the genes was calculated in the detection of EC and AH from the training set and the testing set. The diagnostic accuracy of CDO1/ZNF454 methylation had no statistical difference between cytological specimens and histological specimens (P = 0.847/P = 0.108). When the two genes were combined, the accuracy had no significant difference (P = 0.665) (Table 2). The diagnostic accuracy of the candidate genes methylation in cytological specimens was not worse than that in the histological samples.


Table 2 | Comparison of gene methylation level on diagnostic accuracy.



The flow chart of this study is shown in Figure 5.




Figure 5 | The flow chart of this study. EC, endometrial cancer; BE, benign endometrium; AH, atypical hyperplasia; qMSP, quantitative methylation-specific polymerase chain reaction.






Discussion

We proved a relatively high Se, Sp, and AUC of CDO1 or ZNF454 methylation test in the cytological detection of EC and AH. When the two candidate genes were combined, clinical performance was better because of lower missed diagnosed rate (1 − Se) and higher AUC. Diagnostic accuracy in cytological specimens had no significant difference compared with that in histological ones. It was of great help in scenarios of limited availability or quality of tissue.

Compared with relevant studies conducted by Wentzensen’s team (30, 31), our research showed some advantages. First, our analysis demonstrated the Se and Sp in detail, with higher AUCs and a larger sample size. A total of 120 cytological specimens were collected for the diagnostic test and the methylation biomarker panel obtained an AUC of 0.931, with a 90.91% Se and an 86.84% Sp. Although Wentzensen et al. estimated an Sp of only > 50% and a summary AUC of 0.85 in 38 EC and 37 BE specimens, they found that among women with carcinoma, median methylation levels of most candidate genes in frozen carcinoma tissues and cell specimens seemed to be similar, but the P-value was not calculated (31). In their follow-up study, the methylation levels of candidate genes were compared in 38 EC and 28 BE. The best AUC for a single gene was 0.90. However, the Se and Sp were not calculated (30). A systematic review and meta-analysis including 22 studies showed that the pooled Se and Sp levels of DNA methylation in sporadic EC were 93% and 48%, respectively, and the AUC of summary ROC was 0.8834 (32). Apparently, we seem to have a better Sp and AUC using only two candidate genes. Second, CDO1 and ZNF454 were identified from the TCGA database and validated through a rigorous selection process, as described in Materials and Methods. CDO1, as a tumor suppressor gene, was also reported hypermethylated in cervical scrapings of patients with EC by Huang et al. (22, 33). ZNF454 may be a tumor-suppressor gene with potential use as a prognostic indicator (27), but its methylation site was not previously reported in EC. Our study found that ZNF454, with relatively high Se, Sp, and AUC, was also a promising biomarker on EC screening. Although Wentzensen et al. investigated the diagnostic potential of seven genes (ADCYAP1, ASCL2, CDH13, HS3ST2, HTR1B, MME, and NPY), they identified hypermethylated in EC (31) and five other genes (GTF2A1, HAAO, HOXA9, HSP2A, and RASSF1) observed by other research studies (30). Third, endometrial sampling was performed by Li brushes in our study but Tao brushes (Cook Medical, Bloomington, IN, USA) in research studies of Wentzensen et al. Although our comparative analysis showed a high diagnostic accordance between the Li brush and Tao brush in evaluating EC and AH, Tao brush is more expensive and rarely available in China, which increases the screening cost (29). Considering social and economic benefits, Li brush may be a better choice in the screening program.

Our research provides a minimally invasive method for EC and AH screening. Considering the low EC prevalence, traditional invasive D&C to obtain endometrial tissue is redundant and unnecessary procedure in screening of large population (34). For high-risk population, such as those with Lynch syndrome and obesity (6), endometrial brush sampling brings less discomfort than invasive D&C (16). Cytological DNA methylation test reduces the workload of pathologists, which is of great value especially in countries with a shortage of cytopathologists. As a preliminary screening test, when its positive result occurs, gynecologists perform a further biopsy for a definite diagnosis.

Some studies proposed other minimally invasive and indirect methods to screen EC through the DNA methylation analysis, such as cervical scrapings, intravaginal tampons, and urine fractions (22, 30, 33, 35–37). Huang et al. revealed a Se level of between 87.0% and 91.8% and a Sp level of between 80.0% and 95.5% for EC detection by a three-gene panel in cervical scrapes (22, 33). Chang et al. reported a Se level of 83%–90% and a Sp level of 69%–88% using cervical scrapings in the detection of EC (36). In studies using intravaginal tampons, although Sp reached 100%, Se was only 37%–40%. The maximum AUC to distinguish malignant endometrial tumors was only 0.82 (35). Considering that only a tiny number of abnormal cells exfoliated from the uterine cavity could be captured in the early stage of EC, the detection with cervical scrapings during the Papanicolaou test or vaginal pool samples in tampons was opportunistic (38). DNA methylation analysis in urine provided an alternative for the detection of EC. In all urine fractions (full void, sediment, and supernatant), three DNA methylation markers (GHSR, SST, and ZIC1) showed increased methylation levels in patients with EC as compared to controls, with AUC values ranging from 0.86 to 0.95 (37). The results seemed to be encouraging, but more exploration was needed. In our study, endometrial cells were collected directly from the uterine cavity, which achieved rather satisfactory results.

Despite some encouraging results, our research still had several limitations. We had not stratified our analysis based on the body mass index, categories of pathology, grades, or clinical developments (AH to EC). These factors could have been associated with distinct DNA methylation signatures (24, 39, 40). Figures 2C, D in the current study also suggested that DNA methylation status might be related to histopathology. As an extension of the current work, further validation in stratified, population-based studies should be conducted to determine more applicable cutoff values of DNA methylation of better biomarkers.



Conclusion

We conducted a series of identification and verification work to find DNA methylated biomarkers associated with abnormal endometrium (including EC and AH). As a preliminary screening test, CDO1 and ZNF454 methylation analysis in cytological specimens improved the screening procedures of EC and AH. It provided a valuable and minimally invasive method to distinguish women with EC and AH from the vast majority of women without neoplastic lesions.
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Objective

To investigate the clinical characteristics and survival outcomes of patients with malignant transformation arising from ovarian mature cystic teratoma (MT-MCT).



Methods

This retrospective study included patients with ovarian MCTs at Peking Union Medical College Hospital (PUMCH) during 1990.01-2020.12. When the pathologic histology was MT-MCT, detailed information was collected.



Results

Overall, 7229 ovarian MCT patients and 22 patients with MT-MCT were enrolled. The rate of malignant transformation of all ovarian MCTs was 0.30%. Most patients with MT-MCT were 51 (21–75) years old, and the tumor mass size was 10 (3–30) cm. The typical clinical symptoms were mainly abdominal pain and distension. The levels of tumor markers were elevated on preoperative examination. Early diagnosis could be made by ultrasonic examination, pelvic enhanced MRI and CT. Most patients underwent debulking surgery and adjuvant chemotherapy. The most common histological type to exhibit malignant transformation was squamous cell carcinoma (59.1%), followed by adenocarcinoma (13.6%), carcinoid (9.1%), and borderline tumor (18.2%). The 5-year RFS and OS rates were 54.5% and 81.8%, respectively. Patients with FIGO stage I had the best RFS (P=0.047) and OS (P=0.018), followed by those with FIGO stage II-IV.



Conclusion

MT-MCTs mainly occur in elderly females, are rare and have a poor prognosis. Advanced FIGO stage is a risk factor for survival. Although there is no standard treatment, cytoreductive debulking surgery and adjuvant chemotherapy could be considered. Perimenopausal and menopausal women with MCT should receive surgical treatment.
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Introduction

Ovarian germ cell tumors (OGCTs) are derived from ovarian primordial germ cells, including benign or malignant tumors. OGCTs account for approximately 20%-25% of all ovarian tumors but only approximately 5% of all ovarian malignant tumors (1, 2). OGCTs mainly occur in young women aged 10–30 years, accounting for 70% of female ovarian tumors in this age group (3). Mature cystic teratomas (MCTs), also referred to as dermoid cysts, are one of the most common benign OGCTs (4). The potential cells in teratomas can differentiate into a variety of tissues from the three layers of primordial germ cells.

When the components of MCTs develop into somatic malignant tumors, they can become malignant OGCTs, which is called malignant transformation arising from ovarian mature cystic teratomas (MT-MCTs) (5, 6). It is reported that the incidence of malignant transformation of MCTs is 0.2%-2% (6, 7), accounting for 2.9% of all malignant OGCTs (8). Any component of MCTs can progress to malignancy, but the most common malignant transformation type is squamous cell carcinoma (SCC) from the ectoderm (9, 10). MT-MCTs are not equal to ovarian immature teratomas (IT) (11). Immature teratomas are also known as malignant teratomas, teratoblastomas or embryonal teratomas (12) and account for less than 1% of ovarian teratomas but 35.6% of all malignant OGCTs. IT patients are often under 20 years of age (13), while MT-MCTs were more common in women of postmenopausal age (14).

The preoperative detection of MT-MCT is very challenging. The chief symptoms and positive tumor markers lack specificity and sensitivity (5). The early diagnosis of teratomas mainly relies on ultrasonic examination (15). The echo of MCT on ultrasound is obviously related to its structure. In addition, magnetic resonance imaging (MRI) and computed tomography (CT) scans have better efficacy and specificity in tumor location and qualitative diagnosis than ultrasound (16, 17). However, it is still difficult to distinguish MT-MCT from other benign and malignant ovarian tumors. A few studies ever reported that risk factors included age ≥45 years, tumor size >10 cm, rapid growth, and imaging findings (10, 18, 19). There are no standard treatment strategies about MT-MCT. Typical treatment is complete debulking surgery followed by adjuvant chemotherapy (19). When malignant transformation has occurred in the teratoma, the treatments always adjust according to the type of transformation (19).

However, as MT-MCT is a rare disease, there are almost no evidence-based studies. Therefore, we performed this retrospective study to explore the characteristics and clinical outcomes of patients with malignant transformation arising from ovarian mature cystic teratoma.



Materials and Methods


Study Population

This retrospective study included all patients with ovarian MCTs between January 1990 and December 2020 at Peking Union Medical College Hospital (PUMCH). Patients with any of the following characteristics were excluded: 1) critical clinical or operation data were lacking; or 2) repeated specimen collection was required. All patients provided written informed consent under the approval of the Ethics Committee of PUMCH. All ethical standards, including ethics committee approval and the informed consent procedure, were in accordance with international guidelines.



Data Collection

The basic information and pathologic histology of ovarian MCT patients were extracted from the medical records from the Hospital Information System (HIS). When the pathologic histology revealed MT-MCT, detailed information was collected. For this retrospective analysis, the following data were extracted from HIS and through telephone interviews: patient information, clinical information, pathological characteristics, surgical outcomes, and survival outcomes. Two pathologists who have abundant experience in gynecologic pathology independently examined the slides with hematoxylin-eosin (HE) staining and immunohistochemistry for all included patients. A third reviewer was involved in a discussion to resolve differences. The standard tumor stage was defined by the International Federation of Gynecology and Obstetrics (FIGO) staging system in 2014. The recurrence-free survival (RFS) was defined as the time interval between the date of the first diagnosis and the date of ovarian cancer progression. The overall survival (OS) was defined as the time interval between the date of the first diagnosis and the date of death (20). RFS and OS were the survival prognosis indices for this study.



Statistical Analysis

All statistical analyses were performed using SPSS software (version 23.0; SPSS Inc., Chicago, IL, USA), and graphs were generated using GraphPad Prism software for Macbook (version 9.0; GraphPad software Inc., San Diego, USA). Student’s t tests and Mann–Whitney U tests were used to compare continuous variables. Pearson’s chi-squared tests and Fisher’s exact tests were used to compare categorical variables (21). Survival analysis was performed using Kaplan–Meier curves and the log-rank test. Statistical significance was set at P<0.050.




Results

Overall, 7229 ovarian MCT patients were diagnosed at PUMCH during the period from 1990.01-2020.12. According to the pathological histology results, 22 patients had malignant transformation arising from ovarian MCTs. The rate of malignant transformation in all ovarian MCTs was 0.30%. Table 1 shows the clinicopathological characteristics and survival outcomes of each patient with MT-MCTs. Table 2 shows a summary of the clinicopathological characteristics of all patients with MT-MCTs.


Table 1 | The clinicopathological characteristics and survival outcomes of each patient with malignant transformation arising from ovarian mature cystic teratomas.




Table 2 | The clinicopathological characteristics summary of all patients with malignant transformation arising from ovarian mature cystic teratomas.




Clinical Characteristics of the Included Patients

The age of the included patients was 51 (21–75) years old. Half of the patients experience complications, mainly hypertension (HTN), diabetes mellitus (DM), nephritis, etc. The chief complaint was abdominal pain and distension for approximately 1–3 months in 54.5% of patients; 27.3% patients visited a doctor due to a palpable abdominal mass. The tumor mass size of the MCT with malignant transformation was 10 (3–30) cm, which well explained the main symptoms. The tumor mass size of 54.5% of the patients was larger than 10 cm. Other symptoms included irregular menstruation and vaginal discharge. The level of tumor markers was elevated on preoperative examination and mainly included carbohydrate antigen 125 (CA125), carbohydrate antigen 199 (CA199), and squamous cell carcinoma antigen (SCCAg).

The typical imaging of patients with squamous cell carcinoma transformation in MCTs (SCC-MCTs) is shown in Figure 1. The ultrasound and enhanced CT images of case 18 were obtained. In addition, the pelvic enhanced MRI images of case 20 were collected. Figure 1A shows a pelvic ultrasound of SCC-MCT, revealing a moderate echo in the right adnexal area (10.5*7.9*8.3 cm) with an irregular shape and clear boundary. No echo or strip-shaped strong echo was observed in this area. CDFI: Striped arteriovenous blood flow is seen in the surrounding interior (PSV: 11.8 cm/s and RI: 0.35). In Figure 1B, the pelvic enhanced MRI of SCC-MCTs showed a lobulated cystic solid mass from the adnexal area with a high-low mixed signal located in the lower abdomen and pelvic cavity (13.8*8.8*10.5 cm) and compression changes in the adjacent bowel, bladder and uterus. In Figure 1C, enhanced CT of SCC-MCTs in the pelvis revealed a lobulated soft tissue density mass in the pelvic cavity (9.4*9.9 cm) with uneven internal density, spot-shaped high-density foci and fat density shadow. In addition, the plain CT value was approximately 37 HU. Uneven mild enhancement was observed on the enhanced scan. The boundary was not clear between this mass and the small intestine and anterior uterine edge in the pelvic cavity.




Figure 1 | Typical imaging and pathological image of patients with squamous cell carcinoma arising from ovarian mature cystic teretomas (SCC-MCTs). (A) [case 18]: Pelvic ultrasound of SCC-MCT showing that a moderate echo was observed in the right adnexal area (10.5*7.9*8.3 cm), with an irregular shape and clear boundry. No echo or strip-shaped strong echo was observed in this area. CDFI: Striped asteriovenous blood flow is seen in the surrounding interior PSV: 11.8 cm/s, RI: 0.35. (B) [case 20]: Pelvic enchanced MRI of SCC-MCTs showing a lobulated cystic solid mass from the adnexal area with a high-low mixed signal located in the lower abdomen and pelvic cavity (13.8*8.8*105cm) and compression changes in the adjacent bowel, bladder and uterus. (C) [case 18]: Pelvic enchance CT of SCC-MCTs showing a lobulated soft tissue density mass in the pelvic cavity (9.4*9.9cm), with uneven internal density, spot-shaped high-density foci and fat density shadows. In addition, the plain CT value was approximately 37HU. Uneven mild enhancement was observed on enchanced scan. The boundry was not clear between this mass and the small intestine and interior uterine edge in the pelvic cavity. (D) [case 18]: Pathological images showing that the gray nodule (9*7*5cm) on the section was cystic and solid. Hairs can be seen in the cystic area, while the solid area appears gray-yellow and solid with medium texture. The tumor consisted of 30-40% malignant components.)



There were four histological types of MT-MCT exhibiting malignant transformation, namely, squamous cell carcinoma (SCC-MCT, 13/22, 59.1%), adenocarcinoma (AC-MCT, 3/22, 13.6%), carcinoid (CC-MCT, 2/22, 9.1%), and borderline tumor (BD-MCT, 4/22, 18.2%). CA125 and SCCAg were usually elevated in SCC-MCTs. The tumor differentiation grade included well differentiated (G1, 31.8%), moderately differentiated (G2, 27.3%) and poorly differentiated (G3, 18.2%). The tumor grade was not reported in CC-MCT and BD-MCT because of its pathological particularity. Figure 1D shows a typical pathological image of a patient (case 18) with SCC-MCT. In this case, the gray nodule (9*7*5 cm) appears cystic and solid. Hairs can be seen in the cystic area, while the solid area is gray–yellow and has medium texture. For this case, the tumor consisted of 30-40% malignant components. Most ovarian patients with MT-MCTs were in the early FIGO stage. The number of patients with FIGO stage I-IV disease was seven, nine, five, and one, respectively. One FIGO stage IV patient had bone and lung metastasis.



Treatments of the Included Patients

Three patients underwent neoadjuvant chemotherapy (NACT). Among them, two patients had extensive implant metastasis in the upper abdomen and a large tumor burden throughout the whole body in preoperative evaluation, thus receiving NACT to achieve a higher rate of satisfactory cytoreduction. The other one patient was at advanced age and had a poor performance status that could not tolerate primary cytoreduction. After receiving NACT, the tumor burden of all three patients were significantly reduced by CA125 and CT scans (22, 23). Among all 22 patients, 90.9% of patients underwent standard ovarian surgery, including cytoreductive surgery (63.6%), ovarian cancer staging surgery (18.2%), and fertility preservation staging surgery (9.1%). Only one patient underwent total abdominal hysterectomy and bilateral salpingo-oophorectomy, and the other one patient underwent oophorocystectomy. If it’s highly suspected that the pelvic mass was malignant by preoperative evaluation, the immediate rapid pathological examination during operation was necessary. The rate of reexplore laparotomy for complete stage was 18.2%. A total of 13.6% of patients had operation complications, including intestinal obstruction (4.5%), infection (4.5%), and lymphedema (4.5%). A total of 68.2% of patients received adjuvant chemotherapy, including TC (taxol+carboplatin, 8/15), TP (taxol+cisplatin, 5/15), and PEB (cisplatin+ etoposide + bleomycin, 1/15).



Survival Outcomes of the Included Patients

The follow-up time was 54.3 (12.0-315.4) months. Figures 2A, 2B show the RFS and OS of 22 patients with MT-MCT, respectively. The 3-year and 5-year RFS rates were 72.7% and 54.5%, respectively. The 3-year and 5-year OS rates were 86.4% and 81.8%, respectively. Among all nine dead patients, eight patients were dead due to tumor recurrence, and one patient died of suicide. The recurrence sites were commonly in pelvic cavity and inguinal lymph nodes. In addition, we performed a subgroup analysis of the RFS and OS of 22 patients characterized by FIGO stage, as shown in Figures 2C, D. The results showed that patients with FIGO stage I disease had the best RFS, followed by those with FIGO stages II, III, and IV (P=0.047). Similarly, the patients with FIGO stage I disease had the best OS, followed by those with FIGO stage II, III, and IV (P=0.018). The 5-year RFS rates in patients with FIGO stages I, II, III, and IV were 85.7%, 55.6%, 20.0%, and 0%, respectively. The 5-year OS rates in patients with FIGO stages I, II, III, and IV were 100.0%, 88.9%, 60%, and 0%, respectively.




Figure 2 | The survival outcomes of patients with malignant transformation arising from ovarian mature cystic teratomas. The recurrence-free survival (A) and overall survival (B) of 22 patients with MT-MCT. The recurrence-free survival (C) and overall survival (D) of 22 patients characterized by different FIGO stage).



Table 3 showed the clinicopathological characteristics and survival outcomes of all included patients characterized by SCC-MT group and other histology group. There were no significant differences in all variables, including age, clinical symptoms, tumor mass size, the number of NACT and adjuvant treatment, FIGO stage, primary surgery type, and the number of recurrent patients. We performed a subgroup analysis of the RFS and OS outcomes of 22 patients characterized by different MT histology, as respectively shown in Figures S1A, B. The patients with BD-MCT tended to have better survival outcomes than those with SCC-MCT and AC-MCT/CC-MCT. However, there were no significant differences in RFS (P=0.220) and OS (P=0.163). The 5-year RFS rates were respectively 61.5% and 100% between SCC-MCT group and other histology group. The 5-year OS rates were respectively 76.9% and 77.7% between two groups.


Table 3 | The clinicopathological characteristics and survival outcomes of all included patients characterized by different malignant transformation histology.






Discussion

MT-MCT is a rare type of malignant ovarian cancer (24). Ovarian MCTs mainly occur in women during the child-bearing years, while types that exhibit malignant transformation generally occur in women between 40 and 60 years old (25, 26). It has been reported that the average age of patients with MT-MCTs is 50 years old, while the average age of patients with benign teratomas is 33 years old (9). MT-MCT tumors are typically located in one ovary but can involve both ovaries. The tumor mass size is usually large, most of which are 10 to 20 cm in diameter (27). The level of positive tumor markers is associated with MT-MCTs, and different tumor markers have different sensitivities for different histological types (28). Thus, it is difficult to identify these tumors using a single tumor marker. In this study, the clinical characteristics of patients with MT-MCTs were consistent with the findings from other literature reports, including age, symptoms, tumor mass size, and positive tumor markers.

Early diagnosis of MT-MCT relies on comprehensive imaging examinations including ultrasound, MRI, and CT (29). A large number of lipids, hair, cartilage and thyroid cells cause MCTs to exhibit obvious ultrasonic imaging characteristics, such as the dough sign, wall nipple sign and lipid stratification sign (18). However, lipid stratification and calcification are also present in MT-MCTs. MRI showed that the thickening of the cyst wall and the presence of intracapsular papilla and solid components can be important features in the diagnosis of malignant MCTs (16). In addition, direct invasion of the surrounding tissues or peritoneal implantation metastasis is observed in some cases. The distinguishing features of MT-MCT are the presence of components of benign teratoma (e.g., grease, hair, bone, etc.) and a combination of malignant tumor features (e.g., blood flow signals or enhanced solid components). Therefore, it is important to identify older patients with larger tumors or those who have tumors with malignant characteristics to exclude potential malignant transformation of MCTs (27). It is emphasized that surgical treatment should be performed for perimenopausal and postmenopausal patients with ovarian mature teratoma, even though almost all of them are benign.

The pathological diagnosis of MT-MCTs is difficult. Pathologists should have abundant experience in diagnosing gynecologic tumor pathologies. Finding a teratomatous component is critical. Malignant transformation may occur in the endodermal, mesodermal and exodermal components of teratomas (30). In terms of pathological characteristics, ovarian MCTs are generally large and solid, with or without a dermoid cyst. They may protrude into the cyst wall or form thickening of the wall (31). It is a grayish white, raised or nodular, lumpy, papillary and cauliflower mass. It is often brittle, accompanied by bleeding and necrosis (32). SCC is the most common malignant transformation histology of MCTs (33). SCC-MCT shows a varied morphology, ranging from G1 and keratinizing to G3 to anaplastic (31). One study reported that squamous carcinoma of MCT originates from squamous epithelial metaplasia, which may be related to HPV infection (30). AC-MCT most commonly arise from gastrointestinal-type epithelium and respiratory-type epithelium. Low-grade mucinous epithelial neoplasms with mucin extravasation may arise in teratomas and mimic metastases (31). The tumor consisted of 10-40% malignant components, which depends on the histology type and tumor grade. Other rare types include thyroid-type papillary carcinoma, undifferentiated carcinoma, borderline tumor, melanoma, small cell carcinoma, and sarcomas (34–39). The immunophenotype of the malignant components is similar to that of malignancies occurring at classical sites. In addition, it is necessary to identify the difference between ovarian metastatic tumors and MT-MCTs. Doctors should exclude metastasis of cervical or vaginal squamous cell carcinoma, gastrointestinal adenocarcinoma, urothelial carcinoma of the urinary system, etc. (5). Clinical imaging and pathological diagnosis after surgical resection can help to identify the primary lesion (40). In addition, it is necessary to diagnose ovarian primary squamous cell carcinoma and endometrial adenocarcinoma with scale changes, as they lack hair and sebum components (41). Immunohistochemistry may also be helpful for diagnosis and differential diagnosis.27

To identify the molecular biological characteristics and genomic abnormalities of MT-MCT, deoxyribonucleic acid (DNA) and microribonucleic acid (miRNA) analyses were performed (42). Cooke et al. reported that a total of 244 abnormalities were identified in 79 genes in SCC-MCT. TP53 was the most frequently altered gene in SCC (80%), followed by PIK3CA (52%) and CDKN2A (44%). The gene mutation in TP53 was associated with improved overall survival (43). The overall mutational burden of SCC-MCT is high, but MCT has a low mutation burden. SCC-MCTs share similar mutation profiles to SCC (43). Yoshida et al. analyzed comprehensive miRNA sequencing in SCC-MCTs and normal ovarian and mature teratoma tissues. Two miRNAs (miR-151a-3p and miR-378a-3p) were markedly upregulated, and two miRNAs (miR-26a-5p and miR-99a-5p) were markedly downregulated in cancer tissues. In addition, these findings were validated in fresh cancer tissues of patient-derived xenograft (PDX) models (44). Gene analysis research on MT-MCTs can help us better understand the cause of malignant transformation from teratomas to provide innovative thinking related to treatment and drug research.

As MT-MCTs are very rare, there is no standard treatment at present. The basic principle is that surgical treatment, early detection and complete resection can improve the survival rate (25, 45). For perimenopausal or postmenopausal women, total abdominal hysterectomy with bilateral salpingo-oophorectomy, omentectomy, pelvic lymphadenectomy are recommended (46). For early-stage women who have fertility requirements, the uterus and normal ovary could be preserved (25). Adjuvant chemotherapy mainly depends on the malignant pathological type of MCT. TC and TP are the most commonly used chemotherapy regimens (14). It has been reported that the 5-year survival rate of MT-MCTs with FIGO stage I is 95%, which is much better than that of patients with advanced-stage disease (47). Ruey-jien et al. reported that the 5-year survival rates of stage I, II, III and IV patients were 75.5%, 33.8%, 20.6% and 0%, respectively, after a follow-up of 188 patients (45). In our study, the 5-year OS rates in patients with FIGO stages I, II, III, and IV were 100.0%, 88.9%, 60%, and 0%, respectively. Therefore, tumor stage and optimal debulking are critical to survival outcomes (45).



Conclusion

In conclusion, this retrospective study showed that the rate of malignant transformation in all ovarian MCTs was 0.30%. MT-MCTs mainly occur in elderly females, are rare and have a poor prognosis. Advanced FIGO stage is a risk factor for survival. Preoperative examination included positive tumor markers (CA125, CA199, and SCCAg), ultrasonic examination, pelvic enhanced MRI and CT. Although there is no standard treatment, cytoreductive debulking surgery and adjuvant chemotherapy could be considered. Perimenopausal and menopausal women with MCT should receive surgical treatment.
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Background

Bevacizumab in combination with chemotherapy prolonged the progression-free survival (PFS) of patients with recurrent epithelial ovarian cancer (EOC) in large-scale randomized controlled trials. However, real-world data for the use of bevacizumab in Asian patients with EOC is lacking. This study investigated the efficacy of adding bevacizumab to chemotherapy and compared it with that of chemotherapy alone in patients with recurrent EOC using real-world data from an Asian population.



Method

We conducted a retrospective cohort study using data from a tertiary medical center in central Taiwan. Patients who had EOC with first relapse between 2011 and 2019 were enrolled. Patients’ medical histories, medication treatment, and relevant information were collected. The outcomes were PFS and overall survival (OS). The Kaplan-Meier plot was used to generate a survival curve for OS and PFS. Cox proportional hazard analysis was used to determine the associations of Bevacizumab treatment with OS and PFS with adjustment of relevant variables. Subgroup analyses were conducted to determine if there was a significant variation in the aforementioned associations.



Results

After a median follow-up of 23 months, 67% of patients in the Bevacizumab group and 81% of patients in the non-Bevacizumab group had disease progression or death. There was no significant between-group difference in OS (p = 0.475). The median duration of PFS was 18.9 and 9.6 months, respectively, favoring those who were treated with Bevacizumab. After multivariate adjustment, treatment with Bevacizumab was associated with a lower risk of disease progression (hazard ratio 0.33, 95% CI 0.13-0.85, p = 0.021). The improvement in PFS was consistent in the subgroups of different histological types, different disease stages at diagnosis, different treatment-free intervals, those undergoing or not undergoing secondary cytoreductive surgery, diverse chemotherapy regimens.



Conclusion

Our findings provided crucial insights into the efficacy of bevacizumab for the treatment of recurrent EOC in the real-world setting.
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Introduction

Epithelial ovarian cancer (EOC) is the second most common and the most lethal gynecological cancer in developed countries (1). Most of the patients are diagnosed as having advanced stage disease and experience relapse of the disease despite achieving complete remission. Approximately 49% of patients die within 5 years (2). Resistance to chemotherapy is commonly observed in patients with recurrent EOC, and its treatment is considerably challenging. Therefore, the prognosis of recurrent EOC is poor, with a progression-free survival (PFS) of approximately 8–13 months (2–4). Asian countries had the largest number of incident cases (~171,000) and mortality (~113,000) of EOC in 2020 (5), and only a small proportion of Asian patients (<30%) were enrolled in previous clinical trials (2, 3).

Bevacizumab, a humanized monoclonal antibody against angiogenesis, has been approved by the US Food and Drug Administration for the treatment of recurrent EOC since 2016 (6–10). Bevacizumab in combination with chemotherapy prolonged the PFS of patients with primary (6, 8) or recurrent (7, 9) EOC in large-scale randomized controlled trials (RCTs). However, patient enrollment into RCTs is usually highly selective, and most of them are from Western countries. Moreover, differences in the histological types and prognosis of EOC between Asian and Caucasian patients have been reported (11). Therefore, real-world data for the use of bevacizumab in Asian patients with EOC (1, 12) are required, especially for those with recurrent EOC.

This study investigated the efficacy of adding bevacizumab to chemotherapy and compared it with that of chemotherapy alone in patients with recurrent EOC by using real-world data from an Asian population.



Materials and Methods


Study Population and Data Collection

We conducted a retrospective cohort study by using data from a tertiary medical center in central Taiwan. The study protocol was approved by our institutional review board (CE21233B). We identified patients who were newly diagnosed as having EOC between 2011 and 2019 (n = 491, Figure 1). After excluding patients who had concurrent cancer (n = 22), did not undergo debulking surgery (n = 3), did not achieve disease remission after treatment (n = 58), did not experience disease recurrence (n = 241), had incomplete data (n = 28), and were lost to follow-up (n = 34), we identified 105 patients with surgically and pathologically proved EOC who had the first recurrence of the disease during the study period. Furthermore, we excluded patients who declined treatment (n = 24) and those who received poly (adenosine diphosphate–ribose) polymerase (PARP) inhibitors or immunotherapy (n = 14) for recurrent EOC. Finally, 67 patients with first recurrence of EOC were analyzed in this study, and they were divided into two groups based on whether they received bevacizumab treatment for the recurrent disease (Figure 1).




Figure 1 | Study flow chart for population selection.



According to international guidelines, we determined chemotherapy regimens after recurrence based on the treatment-free survival durations of the patients. Women who had relapse less than 6 months after the end of front-line therapy were treated with nonplatinum chemotherapy, whereas those who had recurrence after 6 months were treated with the combination of platinum and nonplatinum drugs. Because bevacizumab was not reimbursed by our national health insurance system before May 2020 (13), the treatment doses and cycles of bevacizumab were affected by cost considerations.

Patients’ medical history, medication treatment data, and relevant information were collected from electronic health records. We assessed our patients’ socioeconomic status by ward fee payment (totally covered by the National Health Insurance or private insurance). The status of disease progression and survival was confirmed in April 2021. Disease progression was defined as an increase in the volume of tumors and the presence of new lesions or ascites on abdominal CT scans performed every 3 months. The primary outcome of this study was overall survival (OS) and PFS. OS was defined as the interval from the initiation of second-line treatment for recurrent EOC to the date of mortality or April 2021. PFS was defined as the interval from the initiation of second-line treatment for recurrent EOC to the date of disease progression, patient mortality, or April 2021.



Statistical Analysis

Differences in baseline characteristics between the two treatment groups were compared using the Mann–Whitney U test and chi-square test for continuous and categorical variables, respectively. The Kaplan–Meier method was used to generate survival curves for OS and PFS. Cox proportional hazard analysis was performed to determine the association of bevacizumab treatment with OS and PFS after adjustment for relevant variables. Subgroup analysis was conducted to determine if a significant variation was present in the aforementioned association. All statistical analyses were performed using the Statistical Package for Social Sciences (IBM SPSS version 22.0; International Business Machines Corp, NY, USA), and a p value of <0.05 was considered statistically significant.




Results

Table 1 lists the characteristics of the study patients according to whether they received bevacizumab treatment for recurrent ovarian cancer. Overall, most of the patients had serous ovarian cancer (76.1%) with advanced stage (88.1%, stage III-IV) at diagnosis. Eight patients (11.9%) underwent suboptimal initial debulking surgery, whereas 11 (16.4%) patients received first-line bevacizumab treatment. Most of the patients (89.6%) had a treatment-free interval of ≥6 months. After disease recurrence, 22 (32.8%) patients underwent secondary cytoreductive surgery, with complete gross resection achieved in all patients, except in one patient in the bevacizumab group. All the patients received doublet chemotherapy, mainly with platinum plus paclitaxel (80.6%) or platinum plus pegylated liposomal doxorubicin. The dose of bevacizumab was 7.5 or 15 mg/kg every 3 weeks, and 76% (23/30) of the patients underwent more than 6 cycles of bevacizumab. The patients underwent fewer cycles due to economic reasons rather than adverse effects. No significant between-group differences were noted in these clinical variables except socioeconomic status (ward fee payment, Table 1).


Table 1 | Characteristics of study participants according to Bevacizumab treatment for recurrence.



Figure 2 shows the Kaplan–Meier curves of OS and PFS. After a median follow-up of 23 months, 67% of the patients in the bevacizumab group and 81% of the patients in the non-bevacizumab group exhibited disease progression or had died. No significant between-group difference was observed in OS (p = 0.475). The median durations of PFS were 18.9 and 9.6 months, respectively, in the bevacizumab and non-bevacizumab groups, respectively (p = 0.070, Figure 2).




Figure 2 | Overall survival (A) and progression free survival (B) in patients with recurrent ovarian cancer treated with chemotherapy with or without bevacizumab.



Table 2 shows the findings of Cox regression analysis for OS and PFS after adjustment for relevant clinical variables. No significant association was observed between bevacizumab treatment and OS. After multivariate adjustment, bevacizumab treatment was associated with a lower risk of disease progression (hazard ratio: 0.33, 95% confidence interval [CI]: 0.13–0.85, p = 0.021). The benefit of bevacizumab treatment for the risk of disease progression was consistent across various subgroups, including subgroups of the cell type, cancer stage at diagnosis, treatment-free interval, secondary cytoreductive surgery, and chemotherapy regimen for recurrent disease (Figure 3, all p interaction > 0.05).


Table 2 | Associations of Bevacizumab treatment for recurrent disease with overall and progression free survival.






Figure 3 | Subgroup analysis of the efficacy of bevacizumab on progression-free survival.



In terms of the significant adverse effects of bevacizumab treatment, two patients experienced new-onset hypertension, and one patient experienced brain infarction without visible brain metastasis on brain CT. Among patients not treated with bevacizumab, one patient developed rectovaginal fistula after bowel surgery and another patient experienced brain infarction with the evidence of brain metastasis. All other severe adverse effects other than hypertension occurred beyond the second progression.



Discussion

The results of this study demonstrated a significant improvement in PFS with the addition of bevacizumab to chemotherapy for recurrent EOC (Table 2). The improvement in PFS was consistent in the subgroups of different histological types, different disease stages at diagnosis, different treatment-free intervals, those undergoing or not undergoing secondary cytoreductive surgery, and diverse chemotherapy regimens (Figure 3). Our findings provided crucial insights into the efficacy of bevacizumab for the treatment of recurrent EOC in the real-world setting.

The improvement in PFS (hazard ratio: 0.33, 95% CI: 0.13–0.85, p = 0.021) in our study was consistent with that observed in previous phase III RCTs. In patients with recurrent platinum-sensitive EOC, the addition of bevacizumab to carboplatin–gemcitabine and carboplatin–paclitaxel significantly improved PFS compared with chemotherapy alone in the Ocean trial (hazard ratio: 0.484, 95% CI: 0.388–0.605, p < 0.001) (7) and GOG0213 (hazard ratio: 0.628, 95% CI: 0.534–0.739, p < 0.001) (14). More recently, the ENGOT-ov 18 trial (15) reported that patients treated with bevacizumab–carboplatin–pegylated liposomal doxorubicin (PLD) had longer PFS than did those treated with different regimens established in the Ocean trial (7). In patients with recurrent platinum-resistant EOC, bevacizumab with a nonplatinum regimen (PLD, paclitaxel, or topotecan) demonstrated a PFS benefit in the Aurelia trial (hazard ratio: 0.48, 95% CI: 0.38–0.6, p < 0.001) (9). On the basis of these trials, the majority of our patients were treated with established treatment combinations. However, most of the RCTs include an almost homogenous group of participants, and patients may receive more focused care and follow-up compared with that typically observed in real-world practice. Moreover, the majority of patients enrolled in the previous trials were from Western countries (94% in OCEAN and 80% in GOG-0213) (7, 14). These factors may limit the extrapolation of results to other populations (16) such as Asian patients with recurrent EOC. Thus, real-world observational studies should be conducted to confirm the effectiveness of treatment under ordinary and often variable conditions.

Real-world data regarding the effectiveness of bevacizumab in Asian patients with recurrent EOC are scant. In a retrospective cohort study (17), the use of bevacizumab in addition to front-line chemotherapy was associated with an improvement in PFS and OS in patients with ovarian, tubal, and peritoneal cancer compared with chemotherapy alone. However, no data on the use of bevacizumab in the recurrent setting are available. In another cohort study, the outcomes of patients with recurrent EOC treated with bevacizumab were reported. However, no “control group” (patients without bevacizumab treatment) was included in that study. Therefore, the efficacy of bevacizumab in the setting of recurrent EOC should be explored. To our knowledge, this is the first real-world study exploring the benefit of bevacizumab treatment for recurrent EOC.

The prolonged PFS in our treatment group (median: 18.9 vs. 9.6 months, difference: 9.3 months) was longer than that reported in previous RCTs (difference: 3–4 months) (7, 14, 18). Uncertain problems regarding the treatment for recurrent ovarian cancer still exist, including those related to the optimal cycles of chemotherapy, combinations of chemotherapy, and dosage of bevacizumab. The cycles of chemotherapy were limited to 6–8 in GOG0213 (14) and 6 in the AGO-OVAR2.5 trial (15). By contrast, patients in real-world practice might receive more cycles of chemotherapy until no measurable disease is observed, tumor markers return to normal levels, or intolerable side effects are experienced. Overall, 40% of our patients received more than six cycles of chemotherapy. Whether more cycles of chemotherapy lead to more favorable outcomes for patients with recurrent EOC warrants further investigation. In addition, we had a higher proportion of patients undergoing secondary cytoreductive surgery (33% in our study) compared with that in the Ocean trial (11%) (7) and GOG 0213 (16%) (14), and almost all the patients had no visible tumor after surgery, which may have contributed to more favorable outcomes in our study.

In our study, treatment with bevacizumab reduced the risk of disease progression in the patients who did not undergo secondary cytoreductive surgery (hazard ratio: 0.49, 95% CI: 0.25–0.96, Figure 3) with a nonsignificant between-group difference (in patients who underwent secondary cytoreductive surgery, hazard ratio: 0.76, 95% CI: 0.25–2.28, p interaction=0.530). Theoretically, secondary surgery can act as a drug booster that enhances drug penetration and helps to overcome drug resistance in patients with poorly vascularized tumors. However, secondary surgery poses a risk of surgical complications for patients, and it might postpone bevacizumab treatment and increase its toxicity (such as fistula formation or wound dehiscence). The role of secondary cytoreductive surgery became controversial after the GOG0213 trial; this RCT that included 84% of the patients receiving bevacizumab reported that secondary surgery followed by chemotherapy did not significantly prolong survival compared with no surgery (14). Recently, the SOC-1 trial (19), an RCT conducted in China, demonstrated that secondary cytoreductive surgery could extend PFS to nearly 5 months. The findings are similar to those of the DESKTOPIII trial (20). Notably, the proportion of bevacizumab use was low in these two studies. Based on the aforementioned results, the PFS benefit of bevacizumab and secondary cytoreductive surgery might not be additive. Patients may have various presentations of tumor relapse (different recurrent anatomic sites and lymph nodes) and status of BRCA gene. These factors may also impact patients’ outcomes after secondary cytoreductive surgery, as reported in previous studies (21, 22). Furthermore, new drugs are available (such as PARP inhibitor) for treatment of recurrent EOC. The role of surgical approach should be reconsidered, and individualized treatment is needed (21, 22). Therefore, real-world data on various study populations as a reference for treatment decision are clinically relevant. Considering that patients who are not a candidate for secondary surgery usually have larger tumor burden, extensive metastasis, or poorer prognosis compared with surgical candidates, treatment with bevacizumab in addition to chemotherapy may be an optimal choice for these patients.

This study has several limitations. First, the treatment dose of bevacizumab in our patients was lower than that administered in previous RCTs (7, 9, 14) likely due to financial reasons. We assessed and adjusted socioeconomic status (ward fee payment by National Health Insurance or private insurance) (23, 24), and the effect of bevacizumab on PFS was independent of this factor. More than half of our patients received a treatment dose of 7.5 mg/kg every 3 weeks compared with 15 mg/kg every 3 weeks in previous trials (7, 9, 14). Considering this limitation, bevacizumab treatment significantly improved PFS in our patients. Second, the number of the patients included in our study was small. Finally, because this is not a randomized study, some confounders might exist. Hence, our findings should be confirmed in another study including a larger number of patients.

In conclusion, we demonstrated that treatment with bevacizumab in addition to commonly used chemotherapy significantly prolonged the PFS of patients with recurrent EOC in the real-world setting.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement 

The studies involving human participants were reviewed and approved by Institutional Review Board of Taichung Veterans General Hospital. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author Contributions

J-NH and C-HL were accountable for conception and design of the study. J-NH, C-HL, S-TH, LS, S-FH, and C-KL performed acquisition of data. J-NH, Y-HS, and J-SW performed the statistical analysis. J-NH, Y-HS, C-HL, J-SW, and M-JC helped interpret the results and wrote the original draft of the manuscript. All authors were involved in the supervision and revision of the manuscript. All authors contributed to the article and approved the submitted version.



Acknowledgments

The authors would like to thank the Biostatistics Task Force of Taichung Veterans General Hospital and Taiwan society of cancer registry for their assistance.



References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2021) 71:209–49. doi: 10.3322/caac.21660

2. Parmar, MKB, Ledermann, JA, Colombo, N, du Bois, A, Delaloye, J-F, Kristensen, GB, et al. Paclitaxel Plus Platinum-Based Chemotherapy Versus Conventional Platinum-Based Chemotherapy in Women With Relapsed Ovarian Cancer: The ICON4/AGO-OVAR-2.2 Trial. Lancet (2003) 361:2099–106. doi: 10.1016/S0140-6736(03)13718-X

3. Pfisterer, J, Plante, M, Vergote, I, Du Bois, A, Hirte, H, Lacave, AJ, et al. Gemcitabine Plus Carboplatin Compared With Carboplatin in Patients With Platinum-Sensitive Recurrent Ovarian Cancer: An Intergroup Trial of the AGO-OVAR, the NCIC CTG, and the EORTC GCG. J Clin Oncol (2006) 24:4699–707. doi: 10.1200/JCO.2006.06.0913

4. Weng, C-S, Wu, C-C, Chen, T-C, Chen, J-R, Huang, C-Y, and Chang, C-L. Retrospective Analysis Of Comparative Outcomes In Recurrent Platinum-Sensitive Ovarian Cancer Treated With Pegylated Liposomal Doxorubicin (Lipo-Dox) And Carboplatin Versus Paclitaxel And Carboplatin. Cancer Manag Res (2019) 11:9899–905. doi: 10.2147/CMAR.S217329

5. World Health Organization. Cancer Statistics. Who. (2018). Available at: https://gco.iarc.fr/today/data/factsheets/cancers/25-Ovary-fact-sheet.pdf.

6. Perren, TJ, Swart, AM, Pfisterer, J, Ledermann, JA, Pujade-Lauraine, E, Kristensen, G, et al. A Phase 3 Trial of Bevacizumab in Ovarian Cancer. N Engl J Med (2011) 365:2484–96. doi: 10.1056/nejmoa1103799

7. Aghajanian, C, Blank, SV, Goff, BA, Judson, PL, Teneriello, MG, Husain, A, et al. OCEANS: A Randomized, Double-Blind, Placebo-Controlled Phase III Trial of Chemotherapy With or Without Bevacizumab in Patients With Platinum-Sensitive Recurrent Epithelial Ovarian, Primary Peritoneal, or Fallopian Tube Cancer. J Clin Oncol (2012) 30:2039–45. doi: 10.1200/JCO.2012.42.0505

8. Burger, RA, Brady, MF, Bookman, MA, Fleming, GF, Monk, BJ, Huang, H, et al. Incorporation of Bevacizumab in the Primary Treatment of Ovarian Cancer. Obstet Gynecol Surv (2012) 67:289–90. doi: 10.1097/OGX.0b013e3182547170

9. Pujade-Lauraine, E, Hilpert, F, Weber, B, Reuss, A, Poveda, A, Kristensen, G, et al. Bevacizumab Combined With Chemotherapy for Platinum-Resistant Recurrent Ovarian Cancer: The AURELIA Open-Label Randomized Phase III Trial. J Clin Oncol (2014) 32:1302–8. doi: 10.1200/JCO.2013.51.4489

10. Officer, CM. Roche’s Avastin (Bevacizumab) Plus Chemotherapy Receives FDA Approval for Platinum-Sensitive Recurrent Ovarian Cancer (2016). Available at: https://www.roche.com/media/releases/med-cor-2016-12-07.htm.

11. Fuh, KC, Java, JJ, Chan, JK, Kapp, DS, Monk, BJ, Burger, RA, et al. Differences in Presentation and Survival of Asians Compared to Caucasians With Ovarian Cancer: An NRG Oncology/GOG Ancillary Study of 7914 Patients. Gynecol Oncol (2019) 154:420–5. doi: 10.1016/j.ygyno.2019.05.013

12. Chen, W-C, Qiu, JT, Lai, C-H, Huang, H-J, Lin, C-T, Chen, M-Y, et al. Outcomes and Prognoses of Patients With Ovarian Cancer Using Bevacizumab: 6-Year Experience in a Tertiary Care Hospital of Northern Taiwan. PloS One (2017) 12:e0175703. doi: 10.1371/journal.pone.0175703

13. National Health Insurance Administration Ministry of Health and Welfare-About NHI. Available at: https://www.nhi.gov.tw/English/Content_List.aspx?n=ED4A30E51A609E49&topn=ED4A30E51A609E49.

14. Coleman, RL, Brady, MF, Herzog, TJ, Sabbatini, P, Armstrong, DK, Walker, JL, et al. Bevacizumab and Paclitaxel–Carboplatin Chemotherapy and Secondary Cytoreduction in Recurrent, Platinum-Sensitive Ovarian Cancer (NRG Oncology/Gynecologic Oncology Group Study GOG-0213): A Multicentre, Open-Label, Randomised, Phase 3 Trial. Lancet Oncol (2017) 18:779–91. doi: 10.1016/S1470-2045(17)30279-6

15. Pfisterer, J, Shannon, CM, Baumann, K, Rau, J, Harter, P, Joly, F, et al. Bevacizumab and Platinum-Based Combinations for Recurrent Ovarian Cancer: A Randomised, Open-Label, Phase 3 Trial. Lancet Oncol (2020) 21:699–709. doi: 10.1016/S1470-2045(20)30142-X

16. Ware, JH, and Hamel, MB. Pragmatic Trials — Guides to Better Patient Care? N Engl J Med (2011) 364:1685–7. doi: 10.1056/nejmp1103502

17. Wu, P-Y, Cheng, Y-M, Shen, M-R, Chen, Y-C, Huang, Y-F, and Chou, C-Y. Real-World Study of Adding Bevacizumab to Chemotherapy for Ovarian, Tubal, and Peritoneal Cancer as Front-Line or Relapse Therapy (ROBOT): 8-Year Experience. Front Oncol (2020) 10:1095. doi: 10.3389/fonc.2020.01095

18. Haunschild, CE, and Tewari, KS. Bevacizumab Use in the Frontline, Maintenance and Recurrent Settings for Ovarian Cancer. Futur Oncol (2020) 16:225–46. doi: 10.2217/fon-2019-0042

19. Shi, T, Zhu, J, Feng, Y, Tu, D, Zhang, Y, Zhang, P, et al. Secondary Cytoreduction Followed by Chemotherapy Versus Chemotherapy Alone in Platinum-Sensitive Relapsed Ovarian Cancer (SOC-1): A Multicentre, Open-Label, Randomised, Phase 3 Trial. Lancet Oncol (2021) 22:439–49. doi: 10.1016/S1470-2045(21)00006-1

20. Kuroki, L, and Guntupalli, SR. Treatment of Epithelial Ovarian Cancer. BMJ (2020) 371:1–20. doi: 10.1136/bmj.m3773

21. Gallotta, V, Bruno, M, Conte, C, Giudice, MT, Davia, F, Moro, F, et al. Salvage Lymphadenectomy in Recurrent Ovarian Cancer Patients: Analysis of Clinical Outcome and BRCA1/2 Gene Mutational Status. Eur J Surg Oncol (2020) 46(7):1327–33. doi: 10.1016/j.ejso.2020.01.035

22. Gallotta, V, Conte, C, D’Indinosante, M, Capoluongo, E, Minucci, A, De Rose, AM, et al. Prognostic Factors Value of Germline and Somatic Brca in Patients Undergoing Surgery for Recurrent Ovarian Cancer With Liver Metastases. Eur J Surg Oncol (2019) 45(11):2096–102. doi: 10.1016/j.ejso.2019.06.023

23. Moss, J, Murphy, J, Filiaci, V, Wenzel, L, Minasian, L, and Temkin, S. Disparities in Health-Related Quality of Life in Women Undergoing Treatment for Advanced Ovarian Cancer: The Role of Individual-Level and Contextual Social Determinants. Support Care Cancer (2018) 27(2):531–8. doi: 10.1007/s00520-018-4340-9

24. Baandrup, L, Dehlendorff, C, Hertzum-Larsen, R, Hannibal, C, and Kjaer, S. Prognostic Impact of Socioeconomic Status on Long-Term Survival of Non-Localized Epithelial Ovarian Cancer - The Extreme Study. Gynecol Oncol (2021) 161(2):458–62. doi: 10.1016/j.ygyno.2021.01.042




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 © 2022 Hung, Hsu, Sun, Hwang, Liu, Shih, Chen, Wang and Lu. 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: 19 May 2022

doi: 10.3389/fonc.2022.810631

[image: image2]


Molecular Classification in Patients With Endometrial Cancer After Fertility-Preserving Treatment: Application of ProMisE Classifier and Combination of Prognostic Evidence


Xuting Ran 1,2, Tingwenyi Hu 1,2 and Zhengyu Li 1,2*


1 Department of Gynecology and Obstetrics, West China Second University Hospital, Sichuan University, Chengdu, China, 2 Key Laboratory of Birth Defects and Related Diseases of Women and Children (Sichuan University), Ministry of Education, Chengdu, China




Edited by: 

Antonio Mollo, University of Salerno, Italy

Reviewed by: 

Federica Perelli, Santa Maria Annunziata Hospital, Italy

Paolo Casadio, University of Bologna, Italy

*Correspondence: 

Zhengyu Li
 zhengyuli01@126.com

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


Received: 07 November 2021

Accepted: 14 April 2022

Published: 19 May 2022

Citation:
Ran X, Hu T and Li Z (2022) Molecular Classification in Patients With Endometrial Cancer After Fertility-Preserving Treatment: Application of ProMisE Classifier and Combination of Prognostic Evidence. Front. Oncol. 12:810631. doi: 10.3389/fonc.2022.810631



The Proactive Molecular Risk Classifier for Endometrial Cancer (ProMisE) is a molecular classification system that identifies endometrial cancer (EC) into four prognostically distinct subtypes: POLE-mutated, mismatch repair deficiency (MMR-D), p53 wild-type (p53wt), and p53 abnormal (p53abn). However, few reports have applied the ProMisE classifier to EC patients who underwent fertility-preserving treatment (FPT) so far. This study evaluated whether the ProMisE classifier predicted in early-stage EC patients after FPT. We first summarized the three reported outcomes of ProMisE applied to EC patients who received FPT. The hormone-treated patients with EC from 2010 to 2020 in our facility were then analyzed. By sequential immunohistochemistry and Sanger sequencing of POLE according to the ProMisE system, formalin-fixed paraffin-embedded blocks of patients before treatment were collected and classified into POLE-mutated, MMR-D, p53wt, and p53abn subtypes. The primary outcome was a complete response rate after FPT. Thirteen patients were enrolled from our facility, with 3 (3/13) MMR-D, 0 (0/13) POLE, 8 (8/13) p53wt, 1 (1/13) p53abn, and 1 (1/13) failed with DNA amplification. Six (6/8) patients with p53wt, 2 (2/3) patients with MMR-D, and 1 (1/1) patient with p53abn achieved a complete response in 6 months after treatment. The results of our study and the reported outcomes were finally combined. A total of 106 patients who underwent FPT were included. Of these, 23 (21.7%) were classified as MMR-D, 3 (2.8%) as POLE-mutated, 3 (2.8%) as p53abn, and 77 (72.6%) as p53wt. There was no significant difference in the complete response rate (P = 0.152) and recurrence rate (P = 0.174) between MMR-D and p53wt subtypes after FPT. Based on current data, we observed no prognostic significance of the ProMisE classifier in EC patients who underwent FPT. Larger prospective studies are needed to elucidate the precise prognostic meaning of this molecular classifier in these cases.
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Introduction

Endometrial cancer (EC) is one of the most common gynecological malignancies worldwide, with approximately 417,000 cases diagnosed in 2020 (1). Almost 7% of new cases occur in women under age 44, and the incidence is increasing due to obesity and other risk factors (2). Although the gold standard treatment for patients with EC is total hysterectomy with bilateral salpingo-oophorectomy, fertility-preserving treatment (FPT) could be considered in FIGO stage IA, lesions confined to the endometrium or superficial myometrium, and grade 1 endometrioid EC patients who desire pregnancy in the future (3). Current FPT options include oral progestin agents (medroxyprogesterone acetate or megestrol acetate) or the levonorgestrel intrauterine system (LNG-IUS), with a 79.4% overall complete response rate in a recent meta-analysis (4).

Although fertility-sparing management for endometrial cancer has increasingly been investigated, the selection of patients suitable for FPT with pathologic examination and magnetic resonance imaging (MRI) still has shortfalls due to a lack of consensus among pathologists and an unreproducible diagnosis of histotype and grade of EC (5). Besides, although patients eligible for FPT are those younger than 40 years with well-differentiated, endometrioid EC clinically limited to the endometrium and no extra-uterine disease, these indications are not restricted in clinical practice. FPT appears to be feasible even in age > 40 years (6), with grade 2 endometrioid adenocarcinoma (7), or with minimal myometrial infiltration (8). In this scenario, a better tool of a molecular classifier is needed to help direct patient management and identify patients for whom conservative management is safe.

The Cancer Genome Atlas (TCGA) endometrial collaborative project discovered four distinct prognostic EC genomic subtypes (9). Since it was costly and complex for clinical application, the Proactive Molecular Risk Classifier for Endometrial Cancer (ProMisE), which is simple and suitable in clinical practice, was developed and stratified EC into 4 subgroups: (i) mismatch repair deficient (MMR-D), showing the loss of one or more mismatch repair protein(s); (ii) DNA polymerase epsilon (POLE), with mutations in the exonuclease domain in exons 9–14, is associated with very favorable outcomes; (iii) p53 abnormal (p53abn) demonstrating aberrant p53 immunohistochemical staining; and (iv) p53 wild type (p53wt) (10). This classifier has been validated and applied to EC patients who underwent standard surgical treatment. However, its application to EC patients who received FPT is relatively novel, and there are only a few studies tested on a cohort of EC patients who were conservatively treated, with differences in outcomes among these studies (11–13). This study further validated whether the ProMisE classifier could predict treatment response in women with endometrial cancer who underwent fertility-sparing treatment.



Materials and Methods


Search Strategy, Data Extraction and Quality Assessment

First, we included original studies with primary data reporting the prognostic significance of the Proactive Molecular Risk Classifier for EC in the fertility-sparing management of endometrial cancer. We searched for peer-reviewed studies published before 1 November 2021, in the MEDLINE, Embase, and Google Scholar databases with various combinations of the following keywords: fertility-sparing treatments, progesterone, intrauterine devices, and early endometrial cancer. Studies were selected if the participants were women diagnosed histologically with early-stage EC, the intervention was fertility-sparing therapy, patients were classified according to the ProMisE for molecular subtypes, and a complete response (CR) rate, a partial response (PR) rate, a and relapse rate (RR) were included in the outcomes.

Studies were hand-searched and selected in a 2-stage process. First, the titles and abstracts from the electronic searches were scrutinized by 2 reviewers independently (XR and TH), and full manuscripts of all citations that met the pre-defined selection criteria were obtained. Second, final inclusion or exclusion decisions were made on the examination of the full manuscripts.

Data were extracted independently by 2 reviewers (XR and TH). We extracted data on the study population (number, age, BMI, percentage of molecular subtypes, and follow-up time), and the major outcomes. We assessed study quality using items from the Newcastle–Ottawa Quality Assessment Scale and the Quality Assessment of Diagnostic Accuracy Studies tool (14) (Supplementary Table 1).

Two reviewers (XR and TH) independently assessed the risk of bias of each study using the Quality in Prognosis Studies (QUIPS) tool, which contains several domains: study participation, study attrition, prognostic factor measurement, outcome measurement, study confounding, and statistical analysis and reporting. The risk of bias concerns were rated in each domain as “high risk of bias,” “moderate risk of bias,” or “low risk of bias.” The overall risk of bias was considered low if ≤2 domains were rated as having a moderate risk of bias and all others were rated as having a low risk of bias. The overall risk of bias was considered moderate if >2 domains were rated as having a moderate risk of bias and all others were rated as having a low risk of bias. The overall risk of bias was considered high if ≥1 domain was rated a high risk of bias, irrespective of all other domains (15). Consensus was reached after classification by individual researchers (Supplementary Table 2).



Study Population

We retrospectively reviewed the data of young patients with endometrial cancer who had received FPT at the West China Second University Hospital, Sichuan University, during 2010–2020. The study was approved by the ethics committee of West China Second University Hospital, Sichuan University. The inclusion criteria were as follows (1): aged 18–40 years (2), clinically presumed International Federation of Gynecology and Obstetrics (FIGO) stage IA (3), pathologically diagnosed grade 1, endometrioid adenocarcinoma, and (4) no contraindication for progestin treatment. Exclusion criteria include inadequate quality of tumor tissues, unclear medication history, or no tissue available at our institution. The primary outcome was the complete response rate after FPT for each molecular group. A complete response (CR) was defined as no evidence of residual EC or atypical hyperplasia (AH) at follow-up endometrial sampling, diagnosed by hysteroscopic biopsy. Time until CR was measured from the treatment start date. The other pathologic responses to progestin treatment were defined as follows: Partial regression (PR) was defined as the presence of atypical hyperplasia (AH) during follow-up endometrial sampling by hysteroscopic biopsy. Disease persistence was defined as no evidence of disease regression was observed within 6 months. Disease progression is a lesion of higher grade or clinically progressive disease, including myometrial invasion, extrauterine disease, or lymph node metastasis. Recurrence was defined as the presence of EC or AH during follow-up after an endometrial sample indicated treatment response. Time to recurrence was defined as from the date of the complete response. Patient follow-up data were gathered until the end of 2020.

The evaluation of response before achieving CR was performed using dilation and curettage (D&C) or hysteroscopic biopsy every 3 months during the initial treatment for 2 years, then 6-monthly. Unless there was any evidence of progression in the follow-up endometrial biopsies and/or imaging studies, patients continued to receive initial treatment until they achieved CR.



Application of the ProMisE Classifier to Endometrial Biopsy Specimens

The FFPE biopsies of patients were evaluated according to the ProMisE algorithm based on IHC for MMR proteins, sequencing for the presence of POLE exonuclease domain mutations, and IHC for p53 (5, 12, 16). Tumors were categorized into one of the four ProMisE molecular subgroups: POLE-mutated, mismatch repair deficient (MMR-D), p53 wild-type (p53wt), and p53-abnormal (p53abn).


IHC for MMR and P53 Proteins

In the first step of the algorithm, a representative FFPE block was evaluated for the expression of the MMR proteins, namely, MLH1, MSH2, MSH6, and PMS2 by IHC. Sections were cut at 4 mm thickness and de-waxed in xylene and ethanol before rehydration. Researchers then blocked endogenous peroxidase activity by incubating sections in a 3% H2O2 solution in methanol at room temperature for 10 min. After antigen retrieval with citric acid (pH 6.0) at 121°C for 15 min, the sections were blocked with 10% normal goat serum and incubated overnight at 4°C with four antibodies: anti-hMLH1 (1:1,000; ProteinTech Group, Chicago, IL); anti-hMSH2 (1:100; ProteinTech Group, Chicago, IL); anti-hMSH6 (1:100; ProteinTech Group, Chicago, IL); and anti-hPMS2 (1:1,000; ProteinTech Group, Chicago, IL). After washing with PBS, the sections were incubated with biotinylated rabbit anti-goat immunoglobulin antibody (ZSGB-Bio Ltd., Beijing, China), and the slides were visualized by staining with diaminobenzidine (Dako Ltd., Glostrup, Denmark) and counterstained with hematoxylin. Protein expression in appendix tissue served as an internal positive control. For p53 immunostaining, the slides were incubated with p53 primary antibody (1:100; ProteinTech Group, Chicago, IL). Slides of high-grade serous ovarian cancer were used as positive controls.

We performed image acquisition (BA400Digital; MOTIC China Group Co., Ltd.) and quantitative analysis (Halo 101-WL-HALO-1; Indica Labs, USA) of the slides. The tumor was classified into the MMR-D subtype if IHC demonstrated a loss of MMR protein nuclear expression. Immunostaining for p53 was considered abnormal when there was no staining of tumor cell nuclei or strong and diffuse staining (absent p53 protein or ab-errant increased protein accumulation, respectively), while intermediate levels of expression were considered wild-type.



DNA Extraction, Targeted Sequencing for POLE Mutation

Genomic DNA (gDNA) was extracted from FFPE using the Ezup Column Animal Genomic DNA Purification Kit (Sangon Biotech (Shanghai) Co., Ltd.). gDNA was amplified with the forward and reverse primers. After purified PCR products were detected by agarose gel electrophoresis (150 V, 100 mA, 10–20 min), DNA was extracted from the agarose gel by a SanPrep Column DNA Gel Extraction Kit (Sangon Biotech (Shanghai) Co., Ltd.), and then Sanger-sequenced with the BigDye terminator v1.1 sequencing kit and a 3730xl automated sequencer (Applied Biosystems, Foster City, CA, USA). The results were analyzed by Variant reporter software version 2.1 (Applied Biosystems).




Statistical Analysis

Data were collected retrospectively through chart review. Summary statistics are provided. Normally distributed continuous variables (age and body mass index (BMI)) were compared using Student’s t-test; nonparametric continuous factors were compared using the Wilcoxon rank-sum test and proportions were compared using a chi-square test. Analyses were conducted using SPSS 22.0 (IBM Corp., Armonk, NY, USA).




Results


Literature Review of the Three Previous Studies

After literature searching, we found three studies that tested the PromisE classifier on EC patients who received FPT so far (11–13). The characteristics and outcome measures of each study are summarized in Table 1. A total of 94 EC patients who underwent hormone therapy were classified by ProMisE in 3 studies and distributed as follows: 20 (21.3%) MMR-D, 3 (3.2%) POLE, 2 (2.1%) p53abn, and 69 (73.4%) p53wt. In the study by Falcone et al. (12), three cases had more than one molecular feature: MMR-D + p53abn (n = 1); MMR-D + POLE-mutated subtypes (n = 2). The rest of all cases demonstrated one molecular feature.


Table 1 | Molecular characterization of patients with endometrial cancer underwent FPT and outcomes.



The oncologic outcomes of the three studies are presented. Chung et al. reported the following CR rates at 6 months of the four ProMisE subtypes: 1 (11.1%) MMR-D, 1 (1/2) POLE, 1 (1/1) p53abn, and 24 (53.3%) p53wt; best overall response of CR/PR rate: 4 (44.4%) MMR-D and 37 (82.2%) p53wt; recurrence rate after CR: 1 (25.0%) MMR-D, 1 (1/2) POLE, 1 (1/1) p53abn, and 16 (43.2%) p53wt. Falcone et al. stated the CR rate at 6 months as follows: 5 (5/7) MMR-D, 1 (1/1) POLE, and 7 (7/7) p53wt; recurrence rate after CR: 1 (1/7) MMR-D and 2 (2/7) p53wt. Puechl et al. reported a CR rate at 6 months: 3 (3/4) MMR-D and 13 (76.5%) p53wt, with 1 (1/4) MMR-D, 1 (1/1) p53abn, and 4 (23.5) p53wt having progression or requiring definitive treatment. After combining the results of three studies, patients with MMR-D showed a lower overall response rate of CR/PR rate than those with the p53wt subtype (60.0% vs 82.6%, P = 0.040), which was consistent with the result of Chung et al. (11). The combined CR rate after 6 months of hormone therapy in the MMR-D group had no significant difference compared with p53wt subgroup, however, Chung et al. (11) reported a lower rate in MMR-D patients. Puechl et al. (13) reported that 1/4 of EC patients with MMR-D and 4/17 with p53wt developed progression or underwent definitive surgery after levonorgestrel intrauterine system (LNG-IUS) treatment. They also included 37 endometrial intraepithelial neoplasia (EIN) patients. After adding them to EC patients (n = 59), p53abn tumors exhibited the shortest time to progression or definitive therapy. Due to the small sample size, Falcone et al. (12) did not conclude that there were significant differences in outcomes among subtypes.

From combined studies, we found that, similar to the result of Chung et al. (11), the MMR-D subtype was associated with a worse overall response rate compared to the p53wt subtype in women with EC who underwent FPT. However, larger samples changed the comparison outcomes of the CR rate at 6 months after treatment between MMR-D and p53wt subtypes. Therefore, studies are needed to further test whether the MMR-D subtype could predict response in women with endometrial cancer treated conservatively. Besides, owing to the limited sample size, the POLE-mutated and p53abn subtypes in predicting hormone response also need to be further explored.



Results of the Current Study

Owing to the limited samples and changed outcomes after the combination of previous studies, we performed further exploration to test the prognostic ability of the ProMisE classifier in EC patients who underwent FPT. Thirteen patients with Grade 1 endometrioid adenocarcinoma who underwent FPT; pretreatment formalin-fixed, paraffin-embedded (FFPE) tissues in our institution were included. The study flowchart is shown in Figure 1. A total of 49 Grade 1 endometrioid adenocarcinoma (EAC) patients who underwent FPT between 2010 and 2020 in the West China University Hospital were first identified; 35 patients had their pre-treatment biopsies obtained in other hospitals, and 1 patient lost survival information. Finally, 13 patients were enrolled in the ProMisE algorithm application.




Figure 1 | Flow chart of patient selection and ProMise algorithm apllication.



Immunohistochemistry (IHC) for MMR proteins was performed in the first step. Three cases exhibited a loss of MMR proteins and were categorized as MMR-D subtype. MMR-intact cases were then evaluated for POLE mutations by Sanger sequencing. Nine cases showed POLE wild-type and one case failed DNA amplification. Then, POLE wild-type cases were subjected to IHC for p53, one case showed p53 overexpression and was classified as p53abn subtype. In summary, the molecular classification of the 13 cases presented the following ProMisE subtypes: 3 (3/13) MMR-D, 0 (0/13) POLE, 8 (8/13) p53wt, 1 (1/13) p53abn, and 1 (1/13) failed with DNA amplification. No cases showed more than one molecular feature. The detailed molecular features of all patients are summarized in Table 2.


Table 2 | Molecular classification by ProMisE algorithm of all the patients.



The clinical–pathological characteristics, treatment, oncologic, and pregnancy outcomes of the patients are detailed in Table 3. The mean age of the cohort was 29.8 ± 4.3 years and the mean body mass index (BMI) was 25.4 ± 7.1 (kg/m2). All patients had an initial diagnosis of Grade 1 endometrioid adenocarcinoma (EAC). Four of thirteen cases were diagnosed via hysteroscopy, and 9/13 via dilation and curettage (D&C). Patients received treatment, namely, megestrol acetate (MA), medroxyprogesterone acetate (MPA), goserelin acetate, and levonorgestrel. The average time of the treatment was 7.7 months, ranging from 3 to 24 months. Ten of thirteen patients had a complete response after hormone treatment at 6 months. Patient No. 3 was found with disease progression and an ovarian mass after 107 months of complete response and was treated by definitive surgery, showing a stage IA G2 endometrioid ovarian cancer (OC) and synchronous asymptomatic endometrioid G2 EC.


Table 3 | Demographics, clinical–pathological characteristics, treatment, oncologic outcomes of the EC patients who underwent FPT.



Three patients had disease progression and persistent disease, respectively. Patient No. 5 had p53wt mutation-developed disease progression after 6 months of MA plus 5 months of LNG-IUS therapy. The final diagnosis showed stage IA G1 endometrioid EC. Patient No. 11 with p53wt mutation kept persistent after 3 months of MA treatment, then underwent definitive surgery immediately. Patient No. 13 with MMR-D underwent genetic testing and did not suggest Lynch syndrome. MRI of the patient showed minimal myometrial infiltration and it was not recommended to continue FPT after 1 month of MA treatment and 4 GnRH-A injections. Overall, 12 patients were alive and had no evidence of disease; 1 patient was alive with ovarian cancer at the end of the follow-up.

Finally, we combined our results with the three previous studies. The molecular characterization and outcomes are detailed in Table 4. A total of 106 EC patients who underwent hormone therapy were included after the combination of the 4 studies. p53wt was still the most common subtype and was observed in 77 cases (72.6%). MMR-D was found in 23 cases (21.7%) and was presented as the second most common subtype. Patients were classified as the following subtypes: 23 (21.7%) MMR-D, 3 (2.8%) POLE-mutated, 3 (2.8%) p53abn, and 77 (72.6%) p53wt. We compared the outcomes of the MMR-D subtype and the p53wt subtype, and we found there was no significant difference in the CR rate after treatment at 6 months between the two groups (47.8% vs. 64.9%, P = 0.152) and overall response of CR/PR rate (60.9% vs. 80.5%, P = 0.092). Recurrence rates were 13.0 and 29.9% in the MMR-D and p53wt subtypes, respectively, which also showed no significant difference (P = 0.174). Of 43 patients with treatment failure or progression who underwent hysterectomy, there was no significant difference between the two groups either.


Table 4 | Molecular characterization and outcomes of the 4 studies.






Discussion

This study evaluated the prognostic ability of the ProMisE classifier in early-stage EC patients after FPT. We found no significant difference in the CR rate (P = 0.152) between the MMR-D and p53wt subtypes after FPT. The other oncologic outcomes, including overall response, CR/PR rate, and recurrence rate, also showed no significant difference. Based on current results, we observed no prognostic significance for the ProMisE classifier in EC patients who underwent FPT.

Due to the inadequate ability to refine prognostication or assess treatment efficacy in the last decade, the traditional systems of histo-morphological classification and risk group stratification of EC have been challenged by molecular-based classification. The Cancer Genome Atlas (TCGA) endometrial collaborative project discovered four distinct prognostic EC subtypes based on genomic abnormalities, identifying four molecularly defined prognostic subgroups (10). Later, the analogous but simplified ProMisE classifier was developed and validated, showing high concordance between diagnostic and hysterectomy specimens (5, 17). A few previous studies have applied the ProMisE classifier to EC patients who were conservatively treated, and our study further tested the ProMisE molecular classification system on EC patients who underwent FPT. Our results showed a two-type molecular heterogeneity (MMR-D and p53wt subtypes) within a group of G1 EACs and relatively homogeneous good survival outcomes at present.

We found 3/13 cases of MMR-D at IHC analysis. Patient No. 13 with MMR-D did not suggest Lynch syndrome and had a hysterectomy due to persistent disease. The other two MMR-D patients had a good response to hormone therapy, and they did not undergo LS testing. Similar to the small sample study by Falcone et al. (12), they found about 50% (7/15) MMR defects at IHC analysis and clinical outcome, with 4 of 7 mutated patients showing EC persistence/progression or metachronous Lynch syndrome-associated tumors. The different distributions and outcomes were likely due to the study populations.

We finally combined the outcomes of four studies with the same purpose. The combined results showed four ProMisE subtype distributions as follows: 77 (72.6%) p53wt, 23 (21.7%) MMR-D, 3 (2.8%) POLE-mutated, and 3 (2.8%) p53abn. There were no significant differences in CR rate and recurrence rate between MMR-D and p53wt subtypes, which broke the hypotheses based on validated ProMisE in large cohorts of EC patients and indicated that MMR-D could predict good or poor responses to FPT in EC patients. Our results were different from the pre-combined study and opinions (11, 18–20). The reason for this difference may be attributed to the study population due to the lack of mechanism evidence between MMR deficiency and hormone therapy in EC patients. From previous clinical studies, we also found a controversial relationship between MMR-D and hormone-treated outcomes of EC. Britton et al. (18) first applied the ProMisE classifier to a large cohort of young EC women (<50 years of age) after ProMisE was validated in the non-age stratified cohorts (17) and reported that MMR-D is associated with poorer outcomes compared to p53wt, including overall, disease-specific, and progression-free survival. However, several studies hold different opinions about whether MMR-D can be a predictive biomarker for hormone therapy in EC women. Zakhour et al. (21) found 5/84 EAC patients with MMR-D who underwent progestin therapy and none of the MMR-D patients responded to progestin. Chung et al. (11) found MMR-D had poor outcomes after hormone therapy in early-stage EC. Gallos et al. (22) found no associations between MLH1 protein expression and regression/relapse of women with endometrial hyperplasia treated with LNG-IUS. A hypothesis indicated that MMR-deficient may reduce the function of progesterone receptor (23), however, its reaction to progesterone therapy remained unclear (24, 25). In this regard, further validation is needed to assess the relationship between MMR-D and progestin response in EC patients who received FPT.

Our results showed rare POLE mutated and p53abn subtypes and a much higher proportion of p53wt and MMR-D subtypes than the EC cohort <50 yo at diagnosis (18). A possible reason for this difference may be the loss of POLE patients during the selection of large volume tumor blocks for DNA extraction or population characteristics.

Other factors that have been studied to predict the efficacy of fertility sparing treatment of EC. Travaglino et al. (26) assessed the predictive significance of PTEN and found it seemed not to be useful as a predictive marker of response to conservative treatment of EC, suggesting that PTEN is not applicable as a stand-alone predictive marker. Raffone et al. (27) reported that mismatch repair protein deficiency appears as a highly specific predictor of recurrence of EEC after initial regression. Clinical factors, such as longer menstrual cycles and infrequent menstrual bleeding, also appeared as independent predictive factors for conservative treatment failure in EEC (28). Weak stromal expression of isoform B of the progesterone receptor (PRB) was also found as a highly sensitive predictive marker of both no response and recurrence of EEC conservatively treated (29). Besides, many of the non-coding RNAs (ncRNAs) also reported a prognosis prediction function and remarkable importance in defining the therapeutic and surveillance path of EC patients, such as lncRNA and sncRNA (30). Both lncRNA and sncRNA functionally interact with EC diagnostic and prognostic genes and may be a valuable alternative marker for risk evaluation to aid patient-tailored treatment and improve the outcome of patients with EC (31). Further prospective studies, suggest that all of these factors, combined with the ProMisE classifiers, might represent valuable biomarkers to improve risk stratification for EC patients who underwent fertility sparing treatment.

This study combined the eligible outcomes of the FPT response with the implementation of ProMisE in EC patients. Based on current data, we observed no prognostic information from the classifier for conservatively treated patients. However, this study is limited by the lack of assessment of outcomes for POLE-mt and p53abn patients due to the limited sample size, retrospective nature, and heterogeneity in classification methods across a combination of several studies. Future evaluation is warranted to determine whether molecular classification predicts outcomes for patients considering hormone therapy for endometrial cancer.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The studies involving human participants were reviewed and approved by the ethics committee of West China Second University Hospital, Sichuan University. The ethics committee waived the requirement of written informed consent for participation.



Author Contributions

Methodology, formal analysis, investigation, writing—original draft preparation, XR. Methodology, formal analysis, investigation, TH. Conceptualization, formal analysis, investigation, resources, data curation, writing—review and editing, supervision, project administration, funding acquisition, ZL. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

This research was funded by the Department of Science and Technology of Sichuan Province, grant number 2019YJ0072.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.810631/full#supplementary-material



References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

2. Corzo, C, Barrientos Santillan, N, Westin, SN, and Ramirez, PT. Updates on Conservative Management of Endometrial Cancer. J Minim Invasive Gynecol (2018) 25(2):308–13. doi: 10.1016/j.jmig.2017.07.022

3. Koh, WJ, Abu-Rustum, NR, Bean, S, Bradley, K, Campos, SM, Cho, KR, et al. Uterine Neoplasms, Version 1.2018, NCCN Clinical Practice Guidelines in Oncology. J Natl Compr Canc Netw (2018) 16(2):170–99. doi: 10.6004/jnccn.2018.0006

4. Lucchini, SM, Esteban, A, Nigra, MA, Palacios, AT, Alzate-Granados, JP, and Borla, HF. Updates on Conservative Management of Endometrial Cancer in Patients Younger Than 45 Years. Gynecol Oncol (2021) 161(3):802–9. doi: 10.1016/j.ygyno.2021.04.017

5. Talhouk, A, McConechy, MK, Leung, S, Li-Chang, HH, Kwon, JS, Melnyk, N, et al. A Clinically Applicable Molecular-Based Classification for Endometrial Cancers. Br J Cancer (2015) 113(2):299–310. doi: 10.1038/bjc.2015.190

6. Capozzi, VA, Rosati, A, Rumolo, V, Ferrari, F, Gullo, G, Karaman, E, et al. Novelties of Ultrasound Imaging for Endometrial Cancer Preoperative Workup. Minerva Med (2021) 112(1):3–11. doi: 10.23736/S0026-4806.20.07125-6

7. Mitsuhashi, A, Habu, Y, Kobayashi, T, Kawarai, Y, Ishikawa, H, Usui, H, et al. Long-Term Outcomes of Progestin Plus Metformin as a Fertility-Sparing Treatment for Atypical Endometrial Hyperplasia and Endometrial Cancer Patients. J Gynecol Oncol (2019) 30(6):e90. doi: 10.3802/jgo.2019.30.e90

8. Falcone, F, Leone Roberti Maggiore, U, Di Donato, V, Perrone, AM, Frigerio, L, Bifulco, G, et al. Fertility-Sparing Treatment for Intramucous, Moderately Differentiated, Endometrioid Endometrial Cancer: A Gynecologic Cancer Inter-Group (GCIG) Study. J Gynecol Oncol (2020) 31(5):e74. doi: 10.3802/jgo.2020.31.e74

9. Casadio, P, La Rosa, M, Alletto, A, Magnarelli, G, Arena, A, Fontana, E, et al. Fertility Sparing Treatment of Endometrial Cancer With and Without Initial Infiltration of Myometrium: A Single Center Experience. Cancers (Basel) (2020) 12(12):3571. doi: 10.3390/cancers12123571

10. Kandoth, C, Schultz, N, Cherniack, AD, Akbani, R, Liu, Y, Shen, H, et al. Integrated Genomic Characterization of Endometrial Carcinoma. Nature (2013) 497(7447):67–73. doi: 10.1038/nature12113

11. Chung, YS, Woo, HY, Lee, JY, Park, E, Nam, EJ, Kim, S, et al. Mismatch Repair Status Influences Response to Fertility-Sparing Treatment of Endometrial Cancer. Am J Obstet Gynecol (2021) 224(4):370.e1–370.e13. doi: 10.1016/j.ajog.2020.10.003

12. Falcone, F, Normanno, N, Losito, NS, Scognamiglio, G, Esposito Abate, R, Chicchinelli, N, et al. Application of the Proactive Molecular Risk Classifier for Endometrial Cancer (ProMisE) to Patients Conservatively Treated: Outcomes From an Institutional Series. Eur J Obstet Gynecol Reprod Biol (2019) 240:220–5. doi: 10.1016/j.ejogrb.2019.07.013

13. Puechl, AM, Spinosa, D, Berchuck, A, Secord, AA, Drury, KE, Broadwater, G, et al. Molecular Classification to Prognosticate Response in Medically Managed Endometrial Cancers and Endometrial Intraepithelial Neoplasia. Cancers (Basel) (2021) 13(11):2847. doi: 10.3390/cancers13112847

14. Whiting, PF, Rutjes, AW, Westwood, ME, Mallett, S, Deeks, JJ, Reitsma, JB, et al. QUADAS-2: A Revised Tool for the Quality Assessment of Diagnostic Accuracy Studies. Ann Intern Med (2011) 155(8):529–36. doi: 10.7326/0003-4819-155-8-201110180-00009

15. Ubachs, J, Ziemons, J, Minis-Rutten, IJG, Kruitwagen, RFPM, Kleijnen, J, Lambrechts, S, et al. Sarcopenia and Ovarian Cancer Survival: A Systematic Review and Meta-Analysis. J Cachexia Sarcopenia Muscle (2019) 10(6):1165–74. doi: 10.1002/jcsm.12468

16. Talhouk, A, McConechy, MK, Leung, S, Yang, W, Lum, A, Senz, J, et al. Confirmation of ProMisE: A Simple, Genomics-Based Clinical Classifier for Endometrial Cancer. Cancer (2017) 123(5):802–13. doi: 10.1002/cncr.30496

17. Kommoss, S, McConechy, MK, Kommoss, F, Leung, S, Bunz, A, Magrill, J, et al. Final Validation of the ProMisE Molecular Classifier for Endometrial Carcinoma in a Large Population-Based Case Series. Ann Oncol (2018) 29(5):1180–8. doi: 10.1093/annonc/mdy058

18. Britton, H, Huang, L, Lum, A, Leung, S, Shum, K, Kale, M, et al. Molecular Classification Defines Outcomes and Opportunities in Young Women With Endometrial Carcinoma. Gynecol Oncol (2019) 153(3):487–95. doi: 10.1016/j.ygyno.2019.03.098

19. Stewart, KI, Yates, MS, and Westin, SN. Pushing the Envelope: Expanding Fertility Sparing Treatment of Endometrial Cancer. J Gynecol Oncol (2020) 31(5):e82. doi: 10.3802/jgo.2020.31.e82

20. Son, J, Carr, C, Yao, M, Radeva, M, Priyadarshini, A, Marquard, J, et al. Endometrial Cancer in Young Women: Prognostic Factors and Treatment Outcomes in Women Aged ≤40 Years. Int J Gynecol Cancer (2020) 30(5):631–9. doi: 10.1136/ijgc-2019-001105

21. Zakhour, M, Cohen, JG, Gibson, A, Walts, AE, Karimian, B, Baltayan, A, et al. Abnormal Mismatch Repair and Other Clinicopathologic Predictors of Poor Response to Progestin Treatment in Young Women With Endometrial Complex Atypical Hyperplasia and Well-Differentiated Endometrial Adenocarcinoma: A Consecutive Case Series. Bjog (2017) 124(10):1576–83. doi: 10.1111/1471-0528.14491

22. Gallos, ID, Devey, J, Ganesan, R, and Gupta, JK. Predictive Ability of Estrogen Receptor (ER), Progesterone Receptor (PR), COX-2, Mlh1, and Bcl-2 Expressions for Regression and Relapse of Endometrial Hyperplasia Treated With LNG-IUS: A Prospective Cohort Study. Gynecol Oncol (2013) 130(1):58–63. doi: 10.1016/j.ygyno.2013.04.016

23. Derbyshire, AE, Ryan, N, and Crosbie, EJ. Biomarkers Needed to Predict Progestin Response in Endometrial Cancer. Bjog (2017) 124(10):1584. doi: 10.1111/1471-0528.14490

24. Chen, M, Jin, Y, Li, Y, Bi, Y, Shan, Y, and Pan, L. Oncologic and Reproductive Outcomes After Fertility-Sparing Management With Oral Progestin for Women With Complex Endometrial Hyperplasia and Endometrial Cancer. Int J Gynaecol Obstet (2016) 132(1):34–8. doi: 10.1016/j.ijgo.2015.06.046

25. Zhou, R, Yang, Y, Lu, Q, Wang, J, Miao, Y, Wang, S, et al. Prognostic Factors of Oncological and Reproductive Outcomes in Fertility-Sparing Treatment of Complex Atypical Hyperplasia and Low-Grade Endometrial Cancer Using Oral Progestin in Chinese Patients. Gynecol Oncol (2015) 139(3):424–8. doi: 10.1016/j.ygyno.2015.09.078

26. Travaglino, A, Raffone, A, Saccone, G, Insabato, L, Mollo, A, De Placido, G, et al. PTEN as a Predictive Marker of Response to Conservative Treatment in Endometrial Hyperplasia and Early Endometrial CancerA Systematic Review and Meta-Analysis. Eur J Obstet Gynecol Reprod Biol (2018) 231:104–10. doi: 10.1016/j.ejogrb.2018.10.025

27. Raffone, A, Catena, U, Travaglino, A, Masciullo, V, Spadola, S, Della Corte, L, et al. Mismatch Repair-Deficiency Specifically Predicts Recurrence of Atypical Endometrial Hyperplasia and Early Endometrial Carcinoma After Conservative Treatment: A Multi-Center Study. Gynecol Oncol (2021) 161(3):795–801. doi: 10.1016/j.ygyno.2021.03.029

28. Raffone, A, Travaglino, A, Flacco, ME, Iasevoli, M, Mollo, A, Guida, M, et al. Clinical Predictive Factors of Response to Treatment in Patients Undergoing Conservative Management of Atypical Endometrial Hyperplasia and Early Endometrial Cancer. J Adolesc Young Adult Oncol (2021) 10(2):193–201. doi: 10.1089/jayao.2020.0100

29. Raffone, A, Travaglino, A, Zullo, FM, Gencarelli, A, Micheli, M, Miranda, S, et al. Predictive Accuracy of Progesterone Receptor B in Young Women With Atypical Endometrial Hyperplasia and Early Endometrial Cancer Treated With Hysteroscopic Resection Plus LNG-IUD Insertion. J Minim Invasive Gynecol (2021) 28(6):1244–53. doi: 10.1016/j.jmig.2020.10.009

30. Cavaliere, AF, Perelli, F, Zaami, S, Piergentili, R, Mattei, A, Vizzielli, G, et al. Towards Personalized Medicine: Non-Coding RNAs and Endometrial Cancer. Healthcare (Basel) (2021) 9(8):965. doi: 10.3390/healthcare9080965

31. Piergentili, R, Zaami, S, Cavaliere, AF, Signore, F, Scambia, G, Mattei, A, et al. Non-Coding RNAs as Prognostic Markers for Endometrial Cancer. Int J Mol Sci (2021) 22(6):3151. doi: 10.3390/ijms22063151




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 © 2022 Ran, Hu and Li. 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.




SYSTEMATIC REVIEW

published: 25 May 2022

doi: 10.3389/fonc.2022.796983

[image: image2]


Efficacy and Safety of Placebo During the Maintenance Therapy of Ovarian Cancer in Randomized Controlled Trials: A Systematic Review and Meta-analysis


Jin-feng Wang 1, Lan-bo Zhao 1, Ya-di Bin 1, Kai-lu Zhang 1, Chao Sun 1, Yi-ran Wang 1, Xue Feng 1, Jing Ji 1, Li-song He 2, Fang-yao Chen 3* and Qi-ling Li 1*


1 Department of Obstetrics and Gynecology, First Affiliated Hospital of Xi’an Jiaotong University, Xi’an, China, 2 School of Finance, Xi’an Eurasia University, Xi’an, China, 3 Department of Epidemiology and Biostatistics, School of Public Health, Xi’an Jiaotong University Health Science Center, Xi’an, China




Edited by: 

Cara Mathews, Women and Infants Hospital of Rhode Island, United States

Reviewed by: 

Luigi Turco, Mater Olbia Hospital, Italy

Richard Penson, Harvard Medical School, United States

*Correspondence: 

Qi-ling Li
 liqiling@mail.xjtu.edu.cn
 Fang-yao Chen
 chenfy@mail.xjtu.edu.cn

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


Received: 18 October 2021

Accepted: 22 April 2022

Published: 25 May 2022

Citation:
Wang J-f, Zhao L-b, Bin Y-d, Zhang K-l, Sun C, Wang Y-r, Feng X, Ji J, He L-s, Chen F-y and Li Q-l (2022) Efficacy and Safety of Placebo During the Maintenance Therapy of Ovarian Cancer in Randomized Controlled Trials: A Systematic Review and Meta-analysis. Front. Oncol. 12:796983. doi: 10.3389/fonc.2022.796983




Introduction

This meta-analysis evaluated the efficacy and safety of placebo during the maintenance therapy of ovarian cancer (OC) patients in randomized controlled trials (RCTs).



Methods

A comprehensive literature review was performed for RCTs published up to and including August 2020 from four electronic databases. We analyzed the efficacy and safety in the control arms of the maintenance therapy in advanced OC patients. Hazard ratios (HRs) and the corresponding 95% confidence intervals (CIs) of progression-free survival (PFS) and overall survival (OS) were estimated in the placebo arms and the observation arms, respectively, using the Frequency Framework method. We also calculated the incidences of common adverse effects (AEs) in the placebo arms.



Results

In total, 41 articles with 20,099 (4,787 in the placebo arms, 3,420 in the observation arms, and 11,892 in the experiment arms) patients were included in this meta-analysis. Compared with observation, placebo did not improve or reduce PFS (HR, 1.02; 95% CI, 0.87–1.20; P = 0.81) and OS (HR, 1.02; 95% CI, 0.89–1.16; P = 0.76) of OC patients, while other treatments, except for radiotherapy, significantly improved PFS and OS (all P < 0.05). The incidences of AEs produced by placebo were 94.03% in all grades and 20.22% in grade ≥3. The incidences of AEs were 29.75% in fatigue, 26.38% in nausea, 24.34% in abdominal pain, 18.92% in constipation, 16.65% in diarrhea, 14.55% in vomiting, 13.89% in hypertension, and 13.14% in headache.



Conclusions

Placebo did not improve or reduce the PFS and OS benefits of OC patients in RCTs but increased the incidences of AEs.





Keywords: ovarian cancer, maintenance therapy, efficacy, safety, placebo, randomized controlled trials



Introduction

Ovarian cancer (OC) is one of the most common malignant reproductive tumors in women, with high recurrence rate and high mortality. Its median progression-free survival (PFS) and median overall survival (OS) range from 16 to 21 months and from 24 to 60 months, respectively (1). OC is the main cause of death among women in the USA and worldwide, accounting for the fifth and eighth, respectively (2, 3). In 2021, a total of 21,410 newly diagnosed cases and 13,770 deaths due to OC were estimated in America (2).

The standard first-line therapy of OC is debulking surgery in combination with chemotherapy based on paclitaxel and platinum, which can relieve the symptoms of the patients and achieve no evidence of disease progression temporarily. About 70% of the patients encounter a recurrence within 3 years (4). Therefore, many researchers put forward maintenance therapy, including extra-chemotherapy, immunotherapy, antiangiogenic inhibitors (AIs), selective small-module (SSM) inhibitors, and poly-ADP-ribose polymerase (PARP) inhibitors (4–8). All of them were added following complete or partial remission of chemotherapy in order to eschew disease progression and increase PFS and OS. Many randomized controlled trials (RCTs) further confirmed the efficacy and the safety of these maintenance therapies (4, 9–11). Some maintenance drugs, such as olaparib and niraparib, have shown significant positive effects on PFS and OS (4, 9). Most clinical trials on immunotherapy (7, 12–15), chemotherapy (6, 16–18), and SSM inhibitors (8) exhibited negative effects on PFS and OS, with a few studies gaining opposite results (16, 19). However, whether the control arms of RCTs, including placebo or observation, basically have effects on survival in the maintenance process is undefined. Until now, scarce reports have been published on the positive effects of placebo in RCTs.

Placebo, with a long history, mainly contains three forms: pharmacologic (a tablet), physical (a manipulation), and psychological (a conversation) (20). Recently, placebo tablets, an inert substance, have been administrated blindly to patients in clinical trials with an expectation for such to produce clinical benefits through the interaction with a caregiver and healthcare systems (21). The positive effects produced by placebo in clinical trials are not affected by its pharmacologic or physiologic properties (22). The positive effects are the evolution of the disease process altered in a positive direction (22). Researchers compared the differences between placebo and observation directly in the aspects of subjective and objective outcomes, including pain, psychopathy, hypertension, and so on (20). They found that placebo exhibited a few benefits on continuous subjective outcomes and the treatment of pain, but it did not have effects on objective or binary outcomes. Jonas et al. found that the placebo effect was related to the size, color, and label of tablets (23). I Požgain et al. showed that placebo in RCTs was effective for the health status of patients because of their own beliefs (24). Julia W. Haas et al. concerned about the effect of blindness caused by placebo on the treatment of patients with irritable bowel syndrome. The results found that patients with double-blind placebo possessed more enthusiasm; however, those with open-label placebo were contradicted, attributing the improvement of symptoms more to psychological function instead of the treatment itself (25). About 25% patients (26) and 19% healthy volunteers (27) taking a placebo experienced adverse events (AEs). Maxine de la Cruz et al. found that there was a placebo response in clinical trials about the treatment of fatigue in advanced cancer patients (28). However, no comparative study has been established to prove the differences between placebo and observation in the efficacy and AEs of the maintenance therapy of OC RCTs yet.

In this meta-analysis, we mainly compared the differences of median PFS and median OS between patients in the placebo and observation arms and illustrated the safety of placebo in RCTs with the maintenance therapy of advanced OC.



Patients and Methods


Search Strategy

According to the Preferred Reporting Items for Systematic Review and Meta-analysis (PRISMA) guidelines (29), electronic databases (PubMed, Web of Science, Embase, and Cochrane Library) were searched from their inception to August 2020 to obtain relevant RCTs. The search terms included “ovarian cancer” or “ovarian neoplasms”, “placebo” or “maintenance” or “consolidation” or “observation” or “natural history”, and “randomized controlled trial”. We also performed a manual search to find potential relative RCTs by using the reference lists of key articles. The language of all RCTs was limited to English.



Inclusion and Exclusion Criteria

The inclusion criteria were as follows: (1) population: patients with FIGO stage IIB–IV epithelial ovarian, fallopian tube, primary peritoneal cancer or platinum-sensitive recurrent ovarian cancer (ROC) who are receiving maintenance therapy; (2) study design and comparators: phase II or III RCTs with control arms, including placebo or observation; (3) interventions: no other anticancer treatments except for standard front-line chemotherapy added to placebo or observation arms; (4) outcomes: mature data of median PFS or median OS reported as hazard ratios (HRs) and 95% confidence intervals (CIs), the number of patients with common AEs in the placebo arm, and the total number of patients receiving placebo; and (5) the latest articles were applied when duplicate publications existed or when publications were continuously updated.

The exclusion criteria were as follows: (1) not RCTs, including abstract, meeting, case, editorial, review, and so on; (2) platinum-resistant advanced OC or ROC; (3) animal trials; (4) other antitumor agents in the control arms; (5) no long-term outcomes covered in the study; and (6) unavailable research data.

No ethical approval and patient consent were required because the meta-analysis was performed based on previously published studies.



Outcome Measures

The primary outcome of this meta-analysis was median PFS. Median OS and AEs were the secondary outcomes. The AEs were in accordance with the National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.0.



Assessment of the Risk of Bias and Data Extraction

We assessed the potential risk of bias in the trials using the Cochrane Collaboration Risk of Bias Assessment tool, which involved the following domains: (1) random sequence generation (selection bias); (2) allocation concealment (selection bias); (3) blinding of participants, personnel, and outcome assessment (performance bias and detection bias); (4) incomplete outcome data (attrition bias); and (5) selective reporting data (reporting bias) (30). The risks were divided into three levels: high, unclear, and low. Two reviewers (Wang and Sun) completed the review independently. Disagreements were resolved by a discussion.

Two reviewers (Wang and Sun) independently extracted the baseline information from each study, including data on author, year of publication, RCT phase, and the number of experimental arms and control arms. The primary and secondary endpoints included median PFS, median OS, the corresponding HR and 95% CIs, and the number of common AEs.



Statistical Analysis

We indirectly compared the median PFS and median OS between the placebo arms and the observation arms by using HR and 95% CIs in view of the Frequency Framework method. We calculated the corresponding HR and 95% CIs by combining the HR with the 95% CIs of all subgroups in view of the generic inverse of variance method with a fixed-effect model (31). The incidences of common AEs were calculated by IBM SPSS Statistics (version 20.0) using the number of patients with common AEs in the placebo arms and the total number of patients receiving placebo. Heterogeneity among the studies was evaluated by the inconsistency index (I2) value. If I2 ≥ 50% or P < 0.1, a random-effect model was used to reduce the heterogeneity and increase the reliability; if I2 < 50% or P > 0.1, a fixed-effect model was used. All statistical tests were two-sided, P < 0.05 was considered statistically significant (22). We used Review Manager (version 5.3, the Cochrane library) for the assessment of the risk of bias and R software (version 3.4.4, the R Foundation for Statistical Computing) for network meta-analyses.




Results


Study Selection and Characteristics

A total of 4,102 studies were retrieved through searching the electronic databases and other sources. Forty-one studies with 20,099 patients (experiment arms = 11,892; placebo arms = 4,787; observation arms = 3,420) that met the inclusion criteria were retained for comparison analysis. The PRISMA flow chart summarizing the process of evidence acquisition is shown in Figure 1. The flow chart mapped out the number of studies identified, screened, included, and excluded as well as the reasons for exclusions. The included studies were published between 2003 and 2020. The control arms of these RCTs consisted of 21 placebos (10 placebo maintenance after chemotherapy and 11 placebo through maintenance with and after chemotherapy) and 14 observations. Among 21 placebo studies (1, 5, 8, 9, 11, 12, 14, 15, 32–49), which all analyzed mature median PFS, 15 studies calculated the median OS, with 9 results being mature. There were 14 studies in the observation arms (6, 7, 13, 16–19, 50–57), all of which analyzed the mature median PFS and 13 studies analyzed the median OS, with 9 studies acquiring mature results. One study with secondary cytoreduction in the observation arms (57), one study with only a subgroup analysis (40), and one phase Ib/II study after extracting phase II data (8) were included in this meta-analysis. Except for one study (8), the other placebo arms with 2,665 patients all reported AEs in detail. The main characteristics and outcomes of the included RCTs are summarized in Table 1. Figure 2 shows the results about the assessment of the risk of bias in the included RCTs according to the Cochrane Collaboration Risk of Bias Assessment tool. The network plots of the direct comparisons in the maintenance therapy of OC for PFS and OS are displayed in Figures 3A, B.




Figure 1 | Preferred Reporting Items for Systematic Review and Meta-analysis flow chart of the study selection process.




Table 1 | Baseline characteristics of the included studies.






Figure 2 | Risk-of-bias graph. (A) Review authors’ judgments about each risk-of-bias item presented as percentages across all included studies. (B) Review of authors’ judgments about each risk-of-bias item for each included study.






Figure 3 | Network of treatment comparisons for overall efficacy. (A) Network plot of treatment comparisons of progression-free survival. (B) Network of treatment comparisons of overall survival. Directly comparable treatments are linked with a line, the thickness of which corresponds to the number of trials that assessed the comparison. AIs, angiogenesis inhibitors; PLA, placebo; TC, platinum plus paclitaxel; CT, chemotherapy; OBS, observation; PARP inhibitors, poly (ADP-ribose) polymerase inhibitors; IMM, immunotherapy; RAD, radiotherapy; SSM inhibitors, selective small-module inhibitors.





Progression-Free Survival

A total of 35 RCTs (4 RCTs: AIs with 1,058 patients; 10 RCTs: TC + AIs through with 3,990 patients; 1 RCT: TC + AIs current with 625 patients; 5 RCTs: PARPi with 1,566 patients; 2 RCTs: TC + PARPi through with 463 patients; 5 RCTs: immunotherapy with 890 patients; 1 RCT: TC + immunotherapy at 1.25 mg with 370 patients; 1 RCT: TC + immunotherapy at 2.5 mg with 366 patients; 6 RCTs: chemotherapy with 1,576 patients; 1 RCT: radiotherapy with 32 patients; 2 RCTs: TC + selective small-molecule inhibitor through with 117 patients; 21 RCTs: placebo with 4,606 patients; and 14 RCTs: observation with 3,420 patients) were included, which reported mature data on the PFS of OC patients with maintenance therapy. There was significant heterogeneity among RCTs (overall: I2 = 49.6%; P = 0.002), so the pooled HR was calculated by using a random-effect model. Except for placebo (HR, 1.02; 95% CI, 0.87–1.20; P = 0.81) and radiotherapy (HR, 0.59; 95% CI, 0.30–1.19; P = 0.13), other treatments significantly improved the PFS when compared with observation (all P <0.05) (Figure 4A). Compared with PARP inhibitors indirectly, PFS was significantly improved in AIs (HR, 0.61; 95% CI, 0.48–0.77; P < 0.001), chemotherapy (HR, 0.57; 95% CI, 0.44–0.75; P < 0.001), immunotherapy (HR, 0.59; 95% CI, 0.46–0.75; P < 0.001), chemotherapy combined with AIs recurrent (HR, 0.61; 95% CI, 0.45–0.83; P < 0.002), chemotherapy combined with AIs through (HR, 0.70; 95% CI, 0.58–0.84; P < 0.001), chemotherapy combined with immunotherapy at 1.25 mg (HR, 0.56; 95% CI, 0.40–0.79; P < 0.001), and chemotherapy combined with immunotherapy at 2.5 mg (HR, 0.64; 95% CI, 0.45–0.91; P = 0.012) (Figure 5).




Figure 4 | Forest plots. (A) Progression-free survival (PFS). (B) Overall survival. Hazard ratios and 95% confidence intervals (95% CIs) of each treatment versus observation in the maintenance therapy of ovarian cancer. Central dots represent medians; lines represent 95% CIs.






Figure 5 | Hazard ratios (HRs) and 95% confidence intervals (95% CIs) of efficacy among the maintenance therapies of ovarian cancer patients between progression-free survival (PFS, up) and overall survival (OS, down). Comparisons between treatments should be read from left to right, and the estimate is in the cell in common between the column-defining treatment and the row-defining treatment. For efficacy, HR lower than 1 and 95% CI not including 1 favor the row-defining treatment of PFS or the column-defining treatment of OS. To obtain the HRs for comparisons in the opposite direction, reciprocals should be taken. Significant results are in bold and underlined.





Overall Survival

Among 28 RCTs about median OS, 18 studies (3 RCTs: AIs with 935 patients; 7 RCTs: TC+AIs through with 2,861 patients; 1 RCT: TC + AIs recurrent with 625 patients; 1 RCT: PARPi with 136 patients; 1 RCT: TC + PARPi through with 81 patients; 1 RCT: immunotherapy with 149 patients; 1 RCT: TC + immunotherapy at 1.25 mg with 370 patients; 1 RCT: TC + immunotherapy at 2.5 mg with 366 patients; 3 RCTs: chemotherapy with 1,381 patients; 1 RCT: TC + selective small-molecule inhibitor through with 58 patients; 9 RCTs: placebo with 2,375 patients; 9 RCTs: observation with 3,159 patients) reported mature data on OS of OC patients with maintenance therapy. No significant heterogeneity existed in RCTs (overall: I2 = 0%; P = 0.73), so the pooled HR was calculated by using a fixed-effect model. Except for placebo (HR, 1.02; 95% CI, 0.89–1.16; P = 0.76), other treatments significantly improved OS when compared with observation (all P <0.05) (Figure 4B). Compared with PARP inhibitors indirectly, OS was significantly improved in chemotherapy combined with AIs recurrent (HR, 0.72; 95% CI, 0.53–0.98; P = 0.036) (Figure 5).



AEs

Considering the accuracy of the results, we only analyzed the toxicity profiles of placebo maintenance therapy after completing chemotherapy to avoid its effect. Results regarding the patients’ all grades and grade ≥ 3 toxicity profiles were pooled for only 10 placebo maintenance therapy in all included studies. Except for a study with grade ≥ 3 toxicity profiles (45), other RCTs reported all grades and grade ≥ 3 toxicity profiles in detail. Toxicity profiles were classified into total toxicity, hematological toxicities, gastrointestinal toxicities, and other toxicities. In all, 5 studies (9, 14, 41, 42, 46) with 954 patients reported the number of all grades AEs (897 patients) and 6 studies (9, 14, 41, 42, 45, 46) with 994 patients reported the number of grade ≥ 3 AEs (201 patients); the incidences of all grades AEs and grade ≥ 3 AEs were 94.03% (95% CI, 92.53%–95.53%) and 20.22% (95% CI, 17.72%–22.72%), respectively (Table 2).


Table 2 | Overall incidences (%) and 95% confidence intervals of common adverse events in patients with placebo maintenance.





Hematological Toxicities

We assessed three common hematological toxicities, including anemia, neutropenia, and thrombocytopenia, in this meta-analysis. The incidences of all grades and grade ≥ 3 toxicities were 9.65% (95% CI, 7.65%–11.65%) and 1.21% (95% CI, 0.38%–2.04%) in anemia, 6.38% (95% CI, 5.05%–7.71%) and 1.54% (95% CI, 0.87%–2.21%) in neutropenia, and 3.07% (95% CI, 2.08%–4.06%) and 0.68% (95% CI, 0.18%–1.18%) in thrombocytopenia, respectively (Table 2).



Gastrointestinal Toxicities

We also assessed several common gastrointestinal toxicities, such as nausea, abdominal pain, constipation, diarrhea, and vomiting. The incidences of all grades and grade ≥ 3 gastrointestinal toxicities were 26.38% (95% CI, 24.01%–28.75%) and 1.04% (95% CI, 0.13%–1.95%) in nausea, 24.34% (95% CI, 22.31%–26.37%) and 1.44% (95% CI, 0.83%–2.05%) in abdominal pain, 18.92% (95% CI, 16.44%–21.4%) and 2.65% (95% CI, 1.03%–4.27%) in constipation, 16.65% (95% CI, 14.79%–18.51%) and 1.62% (95% CI, 0.83%–2.41%) in diarrhea, and 14.55% (95% CI, 12.32%–16.78%) and 0.91% (95% CI, 0.28%–1.54%) in vomiting, respectively (Table 2).



Other Toxicities

Other toxicities like fatigue, hypertension, headache, insomnia, and dizziness were also analyzed in this meta-analysis. The incidences of all grades and grade ≥ 3 toxicities were 29.75% (95% CI, 27.63%–31.87%) and 1.19% (95% CI, 0.63%–1.75%) in fatigue, 13.89% (95% CI, 11.44%–16.34%) and 4.06% (95% CI, 2.66%–5.46%) in hypertension, 13.14% (95% CI, 11.57%–14.71%) and 0.64% (95% CI, 0.08%–1.2%) in headache, 10.29% (95% CI, 7.88%–12.7%) and 0.41% [95% CI, (-0.39%)-1.21%] in insomnia, and 7.06% (95% CI, 5.0%–9.12%) and 0.53% [95% CI, (-0.51%)-1.57%] in dizziness successively (Table 2).




Discussion

Lots of meta-analyses about experimental drugs were performed to estimate the effect on survival. Ours was the first one concentrating on RCTs to assess the placebo effect of maintenance therapy in primary and recurrent OC settings. In this meta-analysis, we proved no statistically significant differences in the survival, whether PFS or OS, of OC patients between placebo and observation (all P > 0.05). Until now, no research has focused on this point. The National Comprehensive Cancer Network Guideline believes that participating in clinical trials for any cancer patients is the best management, which is positively encouraged (the corresponding website: nccn.org/clinical trials/member_institutions.aspx.). The ratios of the amount of participants between the experimental and the control arms of the included RCTs were 2:1 (9, 14, 36, 40, 42, 46, 48), 1:1 (1, 5–8, 11–13, 16–19, 32, 34, 38, 39, 41, 43–45, 50–53, 55–57, 58), or 1:1:1 (15, 35, 37, 49, 54). That implied that the participants had the opportunity of 1/3 or 1/2 to take placebo, but our results proved that it did not have an effect on survival. Therefore, it is safe to be ignored when designing patients’ composition in RCTs.

However, placebo produced some AEs—the incidences of all grades and grade ≥ 3 were 94.03% (95% CI, 92.53%–95.53%) and 20.22% (95% CI, 17.72%–22.72%), respectively, which were higher than those of the observation arms and the study of Matías Rodrigo Chacón et al. (85.1% in all grades and 18% in grade ≥ 3) (59). The reason of the difference was that our study only included OC patients, while the study of Matías Rodrigo Chacón et al. contained cases of melanoma, non-small cell lung cancer, gastrointestinal stromal tumor, and renal cell carcinoma. SOLO2 (42), focusing on OC, reported the incidences of placebo-related AEs as 94.95% in all grades and 18.18% in grade ≥ 3, which was similar to our results. Fatigue was the most common AEs, followed by gastrointestinal toxicities. A. Hrobjartsson et al. suggested that subjective symptoms, such as pain and anxiety, were affected more easily by placebo effect than objective measures like blood pressure (20). Julia W. Haas et al. found that patients with irritable bowel syndrome in a double-blind placebo experiment possessed more enthusiasm. However, those in an open-label placebo research were contradicted and thought that the improvement of symptoms rarely came from the treatment itself but that it was more like a psychological function (25).

The results compared with PARP inhibitors in this study were different from the study of Feng et al. (60), the only meta-analysis comparing PARP inhibitors, AIs, and chemotherapy, and showed that PARP inhibitors were superior to AIs and chemotherapy. We considered the following several reasons: (1) our study only included platinum-sensitive OC patients, while Feng’s study included those cases which are platinum-sensitive and platinum-resistant; (2) comprehensive maintenance therapy models were illustrated in this meta-analysis, and the trials’ numbers of immunotherapy were obviously less than those of other treatments, which might affect the weight of data; and (3) Feng’s study merged placebo and observation into one arm, but some results continued to be debatable in the maintenance therapy of RCTs with OC—for example, immunotherapy did not improve the patients’ survival, but PARP inhibitors did so, while in this indirect meta-analysis immunotherapy was prior to PARP inhibitors. We considered that sample sizes and the weight of data produced conflicting results. In the future, a large number of direct comparative clinical trials are needed to confirm the relation between immunotherapy and PARP inhibitors.

Several highlights existed in this meta-analysis, which are as follows: firstly, it was conducted according to PRISMA and included all well-designed and high-quality phase II or phase III RCTs to reduce the risk of bias among trials and increase the reliability of the results. Secondly, it included comprehensive models of maintenance treatment of OC, such as chemotherapy, AIs, PARP inhibitors, immunotherapy, and SSM inhibitors. Thirdly, network meta-analysis was used to indirectly compare the efficacy between placebo and observation and among experimental drugs due to no direct RCTs. Lastly, it firstly stated the incidences of AEs produced by placebo tablets in RCTs with OC and was not only limited to the fatigue in advanced cancer patients (28).

Some limitations were stated in our meta-analysis. First, performing a stratified pooled analysis to reduce the risk of bias among clinical trials according to disease setting (primary vs. recurrent OC) was difficult because of the limited clinical trials. Different endpoints existed in the studies, and the number of clinical trials of all kinds of maintenance therapies was less than 10. Second, the data used were based on the clinical trial level rather than the individual patient; data on survival and AEs were not assessed accurately or incorporated into the analysis due to lacking original data which were not available, which were supposed to be more sensitive for toxicity analysis. Third, we only evaluated the incidences of AEs in placebo arms without combination with chemotherapy, which could not better represent all patients included in the RCTs. Lastly, we did not calculate the relative risk ratio of AEs between placebo and observation due to insufficient data on AEs about observation.



Conclusions

This network meta-analysis indicated that the maintenance therapy of OC improved PFS and partial OS benefits. Compared with observation, placebo did not improve or reduce the PFS or OS benefits, but it increased the incidences of AEs in OC patients. In the future, more clinical trials should be designed to directly confirm the placebo effect.
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Background

Numerous studies support that Human papillomavirus (HPV) can cause cervical cancer. However, few studies have surveyed the heterogeneity of HPV infected or uninfected (HPV+ and HPV-) cervical cancer (CESC) patients. Integration of scRNA-seq and TCGA data to analyze the heterogeneity of HPV+ and HPV- cervical cancer patients on a single-cell level could improve understanding of the cellular mechanisms during HPV-induced cervical cancer.



Methods

CESC scRNA-seq data obtained from the Gene Expression Omnibus (GEO) database and the Seurat, Monocle3 package were used for scRNA-seq data analysis. The ESTIMATE package was used for single-sample gene immune score, CIBERSORT package was used to identify immune scores of cells, and the “WGCNA” package for the weighted correlation network analysis. Univariate Cox and LASSO regression were performed to establish survival and relapse signatures. KEGG and GO analyses were performed for the signature gene. Gene Expression Profiling Interactive Analysis was used for Pan-cancer analysis.



Results

In the HPV+ CESC group, CD8+ T cells and B cells were down-regulated, whereas T reg cells, CD4+ T cells, and epithelial cells were up-regulated according to scRNA-seq data. Survival analysis of TCGA-CESC revealed that increased expression of naive B cells or CD8+ T cells favors the survival probability of CESC patients. WGCNA, univariate Cox, and LASSO Cox regression established a 9-genes survival signature and a 7-gene relapse model. Pan-cancer analysis identified IKZF3, FOXP3, and JAK3 had a similar distribution and effects in HPV-associated HNSC.



Conclusion

Analysis of scRNA-seq and bulk RNA-seq of HPV+ and HPV- CESC samples revealed heterogeneity from transcriptional state to immune infiltration. Survival and relapse models were adjusted according to the heterogeneity of HPV+ and HPV- CESC immune cells to assess the prognostic risk accurately. Hub genes represent similar protection in HPV- associated HNSC while showing irrelevant to other potential HPV-related cancers.





Keywords: cervical cancer, HPV - human papillomavirus, scRNA seq, immune cells (ICs), gene signature, prognosis, carcinoma



Introduction

In 2020, the World Health Organization (WHO) reported 604,127 new cases of cervical cancer (CESC) and 341,831 CESC-related casualties (1). Seventy percent of patients of the CESC and CESC-related deaths were Human papillomavirus (HPV) type 16 and 18 positive (2). The HPV, a non-enveloped double-stranded DNA virus, is a well-studied transmitter of sexual infections worldwide (1). Many HPV infections have no symptoms, and 90% resolve spontaneously within two years (2). However, in some cases (3), HPV infections could result in warts or precancerous lesions, which increase the risk of cancer, including vulva, vagina, penis, and anus (4).

Single-cell RNA sequencing (scRNA-seq) is a technique used to define the global gene expression profile of a single cell utilizing optimized next-generation sequencing. This allows the exploration of previously hidden heterogeneity in a cell population (5). In previous studies, scRNA-seq was the technique of choice for investigating cancer and adjacent normal tissues. In Li`s study (6), scRNA-seq was performed to compare the expression differences between CESC-derived endothelial cells and normal endothelial cells revealing marker genes associated with cancer endothelial cells. In comparison with scRNA-seq, the advantage of The Cancer Genome Atlas (TCGA) data lies within the ability to integrate RNA samples and clinical information on a larger scale, which enables consecutive analysis of the clinical significance of genes. Bezzecchi et al. used TCGA RNA-seq to analyze the HPV+ and HPV- Neck squamous cell carcinoma (HNSC) revealing that the overexpression of histone fold domain subunits and NF-YAs is counteracting cancer progression in HPV+ patients (7).

We hypothesized that HPV has an effect at multiple levels. Hence, we aim to reveal the heterogeneity from transcriptional to immune infiltration between HPV+ and HPV- samples by scRNA-seq as well as bulk RNA sequencing. Then, we try to link the survival and relapse with genes based on the difference between HPV+ and HPV- samples. Further, we analyzed the role of hub genes in other potential HPV- associated cancers to know whether HPV infections have a consistent effect on different cancers.



Methods


Data Collection and Processing

Single-cell RNA sequencing data of cervical cancer with HPV+ and HPV- (GSM5236544, GSM5236545, GSM5236546, GSM5236547) were downloaded from Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/). Single-cell RNA sequencing data of HNSCC with HPV+ and HPV- (GSE139324) were downloaded from Gene Expression Omnibus (GEO) database Transcriptome profiling data and the corresponding clinical data were collected from GSE GEO database (GSE142583, GSE6791, GSE181805, GSE190224) and TCGA-CESC via the Sangerbox tools, a free online platform for data analysis (http://www.sangerbox.com/tool).



Single-Cell RNA Processing

The Seurat package was used to explore the transcriptional heterogeneity of cells within the HPV+ and HPV- tumor microenvironment for integration, pre-process, batch effect reduction, and non-linear dimension reduction of the datasets (8). The FindCluster () function was used to cluster cells. The Findmarkers () function was used to get marker genes in the clusters. SingleR was used to annotate cells automatically. The pseudotime trajectory analysis was performed using the Monocle3 package with default settings (9).



Immune Estimate

The immune score was estimated using ESTIMATE (Estimation of Stromal and Immune cells in Malignant Tumors using Expression data) (10). Immune cell proportions in the HPV+ and HPV- samples were analyzed utilizing cell type identification by calculating relative subsets of RNA transcripts (CIBERSORT) (11).



DeRNA and WGCNA

Differentially expressed RNA (DeRNA) among HPV+ and HPV- groups were screened out through Linear Models for Microarray Analysis (limma) package in R software (12). The cutoff values of screening were |fold change (FC)| >1.2 and p < 0.05. The “WGCNA” package was used for the weighted correlation network analysis (WGCNA) (13).



Molecular Risk Model Construction

The survival package’s coxph () function was used to fit the Cox risk regression, and a p-value of 0.05 was considered survival/relapse related (14). The least absolute shrinkage and selection operator (LASSO) method is a compression estimation that creates a more refined model by generating a penalty function, compressing certain coefficients while simultaneously setting some values to zero. As a result, the benefit of subset shrinking is preserved. A biased estimation for multicollinear data processing allows for selecting variables when estimating parameters, allowing for a better solution to the multicollinearity problem in regression analysis. We utilized the glmnet package for analysis, and for model construction, we used 10-fold cross-validation and LASSO Cox regression (15).



Functional Enrichment Analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed to identify biological processes and pathways that were most related to hub genes with p < 0.05 as cutoff value (http://www.sangerbox.com/tool).



HPV-Associated Pan Cancer Analysis

Gene Expression Profiling Interactive Analysis 2021 (GEPIA2021), a web-based tool, analyzed the hub genes expressions and overall survival in HPV-associated cancers (16). ScRNA-seq and RNA expression profiling of HPV+ and HPV- HNSCC were analyzed like 2.1 and 2.4.




Result


Data Integration and scRNA-Seq Data Analysis

Patients’ information was summarized from the corresponding clinical data in 46 samples with known HPV states (Table 1). Overall, the CESC patients in the HPV- group tended to be younger and more likely to have a lower tumor grade, but this is not significant (P=0.81) due to a massive number of high-grade patients in TCGA-CESC were excluded with incomplete HPV state.


Table 1 | HPV+ and HPV- CESC patient information. The tumor stages and age information of HPV+ and HPV- CESC patients.



In the scRNA analysis, 19 clusters were obtained by their gene expression patterns (11,899 marker genes) (Figures 1A–C). The annotation of cells by SingleR (Figure 2A) resulted in nine main immune cell type clusters based on their expression of immune cell markers. Based on the different abundance of marker genes expression in scRNA sequencing (Figures 2B, C), the dimension by UMAP and tSNE revealed reduced CD8+ T cell and B cell clusters, while an increase in Treg -, CD4+ T -, and epithelial cell clusters was observed within HPV+ CESC patients. Pseudotime trajectory analysis highlighted the heterogeneity of immune cell development between HPV+ and HPV- CESC patients (Figures 2D, E).




Figure 1 | The dimension reduction of CESC scRNA-seq. (A) Separate clusters according to UAMP. (B) Separate clusters according to tSNE. (C) Top five marker genes of each cluster.






Figure 2 | The heterogeneity in HPV+ and HPV- CESC scRNA-seq. (A) Cell type annotation of HPV+ and HPV- group. (B) Top marker genes of CD8+T, CD4+T, and B cells in HPV- group. (C) Top marker genes of CD8+T, CD4+T, and B cells in HPV+ group. (D) Pseudotime and trajectory analysis of HPV- group. (E) Pseudotime and trajectory analysis of HPV+ group.





Immune Cell Analysis

The advantage of large-scale integration of paired clinical information in TCGA-CESE transcriptional RNA data allowed the analysis of immune signatures between HPV+ and HPV- CESC groups by using the ESTIMATE algorithm with TCGA RNA data input (Figure 3A). CIBERSORT enabled the estimation of the CESC patients’ immune cell status (22 immune cell types) based on TCGA-CESE RNA count data (Figure 3B).




Figure 3 | Character of immune infiltration. (A) Stromal score, Immune Score and Estimate Score of HPV+ AND HPV- group. (B) Bar charts of 22 immune cell proportions in CESC TCGA RNA-seq. (C) KM curves of different expression Naive B cell. (D) KM curves of different expression CD8+ T cell.



The performance of a survival analysis considering the immune status of the CESC patients revealed a low survival probability for patients with a smaller abundance of CD8+ T cells and naive B cells (Figures 3C, D). CD8+ T cells and naive B cells immune clusters were chosen as targets for subsequent analysis. Other immune cell clusters were excluded from subsequent analysis due to either not having significant expression between HPV+ and HPV- group or showed no statistical influence on the survival probability of CESC patients (Supplementary Figure 1). Genes in the cluster of epithelial cells were also excluded due to not being represented within the immune cell status (22 immune cells).



Differentially Expressed RNA and WGCNA Analysis

Since both the HPV+ and the HPV- group consists of CESC patients, the identification of DERNAs is aggravated. In contrast, the comparison of cancer and non-cancer groups allows a much simpler statistical analysis. To access the DERNAs between the HPV+ and HPV- CESC patients, an adjusted fold-change (1.2-fold change) and a standard p-value (<0.05) were set (Figure 4A) resulting in the identification of 6317 DERNAs. After creating a matrix containing the identified DERNAs, a WGCNA analysis (soft threshold = 5) was performed. The construction of a scale-free co-expression network enabled the identification of gene features related to CD8+ T cells and naive B cells. In total, 11 modules were generated (Figure 4B), of which the red had the highest correlation with the CD8+T score (r=0.46, P=2.8e−17, Figure 4C), and the black had the highest correlation with the naive B cells score (r=0.37, P=1.8e−11, Figure 4C). The results show that the important elements of the red module and black module represent CD8+ T cells and naive B cells respectively, finally obtaining 249 hub genes (MM>0.8 and GS>0.1 from the two modules.




Figure 4 | WGCNA analysis for DeRNA. (A) Volcano plot of DeRNA. (B) Clustering results of minded modules in DeRNA dataset. (C) The correlation between different modules and the proportions of 22 immune cells.





Genetic Risk Model

Univariate Cox (proportional hazards model) proportional risk models were taken to analyze the hub genes, which related to CD8+ T cells, Naive B cells, and differently expressed between HPV+ and HPV- CESC. Two hundred genes were significantly associated with overall survival (log-rank test p<0.05, Figure 5A). In the survival univariate Cox proportional risk models, 39 genes (HR>1) were recognized as increased in hazard, 161 genes (HR<1) were recognized as reduction in hazard. Then, LASSO regression was used to solve the multicollinearity problem and minimize the number of genes in the risk model, as shown in Figure 5B LASSO Cox regression analysis, and each independent variable’s change trajectory. Next, internal 10-fold cross-validation was performed after LASSO-cox regression to get a superior model (Figure 5C), When lambda = 0.0285755570440733, the model is optimum, and nine genes (IKZF3, APOBEC3H, JAK3, CLECL1, FOXP3, CD6, CLEC2D, LINC00158, PILRA) were chosen to build a survival risk model. The final 9-gene signature is as follows:




Figure 5 | Construction of the Cox and LASSO Cox model. (A) Top nine survival-related genes in Cox model. (B) The trajectory of each independent variable in the survival-related model: the horizontal axis represents the log2 value of the independent variable lambda, and the vertical axis represents the coefficient of the independent variable. (C) The confidence interval under each lambda in the survival-related model. (D) Top9 relapse-related genes in Cox model. (E) The trajectory of each independent variable in the relapse-related model: the horizontal axis represents the log2 value of the independent variable lambda, and the vertical axis represents the coefficient of the independent variable. (F) The confidence interval under each lambda in the relapse-related model.



RiskScore = –0.110045311944626 ∗ IKZF3 – 0.180200464406653 ∗ APOBEC3H – 0.009738330408125074 ∗ JAK3 – 0.100574502555081 ∗ CLECL1 – 0.0109656212011594 ∗FOXP3 – 0.00569462037861635 ∗ CD6 – 0.00590561916507251 ∗ CLEC2D – 0.279175668959309 ∗ LINC00158 – 0.00677990623712316 ∗ PILRA

Due to nine genes in the survival risk model having a negative coefficient, these genes could be considered as favorable, the higher these genes expression, the lower RiskScore will be calculated. The TCGA-CESC samples with corresponding survival state and survival time were classified as high or low risk with median standardization. The results of the KM (Kaplan–Meier estimator) curves revealed significant differences between the low- and high-risk groups (p=4.0e-5, Figure 5D). As shown in (Figure 5E), the TCGA-CESE data of the individual patients was assigned to low RiskScore or high RiskScore groups using the median RiskScore. The survival probability of patients with an elevated expression of IKZF3, APOBEC3H, JAK3, CLECL1, FOXP3, CD6, CLEC2D, LINC00158, and PILRA was increased. In addition, the application of receiver operating characteristic (ROC) curves verified the sensitivity and specificity of the overall survival model (Figure 5F). For the 1-, 3-, and 5-year prognoses, the present risk model predicted AUC values of 0.74, 0.68, and 0.71, respectively. This supported the accurate prediction of CESC patients’ overall survival by the model.

The same method was performed again to get a relapse model. One hundred thirty-nine genes were significantly associated (log-rank test p<0.05, Figure 6A) with relapse, 54 genes increased in hazard (HR>1) while 85 genes reduced in hazard (HR<1). The relapse model is optimal when lambda = 0.0283647620242562, seven genes (ARHGAP30, DOK2, ICOS, JAK3, FOXP3, IKZF3, HEATR9) were chosen to construct a relapse risk model (Figures 6B, C). The final 7-gene signature is as follows:




Figure 6 | Verification of the prognostic risk models. (A) KM curves of different RiskScore in the survival-related model. (B) RiskScore and survival time with survival status profile and expression levels of the nine gene signatures. (C) ROC curve validation for survival-related model. (D) KM curves of different RiskScore in the relapse-related model. (E) RiskScore and relapse time with relapse status profile and expression levels of the seven gene signatures. (F) ROC curve validation for relapse-related model.



RiskScore = –0.0210123392211442 ∗ ARHGAP30 – 0.0139776933948472 ∗ DOK2 – 0.0654058831289185 ∗ ICOS – 0.00439045899467425 ∗ JAK3 – 0.0303215128344747 ∗ FOXP3 – 0.0203955365226131 ∗ IKZF3 – 1.57542330970538 ∗ HEATR9

An equal approach was used for the 7-gene relapse model utilizing the same models as for the survival model. A significantly higher relapse probability of the high RiskScore group was observed than in the low RiskScore group (Figure 6D, p=0.01). The relapse probability of patients with a reduced expression of ARHGAP30, DOK2, ICOS, JAK3, FOXP3, IKZF3, and HEATR9 was increased identifying the down-regulation of these genes as potential risk factor of relapse (Figure 6E). AUC values of 0.76 (1-year relapse), 0.70 (3-year relapse), and 0.74 (5-year relapse) obtained from the ROC curves support the high accuracy of the model in predicting CESC patients’ relapse (Figure 6F).



Gene Set Enrichment Analysis

To access the non-immunological function of the hub genes, which showed highest correlation to the CD8+ T cells or B cells according to WGCNA analysis, GO functional and KEGG pathway analysis were performed. The outcome was that genes relevant in the survival risk model and relapse risk model were predominantly enriched in biological processes associated with immunological function, while the influence on non-immunological processes could be neglected (Figures 7A–C). Due to the small number of genes in the relapse risk model, no hits in the KEGG pathway analysis were obtained.




Figure 7 | Gene set enrichment analysis of the genes in the prognostic risk models. (A) GO enrichment in the survival-related model. (B) KEGG pathways in survival-related model. (C) GO enrichment in the relapse-related model.





HPV-Associated Pan Cancer Analysis

Since HPV infection is suspected to contribute to the emergence of other cancer types (Bladder Urothelial Carcinoma (BLCA), HNSC, Colon adenocarcinoma (COAD), Prostate Adenocarcinoma (PRAD)), an HPV-associated pan cancer analysis of IKZF3, FOXP3, and JAK3 was performed. Since these genes were represented in both risk models (survival and relapse), their potential impact on cancerogenesis was estimated higher than for genes appearing in only one model. The expressions of genes are shown in Figure 8A.




Figure 8 | Expression levels and survival analysis in HPV-associated cancers. (A) IKZF3, FOXP3, and JAK3 expression levels in BLCA, HNSC, PRAD, and COAD. (B) Survival analysis between high-IKZF3 and low-IKZF3 groups in BLCA. (C) Survival analysis between high-IKZF3 and low-IKZF3 groups in HNSC. (D) Survival analysis between high-IKZF3 and low-IKZF3 groups in COAD. (E) Survival analysis between high-IKZF3 and low-IKZF3 groups in PRAD. (F) Survival analysis between high-FOXP3 and low-FOXP3 groups in BLCA. (G) Survival analysis between high-FOXP3 and low-FOXP3 groups in PRAD. (H) Survival analysis between high-FOXP3 and low-FOXP3 groups in COAD. (I) Survival analysis between high-FOXP3 and low-FOXP3 groups in HNSC. (J) Survival analysis between high-JAK3 and low-JAK3 groups in HNSC. (K) Survival analysis between high-JAK3 and low-JAK3 groups in COAD. (L) Survival analysis between high-JAK3 and low-JAK3 groups in PRAD. (M) Survival analysis between high-JAK3 and low-JAK3 groups in BLCA. (N) Expressions of FOXP3, IKZF3, JAK3 in scRNA-seq HPV- HNSC. (O) Expressions of FOXP3, IKZF3, JAK3 expression in scRNA-seq HPV+ HNSC. (P) Quantification of FOXP3, IKZF3, JAK3 in bulk RNA-seq HPV+ and HPV- HNSC.



The survival analysis of IKZF3 showed that IKZF3 is favorable in BLCA (Figure 8B) and HNSC (Figure 8C). No influence of IKZF3 on the survival probability was observed in COAD (Figure 8D) and PRAD (Figure 8E).

Differential expressions of FOXP3 showed no significant impact on BLCA (Figure 8F), PRAD (Figure 8G), and COAD (Figure 8H), while high expression of FOXP3 was associated with a higher percentage of survival in HNSC (Figure 8I).

HNSC patients with high expression of JAK3 tend to have more prolonged survival (Figure 8J), and there is no significant impact of JAK3 expressions on COAD (Figure 8K), PRAD (Figure 8L), and BLCA (Figure 8M).

In the scRNA analysis of HPV+ and HPV- HNSCC, the hub genes show a similar tendency as they do in HPV+ and HPV- CESC (Figures 8N, O). An intuitive difference could be overserved via the quantification of expression profiling by high throughput sequencing (Figure 8P).




Discussion

Although it has been widely confirmed that HPV-associated lesions pose a higher risk to become malignant (4), there are few studies comparing immune cell infiltration, gene expression, and tumor heterogeneity between HPV+ and HPV- tumors. The current research shows that single-cell transcriptomics are a powerful tool to explore heterogeneity of HPV+ and HPV- tumors, which facilitates assessing the impact of HPV infection on cancer biology by identifying gene markers for diagnosis, prognosis, and therapy.

We assume that HPV affects the host from transcriptional state to immune infiltration. Therefore, we analyzed the transcriptional differences between HPV+ and HPV- samples by scRNA-seq as well as bulk RNA sequencing. Based on the differences in gene expression, we found that HPV+ samples showed CD8+ T cells and B cells were down-regulated while T reg cells, CD4+ T cells and epithelial cells were up-regulated in HPV+ CESC patients. The analysis of scRNA-seq is consistent with a previous study about immunologic treatments for CESC (17), HPV clearance in basal epithelial cells requires the activation of adaptive immunity and the formation of helper T cells that enable the development of CD8+ cytotoxic T cells against viral early proteins. In addition, T helper cells also support optimal activation of B cells, which can protect against subsequent infections at mucosal and systemic levels.

After learning that there was an immune infiltration difference between HPV+ and HPV- samples, we performed tumor immune infiltration of bulk RNA sequencing samples with survival information by CIBERSORT and found significantly longer survival for samples infiltrated with CD8+ cells and B cells. Therefore, WGCNA analysis was used to screen for differential genes (including low immune cell specificity genes) with the highest correlation to CD8+ cells and B cells and used for subsequent construction of survival and relapse models. Finally, we identified JAK3, FOXP3, and IKZF3, three genes with reduced expression in the HPV+ group, as protective factors for survival and relapse. The lower expression of these three, the higher the RiskScore in the model, which means a higher risk of death and recurrence.

The higher expression of three hub genes shows a higher percentage of survival in HNSC, which is consistent with our analyzed difference between HPV+ and HPV- HNSC samples. However, this result could not be observed in other potential HPV-associated cancers, only IKZF3 was found to be favorable in BLCA. As Jørgensen KR and Jensen JB found out, most studies fail to prove clear-cut relevance of HPV in BLCA irrespectively of histological subtype (18). No hub genes could associate expression level with survival state in COAD and PRAD. As KHOURY et al. mentioned (19), no HPV transcripts were detected in prostate and colon adenocarcinomas via RNA-Seq data. For this result, we concluded that hub genes are affected by HPV+ and that high expression of hub genes in non-HPV-infected tumors is not protective.

The functions of FOXP3, JAK3, and IKZF3 are widely researched in the field of tumor immunology. As the most specific and reliable biomarker of T reg cells, the studies of FOXP3 are conflicted. The infiltration of tumors with FOXP3+ Tregs was considered unfavorable for patient survival in many types of cancer. However, more recent work has described Helios as a new marker of Tregs. Tregs only have an immunosuppressive function when both FOXP3 and Helios are expressed (20). In the study of HPV+ tonsillar squamous cell carcinoma (20, 21), FOXP3 is a favorable prognostic factor. In addition, The Foxp3 gene was recognized as an immunological regulator, suppressing oncogenes while activating tumor suppressor genes (22). Decreased FOXP3 expression would impair FOXP3-mediated oncogene repression and tumor suppressor activation (23, 24). JAK3 is a tyrosine kinase that belongs to the Janus family of kinases, most commonly expressed in T cells and NK cells (25). Laffort et al. found that patients with HPV disease had severe combined immune deficiency associated with JAK3 deficiency. In addition, JAK3 mutations were identified in HPV+ Squamous Cell Carcinomas of the Oropharynx (OPSCC) (26) and Cervical Precancers (27). The production of IKZF3 is a transcription factor that is important in regulating B lymphocyte proliferation and differentiation and has been described as a target of HPV integration (28). In the study of OPSCC, IKZF3 RNA was detected in HPV+ cell lines, and regardless of tumor cell expression pattern, the immune cell infiltration was significantly positive for IKZF3. In this study, IKZF3 had a HR of 0.38, which indicated IKZF3 is protective (29). For the first time, we proposed two signatures based on the heterogeneity of CESC, which may be applied for survival and relapse, and provided potential immunotherapy targets. However, we did not explore the mechanism of genes in two signatures. Future efforts should focus on using many samples to verify the model’s accuracy and explore the molecular mechanism of the signature genes, providing experimental evidence for application to risk prediction and treatment in HPV- associated Cancers.

In conclusion, analysis of scRNA-seq and bulk RNA-seq of HPV+ and HPV- CESC samples revealed heterogeneity from transcriptional state to immune infiltration. Based on the difference, we found prognosis-related genes where expression was affected by HPV+. The LASSO Cox regression analysis of these genes constructed survival and recurrence models. IKZF3, FOXP3, and JAK3 represented in both risk models had the similar distribution and protective effects in HPV-associated HNSC, which means the expression of the hub genes are affected by HPV+.
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Background

Evidence suggests that the risk of recurrence and death in patients with early cervical cancer (ECC) undergoing minimally invasive surgery is significantly higher than that in patients undergoing open surgery. However, the mechanisms underlying such a difference remain unclear. Heart rate variability (HRV) represents autonomic nerve activity, which is related to tumorgenesis and can be used as a prognostic indicator for various cancers. The main purpose of this study was to explore the difference in the effects of laparoscopic and open surgery on HRV in ECC patients.



Methods

A total of 68 ECC (FIGO IA1 with lymphovascular space invasion -IIA2) patients undergoing radical hysterectomy for the first time (84% open group vs. 16% laparoscopic group) were included. A single-lead micro-ECG recorder was used to collect 5 min electrocardiograms 1 day before the operation and 3 days after the operation, and then HRV time domain and frequency domain indices were analyzed, including mean heart rate (MeanHR), maximum heart rate (MaxHR), minimum heart rate (MinHR), the standard deviation of all normal-to-normal intervals (SDNN), the root mean square of successive interval differences (RMSSD), very low-frequency power (VLF), low-frequency power (LF), high-frequency power (HF), total power (TP), and the ratio of LF to HF (LF/HF).



Results

Heart rate (i.e., MeanHR, MaxHR, and MinHR) were significantly higher, and HRV (i.e., SDNN, RMSSD, LF, HF, and TP) were significantly lower after the operation than before the operation in both the laparoscopic and open groups (P < 0.05). The postoperative reduction in RMSSD and HF was significantly higher in the laparoscopic group than in the open group (P < 0.05).



Conclusions

These data suggest that radical hysterectomy can lead to increased heart rate and decreased HRV in patients with ECC, which can negatively affect cardiac autonomic regulation. Compared with open surgery, laparoscopic surgery has a greater negative impact on the HRV of ECC patients.





Keywords: early cervical cancer, autonomic nerve, heart rate variability, laparoscopic surgery, open surgery



Introduction

Cervical cancer (CC) is one of the most common malignant tumors in gynecology, and its morbidity and mortality rank fourth in females worldwide (1). According to the guidelines of the National Comprehensive Cancer Network and the European Society of Gynecological Oncology, radical hysterectomy (laparoscopic surgery or open surgery) is the standard treatment for early cervical cancer (ECC) patients (International Federation of Gynecology and Obstetrics (FIGO) IA-IIA) (2). After surgical treatment, the primary tumor of most ECC patients is removed, which can minimize the tumor load, achieve a better curative effect, and prolong the survival time (3, 4).

Some retrospective studies have shown that no significant differences in the recurrence rate and survival rate have been observed between minimally invasive surgery and open surgery in patients with ECC and locally advanced stage (5–8). In addition, compared with open surgery, laparoscopic surgery has certain advantages, such as less intraoperative blood loss, a lower wound infection rate, a shorter hospital stay and fewer postoperative complications (9–11). Nevertheless, the findings reported in these studies have been questioned due to small sample sizes, short follow-up durations, and a lack of adjustment for potential confounding factors (12). A recent multicenter prospective randomized controlled trial on laparoscopic treatment of ECC demonstrated that compared with open surgery, laparoscopic surgery for ECC patients has a lower disease-free survival rate and overall survival rate and a higher local recurrence rate and mortality rate (13). Additionally, Melamed et al. used the US national database (the National Cancer Database and the Surveillance, Epidemiology, and End Results (SEER) 18-registry database) to compare the survival differences of CC patients undergoing different surgeries. The results showed that during the median follow-up period of 45 months, the 4-year mortality was 9.1% among patients who underwent laparoscopic surgery and 5.3% among those who underwent open surgery (14). Since then, experts have agreed that laparoscopic surgery should no longer be advocated (15). However, the relevant mechanisms leading to this difference remain unknown.

The systemic stress response caused by surgical trauma can affect the autonomic nervous system (ANS) (16). Autonomic disorders not only increase the incidence of postoperative cardiovascular complications but also promote the growth and spread of tumor cells (17–19). Other studies also observed that certain associations between ANS function and disease recurrence and prognosis. In a large epidemiological study, patients with gastric ulcers who underwent vagotomy showed an increased incidence of colonic polyps during long-term follow-up (20). Erin et al. found that inhibition of vagus nerve can increase tumor metastasis in mice with breast cancer (BC) (21). Barron et al. indicated tha BC patients taking β-blockers (propranolol) had a lower specific mortality than patients not taking β-blockers (hazard ratio, 0.19; 95% CI, 0.06 to 0.60) (22). Heart rate variability (HRV), a noninvasive biomarker reflecting the ANS, has been widely used for the evaluation of prognosis in patients with a variety of cancers (23, 24). For example, De Couck et al. showed that compared with healthy people, cancer patients were often accompanied by damage to autonomic nerves, resulting in decreased HRV (25). Arab et al. found that the more advanced the tumor stage of BC patients, the more significant the decrease of HRV time domain parameters (26). Hu et al. demonstrated that the decrease of HRV in patients with gastric cancer predicts an increase in the severity of the tumor. The authors confirmed that HRV was associated with clinical stage, tumor size, tumor invasion, lymph node metastasis and distant organ involvement (27). Furthermore, a recent systematic review of HRV and cancer prognosis indicated that low HRV was associated with shorter survival, higher tumor burden, and worse prognosis (28). As a result, using HRV to detect the autonomic changes that may occur in ECC patients undergoing laparoscopic and open surgery may be able to better explain the differences in survival observed between the two methods. The main purpose of this paper is to test two hypotheses by comparing the effects of two surgical procedures (open surgery/laparoscopic surgery) on HRV in patients with ECC. Hypothesis 1: The HRV of ECC patients decreases significantly after the operation; that is, the operation has a negative effect on the prognosis of ECC patients. Hypothesis 2: Compared with open surgery, laparoscopic surgery has a greater negative impact on the HRV of ECC patients.



Methods


Subjects

This study was prospective clinical controlled trials. The study participants included 72 patients with CC treated in the Department of Gynecology and Oncology, the First Affiliated Hospital of Bengbu Medical College, from November 2020 to May 2021. These patients underwent radical hysterectomy as a primary therapy. Surgical approach (laparoscopic surgery or open surgery) was determined on an individual basis with each patient after discussion of the risks and benefits of both options. All procedures were performed in accordance with the ethical standards outlined in the 1964 Declaration of Helsinki and its later amendments. All patients were informed of the experimental details and signed informed consent forms. The study was approved by the Medical Ethics Committee of the First Affiliated Hospital of Bengbu Medical College (Bengbu, Anhui, China) (registration number: 2021KY010).



Inclusion and Exclusion Criteria

The inclusion criteria were as follows: (1) ECC diagnosed by pathological examination; (2) pathological types: squamous cell carcinoma, adenocarcinoma and adenosquamous carcinoma; (3) new patients without surgery, radiotherapy or chemotherapy; (4) met the indications for CC radical surgery and treated with radical hysterectomy; (5) tumor stages IA1 with lymphovascular space invasion -IIA2, based on the guidelines of FIGO 2018; and (6) operative methods: laparoscopic radical hysterectomy + pelvic lymph node dissection (laparoscopic group) or open radical hysterectomy + pelvic lymph node dissection (open group). The exclusion criteria were as follows: (1) pregnancy; (2) patients with primary diseases of the heart, liver, kidney; (3) patients with other tumors; and (4) patients with unqualified clinical stages.



Data Collection

A single-lead electrocardiogram (ECG) recorder (version 2.8.0, Healink-R211B, Healink Ltd., Bengbu, China) was used to collect 5 min supine ECG data from ECC patients at 1 day before the operation and 3 days after the operation. The sampling rate of the ECG recorder was set to 400 Hz, and the signal bandwidth was set to 0.6–40 Hz. All patients were requested to breathe as smoothly as possible in a quiet environment during the measurement. The V6 lead was used, and the measuring electrodes were Ag/AgCl disposable electrodes (JunKang Ltd., Shanghai, China). The environment was kept quiet, and the room temperature was maintained at 23 ± 1°C.



Heart Rate Variability Analysis

The QRS complex in the ECG signal was detected using the Pan-Tompkins algorithm, from which an R-R interval time (RRI) series was obtained (29). The time-varying threshold algorithm was used to automatically correct the artifacts caused by extraction technology, interference and ectopic heartbeat (30). Then, the HRV data were analyzed by time domain and frequency domain methods The main parameters included mean heart rate (MeanHR), maximum heart rate (MaxHR), minimum heart rate (MinHR), standard deviation of all normal-to-normal intervals (SDNN), root mean square of successive interval differences (RMSSD), very low-frequency (VLF: 0–0.04 Hz) power, low-frequency (LF: 0.04–0.15 Hz) power, high-frequency (HF: 0.15–0.40 Hz) power, total power (TP: 0–0.4 Hz) power and the ratio of LF power to HF power (LF/HF). Prior to frequency analysis, the RRI time series was resampled at 4 Hz using cubic spline interpolation (31).

Among these parameters, SDNN and TP reflect overall variability. HF is related to RMSSD, and both are adopted as markers of vagal modulation, whereas LF is considered representative of the modulation of both sympathetic and parasympathetic nerves (23, 32, 33). LF/HF is an indicator of the balance between sympathetic and vagal nerves (23, 32).

HRV analysis was performed using Kubios HRV Premium software (version 3.1.0, https://www.Kubios.Com, Kubios Oy, Kuopio, Finland) (34).



Statistical Analysis

Data were first tested for normality using the Shapiro-Wilk normality test. If the data showed a normal distribution, paired t-tests were used to examine the difference in HRV parameters before and after the operation; otherwise, nonparametric Wilcoxon signed-rank tests were used. Cohen’s d was used to evaluate the effect sizes. The differences in HRV parameters before and after the operation between the two groups were compared by independent sample t-tests. All statistical analyses were performed using SPSS, version 23.0 (IBM Corp., Chicago, Illinois, United States of America). P <  0.05 was taken as statistically significant.




Results

A total of 72 ECC patients were enrolled in this study. We further excluded several cases due to poor ECG quality (N = 1), ectopic heartbeats > 10% of all beats (N = 1) or due to abnormal data extremes (N = 2). Therefore, data from 68 cases were analyzed in the current study. Open radical hysterectomy was performed in 57 cases (84%) and laparoscopic radical hysterectomy in 11 cases (16%). Table 1 shows the basic data of the studied ECC patients. There were no significant differences in patient characteristics such as age, body mass index (BMI), diabetes, menopausal status, FIGO stage, lymph node metastasis, pathological type, tumor size and invasion depth between the laparoscopic and open groups (all P > 0.05).


Table 1 | Basic data of the CC patients studied.



The HR and HRV results of the laparoscopic group and open group after radical hysterectomy compared with before are summarized in Figure 1. The postoperative HR (i.e., MeanHR, MaxHR, and MinHR) was significantly higher than the preoperative HR in both the laparoscopic and open groups (P < 0.05). The postoperative HRV (i.e., SDNN, RMSSD, LF, HF, and TP) was significantly lower than the preoperative HRV in the two groups (P < 0.05). A significant increase in LF/HF and a significant decrease in VLF were observed in the open group, while LF/HF and VLF showed no statistically significant difference in the laparoscopic group. The effect sizes of all HR and HRV indices in the laparoscopic group and open group before and after radical hysterectomy are shown in Figure 2. In addition, the differences in HR and HRV, indicated by the postoperative value minus the preoperative value, were compared in the laparoscopic group and open group (Figure 3). The reduction in RMSSD (laparoscopic group = -18.7 versus open group= -7.8) and HF (laparoscopic group = -365 versus open group = -53) after the operation was significantly higher in the laparoscopic group than in the open group (P = 0.002, P = 0.010 respectively).




Figure 1 | HR and HRV results of the open group and laparoscopic group before vs. after radical hysterectomy. (A) Mean HR; (B) Max HR; (C) Min HR; (D) SDNN; (E) RMSSD; (F) VLF; (G) LF; (H) HF; (I) TP and (J) LF/HF.






Figure 2 | Effect size of all HR and HRV indices in the open group and laparoscopic group before vs. after radical hysterectomy.






Figure 3 | The change in HR and HRV is indicated by the value after radical hysterectomy minus the value before radical hysterectomy for both the open group and laparoscopic group.





Discussion

A preliminary study of 68 patients with ECC who underwent radical hysterectomy revealed that HR was significantly higher and the HRV parameters (SDNN, RMSSD, LF, HF, and TP) were significantly lower after the operation than before the operation in both the laparoscopic and open groups. Furthermore, the difference in RMSSD and HF before and after the operation in the laparoscopy group was significantly higher than that in the open group. Thus, this study directly suggested that radical hysterectomy can lead to increased HR and decreased HRV in patients with ECC. Compared with open surgery, laparoscopic surgery has a greater negative impact on the HRV of ECC patients.

Radical hysterectomy is the mainstay of treatment for ECC, but surgery will inevitably cause certain psychological and physical damage to patients. Previous studies showed that HRV could be used to quantify surgical stress response and predict postoperative complications and prognosis. For example, Gogenur et al. confirmed that the HRV and the ANS in surgical patients would develop circadian disturbance, resulting in an increase in short-term and long-term morbidity and mortality of cardiovascular disease (16). Ushiyama et al. found that HRV decreased significantly on postoperative day 1 and day 7 after digestive surgery and HRV indices correlated significantly to operation time, blood loss and operative complications (35). Several studies have also investigated the impact of surgical treatment on HRV in cancer patients. For instance, Amar et al. showed that HRV significantly decreased in cancer patients within the first week after major abdominal or chest surgery (36). Hansen et al. found that BC patients still had alterations in autonomic tone and decreased HRV and experienced the loss of circadian rhythm 14 days after tumor resection (37). Our research was consistent with these results. Surgery results in autonomic nerve injury and a significant decrease in HRV parameters.

The complex interaction between the ANS, endocrine system and immune system is enhanced by surgical trauma. First, surgical trauma as a source of stress will stimulate the sympathetic nerve and hypothalamus-pituitary-adrenal cortex axis, trigger the body’s stress response, and lead to sympathetic excitement and cortisol release (38). It was found that the level of cortisol was positively correlated with the severity of the stress response (39). Cortisol can also further enhance the sympathetic-mediated cardiovascular response to stress, ultimately resulting in an increase in HR (40). Second, surgical trauma can cause a series of inflammatory reactions, which affect immune function (41, 42). Some studies have shown that the levels of C-reactive protein (CRP) and interleukin-6 (IL-6) increase within 14 days after abdominal surgery (43). The vagus nerve can inhibit inflammation through the cholinergic anti-inflammatory pathway and regulate the function of immune cells (44, 45). Consequently, the decrease of vagus nerve activity after surgery may be related to the increase of inflammatory factors and the decrease of immune function. The present study found that regardless of open or laparoscopic surgery, the HR of ECC patients 3 days after the operation was higher than that at 1 day before the operation, and most of the HRV indices 3 days after the operation were lower than those at 1 day before the operation, which was basically consistent with the above mechanism. This result suggests that both open and laparoscopic surgery can cause damage to autonomic function in patients with ECC. Further studies are needed to clarify the correlation between postoperative HRV and inflammatory factors and immune function indicators.

However, it is worth noting that the impact of open and laparoscopic surgery on the HRV of ECC patients was slightly different. The postoperative LF/HF of the patients undergoing open surgery was significantly higher and the postoperative VLF was significantly lower after the operation than before the operation, while the postoperative LF/HF and VLF of patients undergoing laparoscopic surgery were not significantly different. A recent report argued that postoperative pain stimulation could cause a significant increase in LF/HF (46). Compared with open surgery, laparoscopic surgery uses artificial ports for intra-abdominal operation, which reduces the trauma and pain stimulation of traditional laparotomy on abdominal wall structure of patients. At the same time, compared with traditional surgery, laparoscopic surgery causes minimal blood loss and leads to lower wound infection rate, decreasing the level of sympathetic stimulation and the effects on LF/HF. Currently, the physiological mechanism of VLF is poorly defined, but it has been proven in recent years that VLF has the characteristics of slow recovery after abnormal stimulation (47). No statistically significant difference was detected between the preoperative and postoperative VLF of patients undergoing laparoscopic surgery, which might be because patients who underwent laparoscopic surgery recovered from surgical stimulation faster than patients who underwent open surgery.

Moreover, we found that the reduction in RMSSD and HF after the operation was significantly higher in the laparoscopic group than in the open group, which means that laparoscopic surgery has a greater negative impact on the HRV of ECC patients. One possible reason is the effect of CO2 pneumoperitoneum. During laparoscopic surgery, CO2-induced positive pressure pneumoperitoneum has adverse effects on cardiac hemodynamics, including the decrease of venous return and cardiac output, and the increase of systemic vascular resistance, pulmonary artery pressure and central venous pressure (48–50). These hemodynamic effects can cause a reflex increase in baroreceptor activity, combined with the direct mechanical effect of CO2 intraperitoneal inflation through diaphragmatic and phrenic nerve stretching and the negative cardiac effect of hypercapnia, which together lead to the increase of sympathetic nerve activity and the decrease of vagus nerve activity (51–54). This may have a relevant impact on patient HRV. RMSSD and HF indicate the vagal nerve tone. The vagal nerve has been proposed to be involved in the regulation of tumor progression. The active vagus nerve has an inhibitory effect on inflammation, oxidative stress and excessive sympathetic activity (55–57). Cancer patients often experience vagus damage, which manifests as a decrease in HRV, and the lower the HRV is, the worse the prognosis (58). Giese-Davis et al. demonstrated that in patients with recurrent or metastatic BC, a higher HF was closely related to longer overall survival (59). Bijoor et al. found that compared with healthy controls, the RMSSD of early and advanced cancer patients decreased significantly. Compared with patients with early cancer (TNM I and II), those with advanced cancer (TNM III and IV) had significantly lower RMSSD (60). These results showed that the lower vagus activity indicated by HRV significantly predicted a worse prognosis. Therefore, the difference in prognosis between laparoscopic and open surgery may be attributed to the difference in vagus nerve activity. This research seems to provide a theoretical basis for the conclusion that the risk of recurrence and death after laparoscopic surgery in ECC patients is significantly higher than that after open surgery. However, The mechanism of laparoscopic and open surgery leading to differences in vagus nerve activity still needs further investigation.

The limitation of this study was that it did not consider the impact of HR changes on HRV. This was because separating the influence of HR on HRV from the influence of surgical methods on HRV would require a large number of subjects, and the number of laparoscopic surgery cases in our study was relatively small. In addition, several possible confounders such as operation time, intraoperative blood loss and intraoperative and postoperative complications were not adjusted, which might affect the difference in HR and HRV before and after operation. Furthermore, more background variables, such as physical activity, stress levels, use of medications, and other relevant medical variables, could not be included. Thus, further studies with larger sample sizes, more detailed background variables and adjustment for relevant confounders should be performed to validate the results of the present study.

In summary, radical hysterectomy, whether performed via open or laparoscopic surgery, will cause the decrease of HRV and the damage of autonomic function in patients with ECC. Compared with open surgery, laparoscopic surgery has a greater negative impact on the HRV of ECC patients.
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Objective

To compare the performance of clinical factors, FS-T2WI, DWI, T1WI+C based radiomics and a combined clinic-radiomics model in predicting the type of serous ovarian carcinomas (SOCs).



Methods

In this retrospective analysis, 138 SOC patients were confirmed by histology. Significant clinical factors (P < 0.05, and with the area under the curve (AUC) > 0.7) was retained to establish a clinical model. The radiomics model included FS-T2WI, DWI, and T1WI+C, and also, a multisequence model was established. A total of 1,316 radiomics features of each sequence were extracted; the univariate and multivariate logistic regressions, cross-validations were performed to reduce valueless features and then radiomics signatures were developed. Nomogram models using clinical factors, combined with radiomics features, were developed in the training cohort. The predictive performance was validated by receiver operating characteristic curve (ROC) analysis and decision curve analysis (DCA). A stratified analysis was conducted to compare the differences between the combined radiomics model and the clinical model in identifying low- and high-grade SOC.



Results

The AUC of the clinical model and multisequence radiomics model in the training and validation cohorts was 0.90 and 0.89, 0.91 and 0.86, respectively. By incorporating clinical factors and multi-radiomics signature, the AUC of the radiomic-clinical nomogram in the training and validation cohorts was 0.98 and 0.95. The model comparison results show that the AUC of the combined model is higher than that of the uncombined models (P= 0.05, 0.002).



Conclusion

The nomogram models of clinical factors combined with MRI multisequence radiomics signatures can help identifying low- and high-grade SOCs and a provide a more comprehensive, effective method to evaluate preoperative risk stratification for SOCs.





Keywords: serous ovarian carcinoma, radiomics, nomogram, magnetic resonance imaging, subtype



Introduction

Ovarian cancer (OC) is the deadliest type of gynecological malignancy worldwide (1), and SOC is the most common histological type, accounting for approximately 70% of cases (2). High-grade serous ovarian carcinomas (HGSOCs) are the largest category of OC, comprising 90% of the total, and have high recurrence and mortality rates (3, 4). In contrast, LGSOCs are much less common, accounting for less than 10% of the remaining cancers and have a strong association with borderline tumors (2). Some previous studies have shown that apparent diffusion coefficient (ADC) histogram parameters based on whole solid tumor volume could be helpful for differentiating between HGSOC and LGSOC (2), single or multisequence MRI-based texture features of the whole tumor also might assist in characterizing the differences between borderline tumors and LGSOCs (5), and based on whole solid-tumor histogram analysis, could effectively differentiate benign OCs from malignant OCs (6). HGSOCs and LGSOCs are two separate tumors with distinct genetic risk factors, epidemiological differences, biological behaviors, different spreading patterns, response to chemotherapy, and prognosis (3, 7). Moreover, accurate preoperative diagnosis of subtypes will be helpful for achieving a more effective subtype specific treatment. However, no combination of radiomics and clinical models has been used to distinguish HGSOCs from LGSOCs. Based on the current study progress and the necessity of solving clinical problems, the purpose of the present study was to compare the performance of clinical factors, fat-suppressed T2-wighted imaging (FS-T2WI), diffusion-weighted imaging (DWI), contrast-enhanced FS T1WI (T1WI+C) radiomics, and a combined multiple features model in predicting the subtype of SOCs.



Materials and Methods


Patients

The present retrospective study was approved by the institutional review board and the need for an informed patient consent was waived. Between December 2014 and August 2019, a total of 226 patients diagnosed clinically with OCs were identified. In order to eliminate the effects of the MRI parameters and OC subtype on the results, the investigators only included patients with LG- and HGSOCs scanned on the same MRI platform with a unified imaging protocol (n=185). Then, investigators excluded the following patients: (1) MRI contraindications or MRI quality that cannot meet the diagnostic requirements, (2) patients treated with neoadjuvant chemotherapy, and (3) a tumor with few solid components. Finally, 138 patients with ovarian cancers (104 HGSOCs and 34 LGSOCs) confirmed by surgery and histology were included. The mean age was 54.83 ± 11.04 years. The tumors were staged according to the 2014 International Federation of Gynecology and Obstetrics (FIGO) staging system. The process of patient selection is illustrated in Figure S1.



MRI Protocol

MRI examination was performed using a unit system (GE Signa HDXT 3.0T MRI scanner, GE Healthcare, USA) equipped with an 8-channel phased-array abdominal coil. Excluding contraindications, all patients received an intramuscular injection of 15 mg hyoscine butylbromide at 30 minutes before the MRI scan to prevent gastrointestinal motility. The bladder was kept approximately half-filled, in order to improve lesion visibility without changing the anatomy. Patients were placed in the supine position and were breathing freely during the acquisition.

The routine pelvic MRI protocol consisted of the following sequences: axial T1-weighted imaging (T1WI), axial/sagittal T2-weighted imaging (T2WI), axial FS T2WI, DWI (b value = 0, 1,000 s/mm2), and multiple phases of contrast-enhanced (LAVA-FLEX) MRI. When scanning the axial images, the transverse plane was perpendicular to the long axis of the uterine body and for the sagittal images, the longitudinal plane was parallel to the main body of the uterus. T1WI+C sequence was acquired at the arterial, venous, and delayed phases of contrast medium enhancement in axial planes, which were acquired at 25, 60, and 120 s after the intravenous injection of 0.1 mmol/kg gadodiamide (Omniscan, GE Healthcare) using an Ulrich power injector. The scanning sequences and parameters are shown in Table S1.



MRI Images Analysis

Two radiologists with more than 10 years of experience in gynecological imaging analyzed the images without knowing the pathological results of these patients and reached a consensus (Figure 1). Using the GE ADW 4.6 post-processing workstation, the DWI images of the tumor layer with b = 1000 s/mm2 were analyzed and the ADC values were calculated. The measurement was repeated three times and the average value was obtained. When sketching for the region of interest (ROI), the T2WI and T1WI+C images were referenced to determine the tumor boundary and the mucus, necrosis, cystic change, and bleeding areas were avoided.




Figure 1 | (A–C) A 56-year-old woman with LGSOC in the right ovary. (A) Axial FS-T2WI shows a mixed cystic-solid mass. (B) Axial DWI (b=1000 s/mm2) shows high signal of the solid component, indicating limited diffusion. (C) Axial T1WI+C image shows a mild enhancement in the solid component and septation. The red ROI was manually drawn along the margin of the whole tumor. (D–F) A 63-year-old woman with HGSOC in the right ovary. (D) Axial FS-T2WI shows a mass with mixed signals dominated by solid components. (E) Axial DWI (b=1000 s/mm2) shows high signal of the tumor, indicating limited diffusion. (F) Axial T1WI+C image shows a heterogeneous mild enhancement in the tumor. The red ROI was manually drawn along the margin of the whole tumor.





MRI Image Segmentation and Radiomics Feature Extraction

Manual segmentation was performed based on FS-T2WI, DWI, and T1WI+C sequences by using the ITK-SNAP software (version 3.8.0, www.itksnap.org). The region of interest (ROI) of each ovarian tumor was manually contoured along the boundary of the tumor and the VOI was constructed by ROI interpolation for each slice. The interobserver reproducibility was initially analyzed using 30 randomly chosen images for the VOI by the 2 radiologists mentioned above. Intraclass correlation coefficients (ICCs) were used to evaluate the interobserver agreement in the measurement of radiomics features (ICC>0.75 was indicative of almost perfect agreement).

To reduce the discrepancies between imaging parameters, several preprocessing steps of the MR images were applied before the process of radiomics feature extraction. All images were resampled to a voxel size of 1×1×1 mm3 using B-Spline interpolation. Each MRI scan was normalized in order to get a standard normal distribution of image intensities. Radiomics features were extracted from 3 types of multisequence MR images (FS-T2WI, DWI, and T1WI+C) for each lesion using PyRadiomics software http://pyradiomics.readthedocs.io/en/latest/index.html, which could automatically obtain the histogram parameters for whole solid tumor VOI. Seven classes of 1,316 radiomics features were extracted: shape features (2D, 3D), first-order features, gray-level cooccurrence matrix (GLCM) features, gray-level run length matrix (GLRLM) features, gray-level size zone matrix (GLSZM) features, neighborhood gray-tone difference matrix (NGTDM) features, and gray-level dependence matrix (GLDM) features (Table S2). The detailed description of the radiomics images preprocessing is shown in Figure 2.




Figure 2 | The detailed description of the radiomics images preprocessing.





Data Preprocessing

The dataset was randomly assigned in a 7:3 ratio to either the training cohort or validation cohort. All cases in the training cohort were used to train the predictive model, while cases in the validation cohorts were used to independently evaluate the model’s performance.

Before analyses, variables with zero variance were excluded from analyses. Then, the missing values and outlier values were replaced by the median. Finally, the data were standardized by the standardization.



Feature Selection and Classifier Modeling

Firstly, features with ICCs >0.75 were retained. Secondly, feature selection was performed by using univariate logistic analysis (Correlation_xx), multivariate logistic analysis, and gradient boosting decision tree (GBDT) with stepwise selection method. The rad-score value was calculated by the sum of (radiomics signature × coefficient) + intercept. Finally, logistic-based rad-score model and nomogram was built based on the established optimal feature subsets of the training cohort (Figure 3).




Figure 3 | (A) Nomogram based on radiomics signatures and clinical factors. In the nomogram, a vertical line was made according to each parameter to determine the corresponding value of points. The total points were the sum of the three points above. Then, a vertical line was made according to the value of the total points to determine the probability type of SOCs. (B) Calibration curves of the nomogram model (clinical factors + multisequence radiomics signatures) in validation cohort. The 45° dotted line represents the ideal prediction, while the blue line represents the prediction performance of the nomogram. The closer the blue line is to the dotted line, the better the performance of the nomogram.



Receiver operating characteristic (ROC) curve was performed to determine the performance of the machine learning model; accuracy, sensitivity, specificity and area under curve (AUC) was calculated. The differences for radiomics models were compared using the DeLong method (Figure 4).




Figure 4 | Model’s performance assessment and comparison. (A) Receiver operating characteristic curve analysis in the validation cohorts. (B) Decision curve analysis of radiomics signature, clinical model, and nomogram respectively. (C) Delong test for the given models. Model 1is based on MRI multisequence radiomics Model 2 is based on clinical factors and Model 3 is a combination of clinical and multi-radiomics.





Statistical Analysis

A commercial software (SPSS 22.0, IBM Corporation, Armonk NY, USA) was used for the statistical analysis. We tested whether the numerical variables were normally distributed by using a one-sample Kolmogorov-Smirnov test. The data that had a normal distribution were expressed as mean ± standard deviation (SD), while nonnormally distributed data were expressed in median (interquartile range (IQR), 25th and 75th percentile). Independent sample t-test was used to conform to the normal distribution, while Mann-Whitney U-test in the nonparametric rank sum test was used to conform to the nonnormal distribution. The Chi-square test was used for unordered categorical variables. P<0.05 was considered as a statistically significant.




Results


Clinical Factors Analysis

Table 1 reports the comparisons of clinical factors between HGSOCs and LGSOCs. The preoperative carbohydrate antigen 125 (CA125) and human epididymis protein 4 (HE4) indicators in HGSOCs are significantly higher than that of LGSOCs (801.900 (381.100, 2066.750) VS 161.600 (80.622, 422.550) P<0.001, 429.550 (213.875, 922.850) VS 109.800 (70.795, 185.825) P<0.001, respectively). The ADC value in HGSOCs is 0.865 (0.743, 9.955), which is significantly lower than that of LGSOCs (0.980 (0.817, 1.110), P<0.001). No significant difference is found between HGSOCs and LGSOCs in age, peritoneal metastasis (PM), lymph node metastasis (LNM), and location. Based on the variables mentioned above, a clinical model was established, the AUC was 0.89 (95% confidence interval [CI] 0.78–0.96).


Table 1 | Demographic and clinicopathologic characteristics of patients with serous ovarian carcinomas.





Radiomics Models and Model Comparisons

In total, 1,316 radiomics features were extracted from each VOI of the three sequences. The ICC values range from 0.771 to 0.988 and show great interobserver agreement. Four, eight, and six features were extracted from DWI, T1WI+C, and FS-T2WI sequences, respectively (Table S3). Based on the above features, the radiomics models of single sequence and multisequence combinations are established, respectively. The AUC of the combined radiomics model was 0.86 (95% CI 0.81–0.97), ACC 0.79. The combination of signatures from the multisequence resulted in a better predictive model than that from a single sequence (Table 2).


Table 2 | Performance evaluation of the models.



Then, the Rad-score was calculated for the radiomics features of individual sequences, then new combination model and Nomogram were established with combining clinical factors. The diagnostic efficacy of the combined model was higher than that of the clinical model or radiomics model (AUC = 0.95 (95% CI 0.90-0.98), ACC 0.87. Finally, the DeLong test results of model comparison show that the performance of the combined model is better than that of the uncombined models (P= 0.002, 0.05).




Discussion

Tumor heterogeneity is one of the most important characteristics of malignant tumors (8, 9). It refers to the changes in molecular biology or genes of its daughter cells after multiple division and proliferation in the growth process of the tumor, resulting in differences in tumor growth rate, aggressive behaviors, response to treatment, and other aspects. In general, HGSOCs generally exhibit more aggressive behavior than LGSOCs (3). As a result, patients with HGSOCs have a poor prognosis, with a five-year survival rate of less than 40% (10). The optimal treatments for patients with HGSOCs include comprehensive staging surgery, cytoreductive surgery, and platinum-based chemotherapy (11). Most HGSOC patients, in contrast to LGSOCs, show an initially higher chemosensitivity (3, 12). LGSOCs typically occur in younger women with slow-growing behaviors (3). The treatment strategy of LGSOCs mainly rely on optimal surgical cytoreduction for best long-term survival (2). For patients in advanced stage, the formulation of surgical plan is also very important, not only to maximize the removal of tumor tissue, but also to take into account the postoperative quality of life of patients. Thus, accurate preoperative subtype diagnosis will be necessary for achieving a more effective subtype-specific treatment.

Conventional magnetic resonance imaging (cMRI) plays a significant role in the diagnosis of pelvic diseases due to its high soft-tissue resolution (13, 14). It can clearly reveal the lesion characteristics (cystic, bleeding, edema, fibrosis, and so on), the relationship between the tumor and surrounding tissues, and the status of lymph node disease (metastasis or inflammation). Some previous studies have shown that the qualitative diagnosis of EOCs by MRI is obviously superior to other imaging methods (10), but HGSOC and LGSOC images have many overlapping signs on cMRI (T1WI, T2WI, T1WI+C) sequences, and as a result, it is difficult for experienced radiologists to make a definite diagnosis. In addition, cMRI relies on the experience of radiologists and to some extent lacks objectivity (3). Here, especially the novel technique of DWI, has been widely used to investigate the heterogeneity of tumors in many clinical studies (1, 15–17). DWI can reflect the microbiological state of tissues noninvasively, according to the Brownian motion of water molecule, and indirectly reflect the biological changes in tissues (17–19). Radiomics analysis is a postprocessing method for extracting information by quantifying the spatial distribution of pixels or voxels with different gray intensities and counting the variables, that is, calculating and extracting texture features based on the texture matrix of images (10, 20, 21). However, some previous studies only analyzed simple parameter values, used different ROIs, including round, single-slice, and whole solid tumor volume, for OC analysis (3, 16, 17, 21, 22). This approach inevitably leads to a loss of important heterogeneous information. Considering the large size and complexity of ovarian masses, histogram analysis based on whole solid tumor VOI could more accurately reflect the heterogeneity of OCs by quantifying complex parameter distributions and provide a more accurate information for clinical practice (3, 17).

Our present study developed a series of predictive models based on clinical factors combined with radiomics analysis based on FS-T2WI, DWI, and T1WI+C sequences to provide a practical clinical tool for risk stratification and individualized treatment of SOCs. In the present study, patients with HGSOCs have higher levels of serum CA125 (801.900 (381.100, 2066.750) VS 161.600 (80.622, 422.550), P<0.001) and HE4 (429.550 (213.875, 922.850) VS 109.800 (70.795, 185.825), P<0.001), these results are consistent with the findings reported in previous studies (1, 12, 23). Indicating that the faster and more aggressive the tumor, the higher the levels of CA125 and HE4 secreted by the body. In other studies, CA125 has been shown to contribute to the early detection of asymptomatic OCs patients, leading to early diagnosis and treatment and eventually improve the prognosis of patients (4, 24). Other studies have pointed that CA125 has an advantage in distinguishing OCs from healthy individuals, but HE4 is more sensitive in distinguishing OCs from benign pelvic masses. And CA125 levels were strongly correlated with clinical evolution during chemotherapy. Not all OCs express CA125 abnormally and HE4 may be a useful addition to the test (23, 25). In addition, the ADC values of HGSOC patients are lower than that of LGSOC patients (0.865 (0.743, 9.955) VS 0.980 (0.817, 1.110), P<0.001, AUC<0.7), indicating that HGSOCs have higher tumor cell density and vigorous growth, which is also related to the high invasiveness and high recurrence rate of HGSOCs (1, 2, 12). Too many studies have found similar results, which is why DWI is widely used in clinical practice. However, there was no significant difference in age between the two groups in our study, HGSOC patients are slightly older than LGSOC patients (55 (50, 64) VS 52 (45, 62), P=0.298), which is different from the known views (3, 17, 26). The possible reason is that the clinical onset of SOCs is insidious, LGSOCs are less invasive, have a longer course of disease, and the symptoms are severe when hospitalized (16). In the future, we should focus on ‘high alert’ symptoms: pelvic or abdominal pain, increase abdominal size or bloating and difficulty eating/feeling full (27).

Eighty percent of SOC patients already have metastatic disease at diagnosis, with poor prognosis despite surgery and chemotherapy (28). In the present study, there were no significant differences in tumor location, peritoneal, and lymph node metastasis between the two groups. The present study showed that HGSOC patients were more likely to be unilateral (58/104, 55.8%), while LGSOC patients were slightly more likely to be bilateral (20/34, 58.8%). Our findings are consistent with previous studies that show HGSOC arises from the epithelium of the fallopian tube, whereas LGSOC usually arises from the ovary and is often bilateral (2, 24). Both HGSOC and LGSOC patients are prone to peritoneal metastasis, and HGSOC is more likely to occur (79/104, 76.0% VS 20/34, 58.8%). This may be related to the fact that the two subtypes are often found and treated in an advanced stage (29, 30). Lymph node metastasis was more common in HGSOC patients (65/104, 62.5%) than in LGSOC patients (15/34, 44.1%). The reason may be related to the late stage of patients enrolled in the present study, the high invasiveness of HGSOCs, and the small number of patients in the LGSOCs group. If patients with SOCs can achieve early detection and carry out relevant research at the early stage of the disease, the prognosis should be better. The clinical model based on the above clinical factors were built in the training cohorts to predict the type of SOCs, and validated to have good accuracy, sensitivity, and specificity in the validation cohorts.

In the other part of our study, 4 DWI features, 8 T1WI+C features, and 6 FS-T2WI features were screened out from radiomics analysis, after dimensionality reduction by the univariate, and multivariate logistic regression method, respectively. These radiomics represent the heterogeneity of SOC tumors and reflect the size and spatial distribution of gray level. HGSOCs are more heterogeneous than LGSOCs, which associate with vigorous mass growth, high aggressiveness, and high recurrence. Previous studies have found similar findings, and a convincing explanation is the HGSOCs possess more tortuous vascular structure and heterogeneous cellular morphology, which contribute to intratumoral parenchyma heterogeneity (1, 12, 31). Single sequence and multiple sequences models were established by using the selected radiomics features. After model comparison and DeLong’s test, the results show that the multisequence combination model has better performance, higher accuracy and sensitivity (0.86 (0.81, 0.97), 0.78, 0.83), the model based on T1WI+C signatures has the highest specificity (0.92), and all P values were less than 0.05. It has been proved that features based on image texture high-throughput extraction can more objectively and effectively predict the diagnosis, pathological grade, histological classification, lymph node metastasis, and prognosis of different diseases (20, 22, 32, 33). Combined with clinical factors and radiomics features, the nomogram was further established. The results show that the combined model had higher accuracy and sensitivity (0.95 (0.90, 0.98), 0.87, 0.91), but was less specific than the T1WI+C model (0.83 VS 0.92), and the difference was statistically significant (P = 0.002, 0.05, DeLong’s test). The results of this study indicate that the nomogram of multisequence features combined with clinical factors has a high diagnostic performance in distinguishing HGSOCs from LGSOCs. Due to the silencing of OCs growth, the tumor was large when it was discovered, accompanied by obvious cystic degeneration, necrosis, hemorrhage, and other manifestations. The tumors performed with obvious heterogeneity and it was difficult to distinguish subtypes only by clinical factors and the differentiation of subtypes was closely related to clinical treatment strategies. Previous studies have mostly used conventional plain scanning of single T2WI sequence, which may lead to the loss of some important features. The combination of non-contrast-enhanced sequences, T1WI+C, and DWI of functional sequences can better delineate the entire tumor profile and perform more detailed imaging analysis of the entire tumor, thus obtaining higher diagnostic value.

There are several limitations in the present study. First of all, this study is a retrospective single-center study and the results may be influenced by sample selection. Therefore, prospective randomized trials with a larger sample, especially external validation, are warranted to validate the generalization capabilities of the prediction model. Secondly, the number of LGSOCs patients is relatively small, which is mainly related to the low morbidity. Finally, manual sketching of VOI was adopted in this study and errors were unavoidable. Further studies are needed to expand the sample size, gradually combine with automatic sketching technology instead of manual sketching VOI, and improve the robustness of the study.



Conclusion

In summary, we developed and validated a nomogram model combined with MRI-based multisequence radiomics signatures and clinical factors for the individualized prediction of type in SOCs and showed a favorable prediction performance. The nomogram models provided us a more comprehensive, effective method to evaluate risk stratification for SOCs, and could further help clinicians to specify personalized treatment strategies to improve patients’ prognosis.
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Objective

To study the correlation between BRCA mutation status and the risk of adverse reactions in patients with ovarian cancer.



Method

A real-world study was conducted at the largest gynecological oncology center in western China, the West China Second University Hospital of Sichuan University. The research subjects were patients diagnosed with ovarian cancer who were initially treated in our hospital from January 2016 to January 2020 and had their BRCA gene status evaluated. Multivariate Cox analysis was conducted to investigate the correlation between the BRCA mutation status and adverse reactions in ovarian cancer patients during initial treatment.



Results

A total of 349 ovarian cancer patients were enrolled, including 79 patients with pathogenic BRCA variants, resulting in a pathogenic mutation rate of 22.6%. Among these 79 patients, 57 had BRCA1 variants and 22 had BRCA2 variants, yielding a pathogenic mutation rate of 16.3% and 6.3%, respectively. Multivariate COX analysis revealed that pathogenic BRCA variants were not related to the risk of adverse reactions, such as myelosuppression and allergies to chemotherapy drugs (P>0.05), during the initial treatment of ovarian cancer.



Conclusion

BRCA variants did not increase the risk of adverse reactions, such as myelosuppression and allergies to chemotherapy drugs, in ovarian cancer patients during initial treatment.
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Introduction

Ovarian cancer is the fifth leading cause of cancer deaths in women, ranking first among deaths related to gynecological cancer (1). In China, there are approximately 52,100 new cases of ovarian cancer and 22,500 deaths every year (2). Platinum-based chemotherapy remains the first-line treatment for ovarian cancer following satisfactory surgical cytoreduction. Chemotherapy drugs cause various types and degrees of adverse reactions (3). For example, myelosuppression is one of the most common adverse reactions to chemotherapy for ovarian cancer. Studies have shown that among the newly diagnosed advanced ovarian cancer patients treated with paclitaxel (PTX) and carboplatin plus bevacizumab, roughly 12% suffer from Grade 3-4 anemia, and as high as 21% of the patients had neutropenia (4).

Homologous recombination repair (HRR) involves DNA double-strand break (DSB) repair and maintenance of genetic stability, deficiencies in which may lead to malignancies. Studies have shown that up to 50% of high-grade serous ovarian cancers (HGSOC) are related to HRR deficiency and express BRCA1 or BRCA2 variants (5). Germline and somatic HRR mutations are highly predictive of primary platinum sensitivity and improvement in overall survival (OS). As reported, the median OS of carriers of germline mutations involved in HRR is 66 months, that of carriers of somatic mutations is 59 months, and that of those without HRR-related mutations is 41 months (6). It has rarely been described whether the BRCA mutation status affects the risk of adverse reactions caused by chemotherapy in ovarian cancer patients, and the conclusions are inconsistent. Kotsopoulos et al. (7) reported that BRCA variants do not increase the risk of hematological adverse reactions caused by chemotherapy in patients with ovarian cancer; Rolfe et al. (8) reported that BRCA variants do not increase the risk of allergic reactions to carboplatin; whereas, Giannone et al. (9) found that the allergic reactions to carboplatin in patients with BRCA mutations are significantly increased during chemotherapy.

In the present study, using real-world data, we performed a multi-factor analysis of the correlation between the BRCA mutation status of patients with ovarian cancer and the risk of adverse reactions during initial treatment, providing a basis for the standardized management of adverse reactions in these patients.



Materials and Methods

The West China Second University Hospital of Sichuan University (WCSUH) is the largest gynecological oncology diagnostic and treatment center in western China. The patients diagnosed with ovarian cancer who had their initial treatment at our hospital from January 2016 to January 2020 were the research subjects, all of whom were tested for BRCA mutation status. There were no restrictions on the age of the research subjects or the pathological type of ovarian cancer. No patients had received radiotherapy, chemotherapy, or other anti-tumor therapy, nor did they have any cancer history of other systems. Real-world clinical parameters of the research subjects who met the enrollment criteria were collected, including age, pathological type, neoadjuvant chemotherapy, BRCA mutation, FIGO (the International Federation of Gynecology and Obstetrics) staging, adverse reactions during initial treatment, family history of cancer, and granulocyte colony-stimulating factor (G-CSF) application during treatment.

Genetic testing was performed by the well-known international genetics company BGI Group. The germline mutation status of BRCA1 and BRCA1 was tested using patient’s blood samples. Target capture combined with second-generation high-through put sequencing technology was used to analyze the variations (including point mutations, deletions, and insertions within 20 bp) in the related gene exons and the adjacent ± 10 bp introns, yielding pathogenic BRCA variants, BRCA variants of unknown significance (VUS), likely benign BRCA variants and benign BRCA variants. The pathogenic BRCA variants are noted as BRCA (+), while BRCA VUS and likely benign and benign BRCA variants are grouped into BRCA (–).

All patients received standard treatment following the FIGO treatment guidelines for ovarian cancer at the time of treatment. After the initial treatment, maintenance therapy, clinical observation, or clinical trials were provided according to the patient’s preference, and all patients had lifetime follow-up.

Patient adverse reactions were defined according to the Common Terminology Criteria for Adverse Events (CTCAE), including low white blood cell count (leukopenia), low neutrophil count (neutropenia), low platelet count (thrombocytopenia), anemia, thromboembolism, and allergies to chemotherapy drugs (platinum or PTX).

Data are expressed as the mean ± standard deviation. The multivariate COX model was employed to analyze the correlation between pathogenic BRCA variants and various adverse reactions in patients with ovarian cancer during initial treatment. The factors include age, stage, regimens, cycles, neoadjuvant chemotherapy, surgical outcome (R0/R1/R2), thrombosis, family history of cancer, pathological type, adverse reactions (leukopenia, neutropenia, thrombocytopenia, anemia, thromboembolism, and allergies to chemotherapy drugs) and BRCA. P<0.05 was considered statistically significant.



Results


Basic Characteristics of Research Subjects

The basic characteristics of the study subjects are shown in Table 1. A total of 349 patients with ovarian cancer who met the criteria were included. All patients received paclitaxel + cisplatin/carboplatin. The mean age was 50.0 ± 13.1 years old and 333 cases (95.4%) were ovarian epithelial cancer. According to FIGO staging, there were 68 cases (19.5%) of Stage IA-IIA and 281 cases (80.5%) of Stage ≥IIB. A total of 79 patients carried pathogenic BRCA variants, which is a pathogenic mutation rate of 22.6%. Among these, 57 patients carried BRCA1 variants and 22 carried BRCA2 variants, yielding a pathogenic mutation rate of 16.3% and 6.3%, respectively. There were 175 patients with a family history of cancer.


Table 1 | Basic characteristics of research subjects.





Occurrences of BRCA Variants and Adverse Reactions

The occurrences of BRCA variants and adverse reactions are shown in Table 1. Among the BRCA (+) patients, 21 (26.6%), 0 (0%), and 7 (8.9%) patients with CTCAE ≥ Grade 3 experienced leukopenia, anemia, and thrombocytopenia, respectively, which is clearly less than BRCA (–) patients whose corresponding values were 113 (41.9%), 2 (0.2%), and 35 (13.0%). Nevertheless, the differences were not statistically significant(P>0.05).

Among the BRCA (+) patients, 23 (29.1%) suffered from CTCAE ≥ Grade 3 neutropenia, which is less than 118 (43.7%) of the BRCA (–) patients. The difference was statistically significant (P <0.05). A total of 12 (15.2%) BRCA (+) patients suffered from thromboembolism, which is less than 52 (19.3%) of the BRCA (–) patients; however, the difference was not statistically significant (P>0.05). Moreover, a total of 48 (60.8%) BRCA (+) patients were administered G-CSF due to myelosuppression, which is much less than 209 (77.4%) of the BRCA (–) patients; however, the difference was not statistically significant (P>0.05).

Platinum-based chemotherapeutic allergy occurred in 11 (13.9%) BRCA (+) patients, which is significantly more than 15 (5.6%) of the BRCA (–) patients. This difference was statistically significant (P<0.05). Among the BRCA (+) patients, 3 (3.8%) developed an allergy to PTX, while 8 (3.0%) of the BRCA (–) patients developed a PTX allergy; however, the difference was not statistically significant (P>0.05).



Correlation Between Pathogenic BRCA Variants and Adverse Reactions

The correlation between pathogenic BRCA variants and adverse reactions is shown in Table 2. According to the multivariate COX model, after considering other factors (age, stage, regimens, cycles, neoadjuvant chemotherapy, surgical outcome (R0/R1/R2), thrombosis, family history of cancer, pathological type), pathogenic BRCA variants (including BRCA1 and BRCA2) were not correlated with the occurrence of adverse reactions during the initial treatment of ovarian cancer (P>0.05). The adverse reactions included leukopenia, neutropenia, thrombocytopenia, anemia, thromboembolism, and allergies to chemotherapy drugs (platinum or PTX).


Table 2 | Correlation between pathogenic BRCA variants and adverse reactions.






Discussion

PARP is a key enzyme responsible for repairing DNA single-strand breaks (SSB), inhibition of which leads to persistent SSB that transform into severe double-strand breaks (DSB) during DNA replication. During the process of cell division, DSB in normal cells can be effectively repaired by homologous recombination repair (HRR). Tumors displaying HRR deficiency, such as ovarian cancer in patients with BRCA1/2 variants, cannot accurately repair DNA damage, and accumulation of such damage may lead to cell death. In the same manner, tumor patients carrying germline BRCA1/2 variants cannot accurately repair DNA damage following the administration of chemotherapy drugs and similar anti-tumor treatments, and as a result, may also have increased risk or elevated severity of adverse reactions. Should the occurrence of adverse reactions, especially ≥ Grade 3 adverse reactions, significantly increase during chemotherapy in patients with pathogenic BRCA variants, then treating pathogenic BRCA variant carriers as high-risk patients and improving the standard treatment management would reduce the impact of adverse reactions on patients and improve their quality of life.

Hematological toxicity, such as myelosuppression, is one of the most common adverse reactions to chemotherapy. Whether BRCA variants increase the occurrence of myelosuppression in patients undergoing chemotherapy remains controversial. In their study on the toxicity of PTX-based chemotherapy in pathogenic BRCA variant carriers with breast cancer, Bayraktar et al. (10) analyzed the hematological toxicity during PTX chemotherapy in a total of 790 patients of various BRCA mutation statuses and found that the occurrence of anemia and leukopenia in BRCA (–) patients was significantly higher than that in pathogenic BRCA variant carriers. Moreover, pathogenic BRCA2 variants were a predictor of hematological adverse reactions in breast cancer patients during PTX chemotherapy. However, Kotsopoulos et al. (7) revealed that pathogenic BRCA variants are not related to the hematological toxicity caused by platinum-based combination chemotherapy in ovarian cancer patients. A total of 432 ovarian cancer patients were enrolled, including 130 BRCA (+) and 302 BRCA (–). The results demonstrated that the risk of neutropenia, anemia, and thrombocytopenia in patients with pathogenic BRCA variants did not differ from that in the BRCA (–) patients. Using real-world data, the present study shows that the occurrence of myelosuppression (including leukopenia, neutropenia, thrombocytopenia, and anemia) during initial treatment in ovarian cancer patients with pathogenic BRCA variants was substantially lower than that in BRCA (–) patients; nevertheless, the multivariate analysis showed no significant correlation between pathogenic BRCA variants and the occurrence of myelosuppression.

Infusion reactions and even severe allergic reactions may occur during or after chemotherapy. Whether BRCA variants increase the occurrence of allergic reactions to chemotherapy drugs remains in conclusive. Rolfe et al. (8) studied the relationship between BRCA mutation status and the risk of carboplatin-related allergic reactions and found that pathogenic BRCA variants did not increase the risk of carboplatin allergy in patients with ovarian cancer. However, Giannone (9) et al. systematically evaluated the relationship between pathogenic BRCA variants and the risk of carboplatin-related allergic reactions, reviewing a total of 5 studies including 432 patients with ovarian cancer, and found that pathogenic BRCA variants significantly increased carboplatin allergy risk in patients with ovarian cancer. The results of our study demonstrate that the occurrence of carboplatin allergic reactions during chemotherapy in ovarian cancer patients with pathogenic BRCA variants was substantially increased; however, the multivariate COX analysis did not show statistical significance.

The present study also analyzed whether pathogenic BRCA variants increase the risk of thromboembolism and G-CSF application in patients with ovarian cancer during the initial treatment, and reached a negative conclusion. At present, there are few relevant studies and the ratio of patients with allergic reactions in the present study was low; therefore, the reliability of the conclusions needs to be tested further.

Our study was a single-center study with a small sample size, and the low occurrence of some adverse reactions, such as carboplatin and PTX allergies, may affect the reliability of the conclusions. However, so far, the present study is the largest study of real-world data, and considered many confounding factors, such as neoadjuvant chemotherapy, family history of cancer, and pathological tumor type, and adopted multi-factor analysis to avoid the influence of other factors. Moreover, the adopted real-world data truly represents actual clinical practice and has great value for clinical guidance.



Conclusion

BRCA variants did not increase the risk of adverse reactions, such as myelosuppression and allergies to chemotherapy drugs, in ovarian cancer patients during initial treatment.
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This meta-analysis plus network pharmacology aimed to investigate whether traditional Chinese medicine (TCM) combined with chemotherapy is associated with more beneficial efficacy data in the treatment of gynecological cancer (GC). A total of 11 randomized controlled trials (RCTs) consisting of 863 GC patients were included. Results showed a better ORR (RR: 1.42, 95% CI: 1.18–1.71; I2 = 21.4%; p = 0.282), DCR (RR: 1.13, 95% CI: 1.03–1.25; I2 = 0.0%; p = 0.492), PD (RR: 0.27, 95% CI: 0.11–0.65, p = 0.003; I2 = 0.0%, p = 0.930), and QOL (SMD: 0.85, 95% CI: 0.38–1.33, p = 0.005) and higher proportions of CD3+ T (WMD: 5.65, 95% CI: 4.23–7.08, p = 0.000; I2 = 68.3%, p = 0.004), CD4+ T (WMD: 6.97, 95% CI: 5.35–8.59, p = 0.000; I2 = 83.4%, p = 0.000), and the CD4+/CD8+ T ratio (WMD: 0.32, 95% CI: 0.23–0.42, p = 0.000; I2 = 78.0%, p = 0.000). The number of adverse events (AEs) was significantly lower in the TCM + chemotherapy group. The active components and targets of 19 high-frequency Chinese medicines obtained from the meta-analysis were screened and explored in network pharmacology analysis. Also, a regulatory network of active components and targets, a core network and key genes, a diagram of protein interaction, network topology analysis, and gene body GO function and KEGG pathway enrichment analysis were performed. A total of 120 active components were identified. NPM1 and HSPA8 are the most critical target proteins in the core network of protein interaction. HSP90AA1 is the most important target protein in the TCM group. KEGG enrichment analysis showed that it was highly significant in the lipid and atherosclerotic pathways. Therefore, moderate evidence revealed that TCM plus chemotherapy has obvious advantages over chemotherapy alone in terms of tumor responses, QOL, peripheral blood lymphocyte levels, and fewer AEs in the treatment of GC. The potential important targets and core genes were displayed.


Systematic Review Registration

www.crd.york.ac.uk/PROSPERO/, identifier CRD42021252500.
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1 Introduction

More than 8.6 million global women are diagnosed with cancer per year, with approximately 1.3 million cases of gynecological cancer (GC) (1, 2). Despite the progressive enhancement in diagnosis and therapy strategies that has been increasing in the past decades, the prognosis of GC remains not to everyone’s satisfaction (3, 4).

The main treatment methods for gynecological tumors include surgery, chemotherapy, radiotherapy, or a combination of them. Chemotherapy is an important part of the treatment of gynecological tumors, but it will inevitably induce adverse effects such as deterioration, myelosuppression, and reduction. Take ovarian cancer (OC), for example. OC is the most common malignant tumor in gynecology, and the current standard treatment plan of which is postcytoreductive surgery combined with “paclitaxel + carboplatin” therapy. Also, emerging treatments such as poly(ADP-ribose) polymerase (PARP) inhibitor (5) and neoadjuvant chemotherapy (NACT) (6) are also popularly chosen to be applied in OC therapy, but how to optimize the clinical treatment plan, reduce the adverse effects of various treatments, and improve the quality of life of patients remains to be further explored.

In China, traditional Chinese medicine (TCM) has gained more and more attention for malignant tumors because of its beneficial effects, such as low toxicity and enhanced efficiency (7, 8). Furthermore, data have shown that TCM can significantly enhance the sensitivity to chemotherapeutic drugs and tumor-suppressing effects and relieve cancer-related adverse events (AEs) (9, 10). However, its clinical characteristics were still not well investigated. It remains uncertain whether TCM plus chemotherapy is more effective than chemotherapy alone for GC, which has not been systematically assessed.

Therefore, we aimed to drive this meta-analysis to investigate the efficacy and safety of combination therapy by using TCM plus chemotherapy compared with chemotherapy alone, in which way we can spot suitable prescriptions to improve patients’ survival rates. High-frequency Chinese herbs will be extracted from those beneficial prescriptions. Whereas, there are still large gaps in our understanding of TCM, such as what are the essential effective components in TCM, what are the key potential targets, and whether interplays exist between these herbal components. As a result, we performed network pharmacology analysis to explore the potential pharmacological mechanisms and targets of TCM in the treatment of GC.



2 Methods


2.1 Protocol and Guidance

This study adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines. The protocol for this review was registered with PROSPERO (CRD42021252500).



2.2 Search Strategy

Three investigators independently searched several databases: PubMed, EMBASE, Cochrane, Chinese biological medicine (CBM), China Wanfang database, China National Knowledge Infrastructure databases (CNKI), Chinese Clinical Trial Registry (ChiCTR), ClinicalTrials.gov, and the World Health Organization International Clinical Trials Registry Platform from inception to September 26, 2021. Moreover, we also obtained the data sources from the abstracts and presentations recorded at some annual meetings, symposiums, or congresses such as ASCO, ESMO, ESGO, and so on, to ensure the relevant minutes were not overlooked. The complete search strategy was introduced in the Supplementary Material.



2.3 Selection Criteria


2.3.1 Inclusion Criteria

Studies were included if they met the following criteria: if the people enrolled were GC patients (diagnosed based on histological or cytological results); if the subjects included had no contraindication to chemotherapy and no other systemic disease and were expected to live longer than 3 months; if TCM was in combination with chemotherapy for GC in the intervention group; if patients were treated with no TCM, or placebo, or conventional chemotherapy alone in the control group; if tumor response rate, QOL, AEs, serum tumor marker, and peripheral blood lymphocyte levels were reported (at least one of these outcomes); and if they were randomized controlled trials (RCTs).



2.3.2 Exclusion Criteria

We excluded studies if they had not met our baseline requirements; if they employed the methods of acupuncture, massage, and other TCM treatment; if they did not offer the outcomes we needed; and if they were case reports, case series, observational studies, or other types of articles.




2.4 Study Selection and Data Extraction

Three independent investigators finished this part following the requirements of PRISMA according to the above inclusion and exclusion criteria. All disagreements about selection were discussed and resolved by all investigators. The data extraction included the author, year, country, research type, number of cases, age of patients, and the indicators for demonstrating outcomes. Tumor response was the primary outcome, including complete response (CR), partial response (PR), stable disease (SD), and progressive disease (PD). The CR rates combined with PR rates were equal to the ORR; the CR, PR, and SD rates were equal to the DCR. Quality of life (QOL) and the incidence of AEs were also the main outcomes. Immune function (peripheral blood lymphocyte levels), KPS score, and serum tumor marker were the secondary outcomes. Peripheral blood lymphocytes were evaluated by the levels of CD3+ T, CD4+ T, CD8+ T, and CD4+/CD8+ T ratio. Serum tumor markers were evaluated by CEA, AFP, and other common tumor markers.



2.5 Risk of Methodological Bias Assessment

Three researchers independently carry out the literature quality evaluation by applying the Cochrane evaluation handbook of RCTs (5.1.0), which includes the following characteristics covering randomization sequence generation (selection bias), allocation concealment (selection bias), blinding of participants and personal (performance bias), blinding of outcome assessment (detection bias), incomplete outcome data (attrition bias), selective reporting (reporting bias), and other bias. We used the Review Manager 5.3 software risk assessment tool to finish this part, and we decided through discussion or consultation with a third party when opinions were inconsistent.



2.6 Statistical Analysis

RevMan (version 5.3.3; The Cochrane Collaboration) and STATA (version 15; Stata Corporation, College Station, Texas, USA) were utilized to perform statistical analyses including pooling the data and producing the forest plots.

The combination of relative ratio (RR) and mean difference (MD) with a 95% confidence interval (CI) was used to assess outcomes and considered a p-value less than 0.05 to be statistically significant. The I² test was also used to assess the between-study heterogeneity. If the heterogeneity test is p ≥ 0.1 and I2 ≤ 50%, it indicates that studies are homogenous between studies, and the fixed-effects model is used for combined analysis. Otherwise, we used a random‐effects model to pool effect size. I² regarded an estimated value applied to three fixed knots at 25%, 50%, and 75% as an indicator of mild, moderate, and high heterogeneity. Sensitivity analysis was also performed for examining the robustness of included trials to different aspects from methodological bias. In addition to this, publication bias was also estimated by an inverted funnel plot.



2.7 Acquisition of GC Disease Targets

In the NCBI (https://www.ncbi.nlm.nih.gov/), we selected the database GEO datasets. GMS mainly includes vulvar neoplasms (VN), vaginal cancer (VC), uterine cervix cancer (UCC), endometrial carcinoma (EC), OC, and fallopian tube carcinoma (FTC).VC and FTC were too few to have reliable disease samples in the GEOncbi database. Targets of VN, EC, and OC were mainly obtained, while the reliable disease samples of VC and FTC were too few to acquire. We searched for “vulvar neoplasm,” “uterine neoplasms,” and “ovarian neoplasms,” respectively. On the left, only series and expression profiling by an array of human tags are retained to narrow the screening range and obtain the corresponding samples of three tumor diseases (11–13). The platform file GPL571-17391 was selected, and the matrix file GSE63678 was standardized with Perl. The probe matrix was transformed into ID, and the whole gene matrix of VN was obtained. Platform files GPL10558-50081 and GPL887-20438 were then selected, respectively, and the matrix files GSE122697 and GSE12470 were standardized above. Finally, the whole gene matrices of EC and OC were acquired, followed by the differences in the GEO database analyzed for the three groups of gene data. The AveExpr of each gene in all samples was calculated using the R language, and the p-value was numerically corrected. Accordingly, the limma function package was used to construct a comparison matrix based on the ratio of the mean of the experimental group and the normal group, which was compared with the experimental design matrix. The eBayes function was used to make statistical inferences and analyze the difference. Finally, the corresponding gene of |log FC|>1, adj.p-val<0.05 was screened out.



2.8 Acquisition of Target in the Chinese Materia Medica Group

Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP) was used for obtaining the effective components of each TCM. The medicinal DL ≥0.18 condition played an important role in screening the effective components of TCM. Related targets were entered, and the corresponding targets of the selected active ingredients were derived. Perl has been used as an important tool for gene standardization, converting full names to genetic symbols.



2.9 Construction of a Regulatory Network of TCM

A variety of active ingredients and corresponding targets of TCM were retrieved from the TCMSP database. Perl was used to form the “component-target” database of the active ingredients and GC disease targets in Section 2.7. The intersection of the two was taken, and a Venn diagram was drawn.



2.10 Construction and Analysis of Protein (PPI) Interaction Network

The intersected genes were imported into the STRING database (https://string-db.org/), the species was limited to humans, and a score of >0.9 was set to construct the protein interaction network diagram of the TCM group-GC. The data were then saved as TSV files, and the information of Node1, Node2, and combined score are imported into Cytoscape V3.7.2. Finally, the proximity centrality and intermediary centrality of each node are calculated by using the CytoNCA function package and a reference degree value. Finally, the core gene targets with the highest significance in topology analysis were selected.



2.11 Gene Body Function and KEGG Pathway Enrichment Analysis

To clarify the role of target protein in gene function, gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis should be performed for the intersection genes of TCM group-GC using the R language. First, the culsterProfiler package is imported, and the enrichGO function is used to import the human gene database through org.Hs.eg. and db function packages according to the intersection gene ID obtained previously. Under the conditions of “pvalueCutoff=0.05” and “qvalueCutoff=0.05,” the ID is converted into gene names and output to BP, CC, and MF groups for the GO enrichment analysis. Finally, the enrichPLOT and GGploT2 function packages are used to draw visual diagrams. Secondly, the KEGG enrichment analysis is carried out using the enrichKEGG function, and then the pathway—gene files and node files obtained by Perl are imported into CytoscapeV3.7.2 to build a KEGG network. Based on the above enrichment analysis results, we can predict the action mechanism of GC treated by various TCM.




3 Results


3.1 Identification and Selection

As shown in Figure 1, 976 articles from online databases and other manual sources were initially obtained in the literature search, of which 90 publications were excluded for duplications. Also, after browsing titles and abstracts, 845 irrelevant articles were excluded. We continued to review the remaining 41 potentially eligible articles by full text based on the inclusion and exclusion criteria; 11 RCTs (14–24) met the inclusion criteria and were left for further analysis at last.




Figure 1 | Flow diagram indicating the process of selecting articles for meta-analysis and the steps of network pharmacology analysis.





3.2 Characteristics of Included Studies and Patients

The main characteristics of the 11 included studies are shown in Table 1. All trials were RCTs and conducted in China. The publication years ranged from 2001 to 2020, and there were a total of 863 women enrolled for the analysis, with a total of 465 in the intervention group and 398 in the control group. All the intervention groups used TCM plus chemotherapy, while all the control groups used chemotherapy. Four trials reported tumor responses, and four trials reported QOL data. Seven trials reported the peripheral blood lymphocyte levels, and 3 trials mentioned the results of AEs. No trials reported the results of tumor markers, and 2 trials mentioned incomplete KPS results that could not be extracted for meta-analysis.


Table 1 | Characteristics of studies included in this meta-analysis.





3.3 Assessment of Methodological Bias

All of the 11 studies referred to randomization. Only 2 trials (15, 21) used a random number table that generated a random sequence, while the other did not mention the method. Only Chan (15) performed the allocation concealment by block randomization, while other studies did not report this method. Also, only one study (15) mentioned double-blinding, while the rest of the studies failed to report the blinding of the investigators, patients, and outcome assessors. Incomplete outcomes existed in Liu (19). In addition, all trials were supposed to have a low risk of other bias and did not have selective reporting. The quality assessment of the included studies is summarized in Figure 2.




Figure 2 | Risk of bias summary (A) and diagram (B).





3.4 Efficacy


3.4.1 Tumor Response

Four trials reported the ORR following WHO or RECIST guidelines. The pooled results show that the ORR of the combination therapy group was significantly higher than that of the chemotherapy-alone group (RR: 1.42; 95% CI: 1.18–1.71; I2 = 21.4%; p = 0.000) (Figure 3). Moreover, three trials reported the result of SD and PD. The pooled results show that DCR of combination therapy group was also higher than control group (RR: 1.13; 95% CI: 1.03–1.25; p = 0.110; I2 = 0.0%, p = 0.492) (Figure 4). While the pooled results show that PD of combination therapy group was significantly lower than that in chemotherapy-alone group (RR: 0.27, 95% CI: 0.11–0.65, p = 0.003; I2 = 0.0%, p = 0.930”) (Figure 5).




Figure 3 | Forest plot of the meta-analysis of the objective response rate (ORR) between the intervention group and the control group.






Figure 4 | Forest plot of the meta-analysis of the disease control rate (DCR) between the intervention group and the control group.






Figure 5 | Forest plot of the meta-analysis of progressive disease (PD) between the intervention group and the control group.





3.4.2 Quality of Life

We explored the quality of life of patients who suffered from integrated traditional Chinese medicine plus chemotherapy and chemotherapy alone. The result of the heterogeneity test is: I2 = 92.2%, p = 0.000 (Figure 6A). Since the sensitivity analysis showed that Yu’s research had a great influence on the results, we eliminated the literature and then summarized the results again. After excluding the study, the heterogeneity had been significantly reduced (I2 = 66.9%, p = 0.049), and a meta-analysis was conducted through a random-effects model. The pooled results show that the quality of life of the combination therapy group is significantly better than that of the chemotherapy alone group (SMD: 0.85, 95% CI: 0.38–1.33, p = 0.005) (Figure 6B).




Figure 6 | Forest plot of the meta-analysis of quality of life (QOL) before sensitivity analysis (A) and after sensitivity analysis (B) between the intervention group and the control group.





3.4.3 Peripheral Blood Lymphocyte Levels

Additionally, we analyzed the levels of CD3+ T, CD4+ T, CD8+ T, and CD4+/CD8+ T ratio of patients suffering from integrated traditional Chinese medicine plus chemotherapy and chemotherapy alone. The pooled results show that the levels of CD3+ T (WMD: 5.65, 95% CI: 4.23–7.08, p = 0.000; I2 = 68.3%, p = 0.004), CD4+ T (WMD: 6.97, 95% CI: 5.35–8.59, p = 0.000; I2 = 83.4%, p = 0.000), and CD4+/CD8+ T ratio (WMD: 0.32, 95% CI: 0.23–0.42, p = 0.000; I2 = 78.0%, p = 0.000) of the combination therapy group were significantly higher than those in the chemotherapy-alone group. While the level of CD8+ T cells of the combination therapy group didn’t show an obvious increase (WMD: -3.34, 95% CI: -4.81~ -1.87, p = 0.000; I2 = 90.0%, p = 0.000) (Figure 7).




Figure 7 | Forest plot of the meta-analysis of immune function indicators including CD3+ T, CD4+ T, CD8+ T, and CD4+/CD8+ T cells between the intervention group and the control group.





3.4.4 Safety

Lastly, we pooled the incidence of AEs including gastrointestinal reactions, hepatic and renal dysfunction, fatigue, alopecia, stomatitis, and myelosuppression. However, we could only compare these two treatments by the number of AEs because the data did not provide a classification of them. A meta-analysis was conducted through a fixed-effects model, and the pooled results showed that the incidence of AEs in the combination therapy group was significantly lower than that in the chemotherapy-alone group (RR: 0.47, 95% CI: 0.29–0.75, p = 0.002) (Figure 8).




Figure 8 | Forest plot of the meta-analysis of AEs between the intervention group and the control group.





3.4.5 Sensitivity Analysis

Sensitivity analysis eliminates each included study one by one and performs a summary analysis on the remaining studies to assess whether a single included study has an excessive impact on the results of the entire meta-analysis. The result of the sensitivity analysis is shown in Supplementary Figures S1–S9. The results showed that almost no studies had an excessive impact on the results of the meta-analysis, indicating that the results of the remaining studies are stable and reliable.



3.4.6 Publication Bias

The funnel plot is shown in Figure 9. It can be seen that the funnel plot is not symmetrical, indicating that there may be publication bias in this study.




Figure 9 | Funnel plot for evaluating the publication bias of this meta-analysis.





3.4.7 Effective Herbs Extraction

To discern the commonality of the TCM formulae for combined chemotherapy in the included studies, we analyzed the occurrence frequency and compatibility of the compounds in those Chinese herbal prescriptions.

We analyzed the characteristics of the 10 different TCM prescriptions mentioned in the included trials. Ordered according to their frequency of use, the TCM whose counts were more than three are listed in Figure 10 and Table 2, namely Fuling, Gancao, Baizhu, Danggui, Shengdi, Huangqi, Baishao, Mudanpi, Dangshen, Chuanxiong, Renshen, Shudi, Chenpi, Taoren, Chishao, Banzhilian, Guizhi, Gouqiz, and Shanzhuyu.




Figure 10 | Traditional Chinese medicine (TCM) herbs that appeared in each study.




Table 2 | The high-frequency Chinese herbs in each study.



In addition, 4 of these studies (40%) used a combination of Dangshen/Renshen, Gancao, Baizhu, and Fuling, which is the most representative prescription for nourishing qi and is known as Sijunzi decoction. Based on these findings, it can be inferred that in the treatment of GC by TCM + chemotherapy, using basic qi tonic TCM to invigorate qi and strengthen the spleen can be an effective method, which was also found in some experiments. A new effective prescription was composed of these 19 herbs for subsequent network pharmacology analysis.



3.4.8 Screening of Effective Components in TCM Group

Through the above meta-analysis, 19 kinds of TCM (Fuling, Gancao, Baizhu, Danggui, Shengdi, Huangqi, Baishao, Mudanpi, Dangshen, Chuanxiong, Renshen, Shudi, Chenpi, Taoren, Chishao, Banzhilian, Guizhi, Gouqiz, Shanzhuyu) have good effects on GC treatment. Due to the large number of Chinese medicines, we took Counts4 as the screening standard, and took the first 9 Chinese medicines as the TCM group.

Using the TCMSP database, the TCM group was entered into the database, and the obtained ingredients were screened according to oral bioavailability (OB) of ≥30% and drug like (DL) of ≥0.18. Through searching the TCMSP database, there is no effective ingredient in Shengdi that meets ADME standards. Therefore, the remaining 8 TCM in the TCM group are used to screen the effective ingredients. Finally, there were 6 active components in Fuling, 88 active components in Gancao, 4 active components in Baizhu, 2 active components in Danggui, 16 active components in Huangqi, 8 active components in Baishao, 3 active components in Mudanpi, and 12 active components in Dangshen. After weight removal, there were 120 active components in the TCM group.



3.4.9 Screening of Highly Correlated Targets for GC Disease

The GEO database difference analysis was performed on the whole gene matrix of VN, EC, and OC obtained in Section 2.7. The genes with a high correlation with GC in |log FC|>1 adj.p-val<0.05 were screened by the method in Section 2.7. A total of 626 high correlation targets in VN, 3,884 high correlation targets in EC, and 5,665 high correlation targets in OC were obtained. As there were few highly correlated targets in VN, we expanded the screening conditions and screened |log FC|>0.5 p-val<0.05 as a highly correlated gene of VN. A total of 2,144 highly correlated targets in VN were obtained. After deleting the overlapping targets in the three groups of data, 8,949 high correlation targets of GC disease were obtained.



3.4.10 Construction of a Regulatory Network for the TCM Group

In total, 120 active components were retrieved from the TCMSP database, and 225 directly corresponding targets were obtained after weight removal. A total of 8,949 highly correlated targets of GC disease were retrieved from the GEO and GeneCards databases, including 139 drug-disease common targets. After standardizing the gene, the full name of the gene is transformed into the gene symbol. Finally, Cytospace3.7.2 software was used to construct the regulation network of the TCM group (Figure 11).




Figure 11 | TCM group regulatory network.





3.4.11 Construction and Analysis of PPI Network of GC Disease Target in TCM Group

The intersection genes obtained in Section 3.4.10 were imported into the STRING database, and the species was defined as human. A score of >0.9 was set to hide the disconnected nodes, and the interaction network between the TCM group and GC disease target proteins was constructed, which is illustrated in Figure 12.




Figure 12 | Protein interaction network.



Topology analysis of the protein–protein interaction (PPI) network was then required. The data in Figure 13 were saved as a TSV file, and the information for Node1, Node2, and the combined score in the file was imported into the Cytoscape V3.7.2 software. Finally, BisoGenet and CytoNCA in Cytoscape software were used. Referring to the degree value, the “betweenness centrality (BC)” and “closeness centrality” of all nodes were calculated. The top genes of DC and BC were sequentially screened, and the protein interaction core of the TCM group was finally determined (Figure 13). The topology parameter analysis is shown in Table 3. 




Figure 13 | PPI core network.




Table 3 | Analysis of topology parameters.



According to the results of topological parameter analysis, genes NPM1 and HSPA8 were the most critical genes in GC. Through the PPI core network, HSP90AA1, HSPA5, CDK2, and ESR1 were found to be the core genes directly associated with the effective components of the TCM group, among which HSP90AA1 ranked the highest.



3.4.12 Functional Enrichment Analysis of Gene Body (GO)

An enrichment analysis was carried out for 139 intersection genes of the screened TCM group and GC disease targets, and the analysis results of biological process (BP), cell composition (CC), and molecular function (MF) involved in this core target could be obtained in Supplementary Figures S10–S12.

From the analysis of Supplementary Figure S10, the core target of metal ions in BP responses to the significance of the highest, followed by oxidation reaction, cell response to chemical stress, steroids, drug reactions, radiation reactions. Besides, the reaction of lipopolysaccharide and active oxygen reaction control have positive influence on nutrient levels and oxidative stress reaction. In terms of CC, the above core targets were most significant in membrane raft, plasma membrane microregion, and membrane region, followed by transcriptional regulatory complex, endoplasmic management cavity, RNA polymerase II transcriptional regulatory complex, organelle outer membrane, and other parts. In terms of MF, DNA-binding transcription factor binding was the most significant, followed by RNA polymerase II-specific DNA-binding transcription factor binding, amide binding, polypeptide binding, and cytokine receptor binding. Therefore, the TCM group may focus on the above biological functions to participate in the treatment of GC diseases.



3.4.13 Enrichment Analysis of KEGG Pathway

Whether the Chinese traditional medicine group—the intersection of GC disease gene KEGG enrichment analysis, gets the core targets in lipid and atherosclerosis, Kaposi’s sarcoma-associated herpesvirus infections, hepatitis B, diabetes complications of AGE-RAGE signaling pathways, fluid shear stress and atherosclerosis, and the human cytomegalovirus pathway is salient. It indicates that the components in the TCM group may achieve the purpose of curing diseases by acting on the above signal pathways (Figure 14).




Figure 14 | KEGG enrichment analysis.



Accordingly, the KEGG network is constructed, with the outer circle as the related pathway and the inner circle as the core gene, whose graph size is proportional to the number of associated pathways (Figure 15).




Figure 15 | KEGG regulatory network.







4 Discussion

Based on previous studies, it was demonstrated that TCM plays an important role in the treatment of GC, so we conducted a systematic review and meta-analysis integrated with network pharmacology analysis to compare the efficacy of TCM plus chemotherapy with chemotherapy alone, and to identify the potential pharmacological mechanisms and targets of TCM.

As far as our knowledge is concerned, this is the first article that integrated meta-analysis and network pharmacology to evaluate the efficacy and potential pharmacological mechanisms of TCM in patients with GC. Previously, Ge et al. (10) provided a comprehensive meta-analysis for people with OC, but they only investigated the efficacy of TCM concerning survival, QOL, and immune function without assessing its safety. Coincidentally, network pharmacology conducted by Sun et al. (25) also paid attention to the potential targets of TCM for OC patients. However, in our study, which included 11 RCTs consisting of 863 GC patients, it was shown that TCM plus chemotherapy can provide more durable disease control and improve GC patients’ QOL without substantially increasing AEs compared with chemotherapy alone, and the major ingredients and major targets involved in the effective treatments were also illustrated.

Based on the guidelines standardized by NCCN, ESMO, and ASCO, the treatment options for patients encompass surgery, chemotherapy, radiotherapy, biological therapy, targeted therapy, immunotherapy, or an integration of these options. Among them, chemotherapy has been successfully and commonly utilized in the treatment of GC. Platinum derivatives, paclitaxel, and antimetabolites, all alkylating drugs, are the most commonly used antitumor agents, whose mechanisms are based on the damage of genomic synthesis and repair mechanisms in cancer cells (26). It will cause extensive DNA damage that exceeds the cellular DNA repair capacity and ultimately leads to apoptotic cancer cell death. These drugs are usually nonselective to cancer cells, and consequently, they induce concurrent damage to healthy tissues and organs. Following chemotherapy, women will be at an increased risk of experiencing AEs, and the next course of treatment is likely to be delayed or terminated due to a high degree of drug toxicity and poor results from the evaluation of its efficacy. Recent studies have also found it is difficult to improve its therapeutic effects, and the response of patients is being reduced in the wake of each subsequent line of therapy (27, 28).

TCM occupies a very important position in the treatment of cancers in China. It has been reported to enhance cytotoxic effects and reduce side effects of chemotherapeutic agents. A bulk of studies have proved that TCM has a unique advantage in the treatment of GC. Research by Supoken et al. has shown that TCM can enhance the ability of the body’s immunity and resistance to tumors and can relieve chemotherapy-induced immunosuppression. Wu et al. (7) found that TCM could prolong the chemotherapy interval and decrease the incidence of AEs. It was also reported that TCM could effectively alleviate the AEs of chemotherapy and improve QOL (29). The results of our study were also consistent with them, but a few aspects still need to be considered when interpreting our findings.

Firstly, moderate to high heterogeneity was observed across all included trials, which may result from the types of TCM, tumor type, pathogenic type, cancer histotype, and line of treatment. We used sensitivity analysis to detect the article that affected the result and obtained a meaningful result by removing it. As for the newly achieved drug composition from those 11 RCTs, whether it could achieve certain therapeutics in the clinic still needs to be investigated. In our study, none of the included trials completely reported the overall survival (OS) or progression-free survival (PFS); they only illustrated the curative effects of factors including tumor responses, QOL, peripheral blood lymphocyte levels, and AEs in treating GC. Thus, more newly offered evidence needs to be stated to confirm whether TCM plus chemotherapy could prolong the long-term survival rates of GC patients. Among those trials, lacking the data on the applications of injection-based, pill, and external administration of TCM, the included formulas were all oral administration. Also, almost all TCM were used after the chemotherapy cycle ended. The utilization of TCM before or during the chemotherapy cycle still needs more data to support. More studies to determine the best dosage form and use time of TCM are needed in the future.

Myelosuppression, hepatic and renal dysfunction, and gastrointestinal reactions were common chemotherapy-related side effects (30, 31), which could reflect patients’ tolerance to chemotherapy. Dose modification and symptomatic treatment are usually involved to relieve this symptom, and in our study, it was found that patients who had taken TCM had a lower incidence of AEs. However, as for the serious AEs of high grades, we were not able to analyze them because of the lack of data on different degrees and types of side effects, for which we only analyzed the difference in the number of AEs.

We also perform network pharmacology to explore the specific effect of the TCM group on the GC treatment process. According to the results of the PPI and KEGG parts, the TCM group plus three core genes mentioned above and the relevant signaling pathway obtained by GO and KEGG enrichment analysis have more to do with the occurrence and development of malignant tumors. Current studies demonstrate that the level of NPM1 is associated with the promotion of endometrial cancer by circWHSC1 (32). In addition to being involved in inhibiting OC proliferation and apoptosis (33), HSP90AA1 has been shown to inhibit UCC cell invasion and the EMT phenotype (34). Furthermore, HSPA8 is considered to be another candidate biomarker for early diagnosis and treatment of EC in stage I (35), while the levels of plasma intima-media thickness plus serum high-density lipoprotein levels are considered to be a new marker of uterine fibroids (36). Frontier studies have been discussing the relationship between cardiovascular disease and cancer, and the results of our study could also provide new ideas for the development of this field.

NPM1 is a protein widely expressed in the nucleoli, which can travel between the nucleus and cytoplasm, participate in the assembly and transportation of ribosomal proteins, regulate centrosome replication, and regulate the expression of tumor suppressor ARF. Mutations in NPM1 push the protein to transfer from the nucleus to the cytoplasm, causing acute myeloid leukemia. However, Fan et al. (37) showed that in normal fallopian tubes, NPM1 protein was mainly distributed in the nucleus. The expression of NPM1 protein in HGSC was abnormal in the cytoplasm and significantly higher than that in normal oviduct tissue. Furthermore, APE1/Ref-1 interacts with NPM1 to control the DNA damage repair system (38). NPM1 also promotes UCC lymph node metastasis by participating in reprogramming fatty acid metabolism (39). Another study (40) demonstrated that inhibition of nuclear phosphine (NPM1/B23) restores the expression of estrogen receptor (ESR1/ERa) in endometrial cancer cells. This fully demonstrates the importance of this gene to GC.

Moreover, HSPA8 is a component of the HSP70 family expressing homologous proteins and is crucial to many cellular processes. In particular, its regulatory role in autophagy is decisive (41). Functionally, it binds to nascent peptides to promote correct folding. It also acts as an ATPase to break down cypermethrin-coated vesicles during the transport of membrane components through cells. According to a relevant study (42), HSPA8 can be used as a special diagnostic protein marker model for UCC. It was found that Hsp70 and Hsc70 are expressed in a unique and predominantly overlapping pattern in the cervix and endometrium as well (43). In both tissues, the highest levels of these two proteins were found in differentiated, nonproliferating epithelial cells. This means that the HSPA8 gene may also have a common expression in GC, but there is still a lack of relevant studies in this respect.

Furthermore, the HSP90AA1 gene is a core gene directly associated with GC. Functioning as a homologous dimer, the protein it encodes is an inducible molecular chaperone. The encoded proteins contribute to the correct folding of specific target proteins through the cochaperone-regulated ATPase activity. There is evidence (44) that HSP90A plays a key role in the crossroads between the Nanog-TCL1A axis and the multiple attack properties of immunoediting tumor cells. It stabilizes and enhances AKT activation through TCL1A, thereby contributing to the multi-invasive properties of NANOGhigh tumor cells. Importantly, HSP90 inhibition sensitized immune-refractory tumors to adoptive T-cell metastasis and PD-1 blockade and reactivated the immune cycle of tumor-responsive T cells. These results indicate that the HSP9OA-TCL1A-Akt pathway ignited by NANOG is a central molecular axis and potential target of immune-refractory tumors and has a high reference value for GC treatment.

The strengths of our study include our wide-ranging online searches of literature in both English and Chinese databases. We applied broad criteria for pooling studies. We conducted a meta-regression analysis to determine if specific preparation yielded differing effects over the broad group, and in several cases they did.

Some limitations may affect the drawn conclusion. First, there was a lack of large, multicenter, standardized RCTs, and the sample sizes of our included studies were mostly small or of moderate size. More RCTs with larger sample sizes are required to confirm these outcomes. Second, TCM’s individualized treatment and self-formulated prescription for inconsistent treatment with Chinese medicine may have led to heterogeneity in the meta-analysis, and none of them were able to provide definitive options for clinical treatment. Moreover, randomization methods, allocation concealment, and blinding are not clearly described in those included trials, which may result in inherent bias and exaggeration of the efficacy of the treatment group. In addition, our study induced a certain degree of heterogeneity due to the different classifications of tumors, pathologic stage of the tumor, the application of adjuvant therapy, and duration of treatment among included trials. Furthermore, almost all studies were conducted in China, which may lead to unavoidable regional bias. All these limitations may have resulted in insufficient evaluations of the outcome indicators. There are also some shortcomings in network pharmacology analysis. Due to the incomplete research on drug components and targets, the relevant data in the disease database are incomplete, leading to certain limitations and defects in the statistical results of network pharmacology in this paper. Also, the method of screening components of TCM by DL and OB values did not take the active ingredients into full consideration, which may affect the results. Furthermore, network pharmacology studies ignored the influence of component content of TCM on experimental results, and subsequent studies should focus on the relationship between content and curative effect. Moreover, network pharmacology is based on computer simulation analysis and molecular network data, whose statistical and predictive results need to be confirmed by specific experiments in vivo and in vitro. So we still need to take these compelling results with caution and this study should be carefully disseminated for clinical application. Our findings need to be further confirmed via more RCTs conducted in a rigorous manner.

All in all, we hope the findings of this analysis will provide a shred of helpful evidence for clinicians to formulate the best treatment strategy for patients with GC and also provide scientific clues for researchers in this field. Moreover, the methodological ideas of this paper are shown in Supplementary Figure S13.



5 Conclusion

In summary, our study indicates that TCM plus chemotherapy is highly effective and safe in the treatment of people with GC. TCM plus chemotherapy has the characteristics of multiple pathways, multiple components, and multiple targets in the treatment of GC and diseases. Our study will provide valuable evidence for further evaluation of TCM. Moreover, some limitations increased the risk of bias, which, to some extent, affects the credibility of the satisfactory result. Thus, to confirm these finding, more rigorous randomized controlled trials are needed.
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Background

Cervical cancer has become a worldwide concern owing to its high incidence and mortality rates. To date, high-altitude areas of Tibet have not benefited from any large-scale cervical cancer screening programs. Therefore, we initiated a screening program to investigate the prevalence of human papilloma virus (HPV) and HPV genotype distribution to reveal cervical cancer and its precursor which lead to morbidity among women in the city of Nagqu in northern Tib3et.



Methods

A total of 25,173 women were recruited to undergo HPV genotype tests between June and December 2019. Women infected with HPV 16 and/or 18 underwent colposcopy and histological examination. Women with other high-risk HPV type (hr-HPV) underwent cytological tests to determine whether to conduct further colposcopy and histological examination for diagnosis. HPV prevalence was calculated in the total population and further stratified according to various parameters, such as age group, area location (altitude level), and single or mixed infection status. The HPV genotype distribution was also investigated accordingly. Cervical lesions revealed by further colposcopic findings were also analyzed; high-grade and malignant lesion morbidities were calculated in total and in each county. Most data were collected and analyzed using descriptive and consistency check statistical methods, and a risk factor investigation for HPV infection was performed using logistic regression models.



Results

The total HPV infection rate among women in Nagqu was 13.42%. Of the 25,173 women in the study, 999 (3.97%) were HPV 16/18 positive, 2,379 (9.45%) were other hr-HPV-positive, and 21,795 (86.58%) were HPV-negative. The five most common HPV genotypes, accounting for more than 60% of all HPV infections in Nagqu people, were HPV 16, 58, 31, 18, and 52. Tibetan women younger than 20 years and older than 60 years were the two age groups with the highest rates of HPV infection, 26.7% and 19.8%, respectively. Among the HPV-positive women, 2,656 (78.33%) were infected with a single strain and 732 (21.67%) were infected with multiple strains (more than two genotypes). HPV prevalence increased in high-altitude areas (positive rate highest in Nyima with an altitude of 5,000 m, 23.9%) and decreased in relatively low-altitude areas (positive rate lowest in Lhari with an altitude of 4,000 m, 6.6%). Multiple analyses showed that age, parity, age at first delivery, and altitude of residence were independent factors facilitating HPV infection in Tibetan women. High-grade and malignant cervical lesions revealed by histological findings were different among living locations, with the highest rates in Xainza, Baingoin, and Nyainrong, these being 2.019%, 1.820%, and 1.116%, respectively, among women in these areas.



Conclusion

Our survey provides an overall perspective on HPV genotype infection and cervical lesions in women in northern Tibet. The data not only provide useful information for the treatment of cervical lesions but also has great value in terms of the primary and secondary prevention measures that can be taken for women living in these regions.



Clinical Trial Registration

www.chictr.org.cn, indentifier ChiCTR2000035061.
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1 Introduction

Cervical cancer is the third most common cancer worldwide and the fourth most common cancer among Chinese women. Reportedly, there are 34,000 and 275,000 cervical cancer-related deaths in China and globally, respectively (1). Human papillomavirus (HPV) has been confirmed as a pathogenic cause of cervical invasive cancer and its precancerous lesions, and cervical cancer is now regarded as a preventable disease (2).

Several cervical screening programs have been developed and applied to populations in various countries to identify precursors of cervical cancer. Multiple strategies are available for cervical cancer screening. The cheapest and simplest method of visual inspection with acetic acid has a high false-positive rate, requires a large number of trained clinicians, and is time-consuming, all of which make it difficult to access in Tibet despite its relative simplicity and low cost. The pap smear or cytology test has been used for several decades (3, 4) ; however, it has low sensitivity and specificity. Primary cytology with HPV triage has been widely used in women older than 30 years (testing HPV together with cytology), and it has high sensitivity and specificity (5–7). However, these tests are expensive and require abundant medical resources. Recently, another screening method solely for HPV testing (as the primary screening test) has been developed following cytology triage (8, 9). This method is extensively used in European countries, and it has an enhanced negative predictive value (10, 11). This screening method allows cervical cancer screening safety intervals to be extended from 3 to 5 years (12).

In most parts of China, for cervical cancer screening, we adopt the principle of “Opportunistic screening.” That is, when a woman comes to the hospital for various reasons, doctors suggest additional cervical cancer screening. Usually, combined cytology and HPV tests are used in most Chinese medical affiliations, and patients can afford the expense by themselves (13, 14). However, this strategy has not yet been widely used in Tibet. This is because Tibet has a relatively small population, large territory, and limited medical resources (15). Moreover, the majority of women in Tibet rarely visit hospitals voluntarily, except in emergencies, and they are uninclined to pay for, even affordable, screening programs. Therefore, government-financed HPV primary screening programs for all the population at right ages (16) may be the best choice for women in Tibet.

This is the first large-scale cervical cancer screening program conducted in the city of Nagqu, northern Tibet. This study aimed to investigate the prevalence and distribution of HPV genotypes and cervical lesions in Nagqu women. This is the first regional epidemiological study to elucidate the incidence of cervical cancer and its precursor which leads to morbidity in Nagqu.



2 Materials and methods


2.1 Study population and screening strategy

A total of 25,173 married women aged 18–65 years in Nagqu City, Tibet Autonomous Region of China, who were available at home and who consented to undergo screening between June and December 2019 were recruited in this study. HPV genotype testing was the first step for all these participants. Women with positive results were divided into two groups. The first group included those with HPV 16 and/or HPV 18 infections, and the second group included high-risk HPV (hr-HPV) infections with genotypes other than 16 and 18. Women with HPV 16 and/or 18 infection in the first group underwent colposcopy and histological examination at the People’s Hospital of Nagqu. Women in the second group with other types of hr-HPV infection underwent cytology testing initially. If cytology results showed ASCUS (atypical squamous cells, undetermined significance) or more in these women, they were requested to undergo further colposcopy and histological examination for diagnosis. The flow diagram (Figure 1) summarizes this process.




Figure 1 | Flow of participants in the screening cohort.





2.2 HPV and cytology testing

All HPV samplings were performed by trained general practitioners at every primary hospital in all parts of Nagqu City. HPV samples were analyzed using a BGI 16-type HPV genotyping sequencing assay (BGI, Shenzhen, China). HPV testing was performed using an HPV genotyping sequencing system. This assay could detect 16 hr-HPV genotypes (16, 18, 31, 33, 35, 39, 45, 51, 52, 53, 56, 58, 59, 66, 68, and 73), as described here in detail (17, 18). Briefly, this assay aimed to target and amplify DNA of the HPV L1 gene. MiSeq or personal genome machine (PGM) sequencing strategies were used for testing. HPV16/18-positive samples were subjected to histological examination while cytology tests were also maintained for these participants for study purposes; hr-HPVs other than 16/18 infected women were referred for cytology analysis with liquid-based cytology (LBC) (Thin Prep, Hologic, Boxborough, Massachusetts, USA).



2.3 Colposcopy examination

Women who required colposcopy examinations were referred to a single expert gynecologist at the People’s Hospital of Nagqu, Tibet. All examinations were conducted according to routine procedures described previously (19). Hematoxylin and eosin (H&E) staining was performed for histological diagnosis.



2.4 Statistical analysis

SPSS 21.0 (version 21.0; SPSS, Inc. Chicago, IL, USA) was used for statistical analysis. All participants were divided by age group and county to calculate the prevalence of the overall HPV genotype, HPV 16/18, and other hr-HPV genotypes. Additionally, a stratifying strategy was used to analyze the cytology and histology results. To compare differences in HPV infection prevalence and cervical lesion rates among various locations and age groups, the chi-square test was used accordingly. Also, a logistic regression model was used to investigate factors influencing HPV infection. The p value was considered significant when p < 0.05.




3 Results


3.1 Overview of HPV infection in the women of Nagqu, north of Tibet


3.1.1 Distribution of HPV genotypes in the women of Nagqu

The total HPV infection rate among women in Nagqu was 13.42%. Of the 25,173 women in the study, 999 (3.97%) were HPV 16/18 positive, 2,379 (9.45%) were other hr-HPV HPV positive, and 21,795 (86.58%) were HPV negative (Figure 2A and Table 1).




Figure 2 | The HPV infection distribution. (A) Distribution of HPV genotypes in the women of Nagqu. (B) Distribution of multiple and simple HPV infection in the women of Nagqu. (C) Overall prevalence distribution of each HPV genotype.




Table 1 | Prevalence of HPV genotypes in all patients and prevalence of HPV genotypes in simple- and multiple-HPV-infection patients.





3.1.2 Distribution of multiple and simple HPV infection in the women of Nagqu

For the HPV-positive patients, the genotyping results showed that 2,646 (78.33%) were singly infected, 575 (17.02%) were doubly infected, 130 (3.85%) were triple infected, 24 (0.71%) were quadruply infected, and only three patients (0.01%) were quintuply infected (Figure 2B and Table 1).



3.1.3 Overall prevalence distribution of each HPV genotype

The overall prevalence of each HPV genotype in the HPV-positive patients is shown in Figure 2C; Table 1. The most frequently detected HPV genotype was HPV 16, which was detected in 577 women (13.6%). The relatively less common genotypes were HPV 58 (557, 13.1%), HPV 31 (512, 12%), HPV 18 (450, 10.6%), HPV 52 (410, 9,6%), HPV 51 (378, 8.9%), HPV 68 (280, 6.6%), HPV 39 (237, 5.6%), HPV 59 (219, 5.1%), HPV 66 (200, 4.7%), HPV 56 (98, 2.3%), HPV 6 (98, 2.3%), HPV 35 (64, 1.5%), HPV 45 (63, 1.5%), HPV 11 (62, 1.5%), and HPV 33 (52, 1.2%). In patients with single and multiple HPV infections, the HPV prevalence was slightly different from the total prevalence, as summarized in Table 1. For example, in single- and dual-infection groups, the four most common genotypes were HPV 16, 58, 31, and 18; however, in patients infected with three HPV genotypes, the four most common infection genotypes were HPV 31, 58, 52, and 51.



3.1.4 Distribution of HPV infection in different age groups in the Nagqu area

Based on the age groups, as shown in Table 2, women with a younger age (less than 30 years) and older age (>50 years) had higher total HPV infection rates of 15.9% and 18.4%, respectively, p < 0.01. Women with a median age of (31–50 years) had a lower positive rate (12.6%), and the difference was statistically significant.


Table 2 | Prevalence of HPV genotypes in women of different ages.





3.15 Area-specific distribution of HPV infections in Nagqu

As the city of Nagqu has an area of 370,000 km2, and its 11 counties have different altitudes and different modes of production and life, we calculated the HPV infection rate in women according to each of the 11 areas. Generally, women living in eastern areas with lower altitudes had lower HPV infection rates than those living in western areas with higher altitudes (Figure 3A and Table 3). HPV infection rates in women were lowest in Lhari, Bagen, and Biru counties at 6.6%, 7%, and 9.2%, respectively. The highest infection rate was noted in the ultra-high-altitude areas of Amdo (18.6%), Nyima (23.9%), and Shuanghu (20.3%). When we combined the 11 counties into three regions according to altitude level (region A, altitude level <4,000 m; region B, altitude level within 4,000–5,000 m, region C altitude level >5000 m), we found that regions with lower altitudes had the lowest HPV-positive rate of 9.8%, while the rates in regions B and C were 13.2% and 20.9%, respectively (p = 0.001). Correlation analysis also indicated a significant correlation between altitude and HPV infection rates, p = 0.001, gamma = -0.251 (Figure 3B).




Figure 3 | The HPV prevalence in 11 countries of Nagqu. (A) HPV prevalence in 11 counties of Nagqu City, Tibet. (B) Different HPV prevalence with altitude variation.




Table 3 | Prevalence of HPV genotypes in women from 11 counties of Nagqu city, Tibet.





3.1.6 Independent factors influencing HPV infection in Nagqu, Tibet

According to the above findings, it can be mentioned that HPV infection was associated with factors such as women’s age, living locations, and altitude. Our analysis also showed that women with HPV infection had less children and younger age in first delivery. Therefore, we introduced logistic regression to perform multiple-factor analysis to identify the independent factors facilitating HPV infection in Nagqu women. Statistics indicated that age group, living location altitude, and parity were the independent factors influencing HPV infection (Table 4). The P-value was 0.031 for those aged between 31 and 35 years and 0.001 for those aged over 50 years. The P-values for altitude and yield were 0.001.


Table 4 | Independent factors influencing HPV infection in women of Nagqu.






3.2 Cytology

The most common finding was low-grade squamous intraepithelial lesion (LSIL), and 739 women (78.8%) were diagnosed with HPV 16/18. Meanwhile, among other hr-HPV-positive women, only 53.5% (1206 individuals) were diagnosed with LSIL. Additionally, in cytology tests of HPV 16/18 and other hr-HPV-positive patients, the diagnosis of atypical squamous cells of unknown significance (ASCUS), atypical squamous cells cannot exclude HSIL (ASCH), high-grade squamous intraepithelial lesion (HSIL), and cancer was very rare. The most dominant difference was the proportion of Negative for Intra-epithelial Lesions or malignancies (NILM). In the 16/18-positive patients, only 3.1% (29 women) were diagnosed with NILM, whereas in other hr-HPV-positive patients, nearly 40% were diagnosed with NILM. The results are summarized in Table 5.


Table 5 | Cytology and histology results in HPV positives women in Nagqu.





3.3 Histology

A total of 2,315 women underwent histological examinations, as shown in Table 5. As shown in Table 5, of HPV 16/18-positive patients, 70.2%, 18.5%, 8.9%, and 2.3% of patients had LSIL, NILM, HSIL, and invasive cancers, respectively. In other hr-HPV-positive patients, the diagnosis of NILM was slightly higher (31.6%), LSIL patients were slightly less than HPV 16/18 patients, with a proportion of 58.2%, HSIL was diagnosed in 9.6% of HPV-positive patients, and cervical cancer was found in only 0.6% of HPV-positive women. The histological differences between the two HPV groups were statistically significant (p = 0.001).

As there were different HPV infection rates in different counties, we next investigated the distribution of HSIL and cervical cancer lesions in each of the 1 different counties. The analysis indicated that, consistent with the HPV infection profiles, patients with HSIL and cancer lesions seemed to have a similar distribution (Figure 4A and Table 6). For HPV-positive women, lesions of HSIL and invasive cancer were most prevalent in some high-altitude areas such as Xainza (2.019%), Baingoin (1.820%), and Nyainrong (1.116%), while the incidence was lower in lower-altitude areas such as Sogxian (0.744%) and Baqen (0.826%). After stratifying the lesion rates by the three altitude levels, the HSIL or cancer incidence also presented a significant positive correlation with altitude, as shown in Figure 4B, p = 0.001.




Figure 4 | Incidence of high grade cervical lesions in 11 countries of Nagqu. (A) High-grade cervical lesions' incidence in 11 counties of Nagqu city, Tibet. (B) Different high-grade cervical lesions' incidence with altitude variation.




Table 6 | Incidence of HSIL or severe lesion among Tibetan women in different areas.






4 Discussion

To the best of our knowledge, this is the first large-scale population-based survey in Tibet to investigate the prevalence of HPV infection and related cervical lesions in women. This study revealed that the overall HPV infection rate in the women of Nagqu was 13.42%, consistent with recent studies in other high-altitude areas such as Nyingchi, Tibet, 12.81% (20), and Xining, Qinghai, 16.72% (21), while it was slightly higher compared with the investigation conducted about 10 years ago, in which the HPV positivity rate was 9.82% (22). In previous studies, HPV prevalence varied greatly among areas in China and worldwide. Within China, different districts have different HPV infection rates, such as Shanxi (14.8%), Shenzhen (11.3%), Shenyang (17%), Zhejiang (13.3%), and Shandong (18.1% (23–27). According to reports on global levels, HPV-positive rates range from 5% to 10% (28–31). Our data also showed that cervical lesion rates fluctuated significantly among women in different counties of Nagqu Tibet, ranging from 0.605% to 2.019% (Table 6).

Intriguingly, there seemed to be a positive correlation between HPV prevalence rate/cervical high-grade lesion incidence and altitude. The higher the altitude, the higher the prevalence of HPV in women. We searched for related studies performed in high-altitude areas all over the world and found that HPV prevalence was high (38.2%) in high-altitude areas of Ecuador, a Latin American country with a largely high altitude, although it was a hospital-based rather than a community-based investigation (32). As mentioned earlier, in China, HPV infection rates at different altitudes in Shanxi were 14.8%, 11.3%, 17%, 13.3%, and 18.1%, respectively. Shanxi, Shenyang, and Shandong are in northern China, whereas Shenzhen, Zhejiang, and Tibet are in the south.

Therefore, we assumed that possible reasons may be attributed to the following two elements: hypoxia from high altitude and cold weather because of extreme climate, both of which facilitate HPV transmission.

Although a few studies have suggested a higher risk of HPV prevalence and cervical cancer in women living in high-altitude areas, there is solid evidence that many types of cancer are more common in high-altitude-living people, such as gastric cancer and breast cancer. The mechanism, which has been comprehensively reviewed (33), is complex and controversial.

Researchers have also revealed an association between cold weather and a high risk of many cancers, such as breast, prostate, and colon cancer. The reasons may be related to evolutionary adaption, high concentrations of certain air pollutants, and low levels of serum vitamin D, although any single factor cannot explain this epidemiological phenomenon (34).

Another possible reason we suspected, although with no scientific data, may be attributed to the social and living styles of Tibetan women, especially in pastoral areas. From our examinations and the subsequent interviews, women in pastoral areas in northern Tibet had very poor sanitation, and many of them did not clean their anogenital areas with tissue or other materials after defecation. In addition, in many places, polyandry and premature sex are common in society. Compared with Han women, Tibetan women have a lower probability of using prenatal care or receiving maternal and child healthcare (35), and Tibetan women have lower knowledge and acceptance of cervical cancer screening (2). All of these behaviors are believed to facilitate HPV transmission.

In our study, we found that the main form of HPV infection was a single infection, while multiple HPV infections were less common, and the results were consistent with those of previous studies. The five most common HPV genotypes in Nagqu people were HPV 16, 58, 31, 18, and 52, accounting for approximately 60% of all infections. This result differed slightly from those of previous studies on the top five HPV genotypes in China (36). Fortunately, all five genotypes were within the nine-valent HPV vaccine spectrum. Thus, there should be an HPV vaccine program initiated in northern Tibet, and our data will provide great value in this effort. The manner of infection in Tibet was approximately the same as that encountered in previous studies in other areas of China (37).

As indicated in other studies, our survey also demonstrated that the age-stratified HPV genotype prevalence has a U-shaped pattern. That is, the infection rate was highest in both the youngest and oldest groups and lowest in the median group (38). This was consistent with previous studies in China that showed a bimodal distribution with age (39). Moreover, the prevalence of HPV genotypes differed according to age group. In the group of women younger than 30 years, the top four HPV genotypes were HPV 16, 31, 58, and 52; in those aged 31–50 years, the top four HPV genotypes were HPV 16, 58, 52, and 18. In women aged >50 years, the top four frequently infected HPV genotypes were HPV 31, 58, 16, and 18. Even when we stratified the women into simple and mixed infection groups, this pattern remained consistent. HPV infection is closely related to women’s age, and women who are sexually active and postmenopausal women have a higher probability of infection with HPV (37, 40, 41), which is also applicable in the Nagqu area. This may be related to factors such as age at first sexual encounter, number of sexual partners, frequency of sexual intercourse, and sexual hygiene for sexually active women (42). The immune capacity of women decreases with age, especially in pre- and postmenopausal women, and the ability to eliminate past and new infections weakens (43). Furthermore, education, economic status, and awareness of cervical cancer and cervical cancer screening are perhaps also the influencing factors (42), although we did not explore this in detail in this research. Therefore, it is necessary to strengthen health knowledge education, improve women’s awareness of self-health care, and conduct regular HPV screening to prevent cervical cancer. Our research may thus be helpful for the prevention of cervical cancer in women in Nagqu.

Although the incidence of HSIL and cervical cancer was nearly the same between the HPV 16/18 infection group and the other hr-HPV infection group, the LSIL frequencies were significantly different (44). In the HPV 16/18 group, LSIL was detected in approximately 70.2% of patients, whereas in the other hr-HPV infection group, LSIL only accounted for 58.2% of women. This phenomenon was also observed in other similar research (45–48). According to our data, HPV16/18 positivity results in different LSIL rates in Tibet compared to non-16/18, which may suggest different management strategies for the two types of infection. Previous studies have shown that persistent HPV infections, such as HPV 16, 18, and 31, are closely related to the occurrence of cervical cancer (49). The occurrence of low-risk HPV is closely related to the occurrence of skin venereal diseases such as condyloma acuminatum (50), suggesting that close attention should be paid to hr-HPV infection in the prevention and treatment of cervical cancer.

As mentioned above, the HPV infection rate correlated with altitude; a similar phenomenon was also observed in the histological results (Figure 4 and Table 6). Some studies have indicated that severe lesions might be attributed to the high prevalence of HPV 16/18 infections instead of the overall HPV infection rate (51), which was also verified in our survey. The top three counties with a high incidence of cervical lesions were Xainza (2.019%), Baingoin (1.820%), and Nyainrong (1.116%), and HPV 16/18 infection rates were also higher in 11 counties (5.6%, 3.8%, and 3.1%, respectively).

The strength of this study is highlighted by the fact that it showed a higher prevalence of HPV infection in women residing at higher altitudes in Tibet. Further analysis indicated that HPV infection and cervical lesion incidence might have a certain correlation with location altitude and it might also vary in different age groups. This information not only provides useful information for the treatment of cervical lesions but also has great value in primary and secondary cervical cancer prevention measures for women residing in high-altitude areas.

The weakness of our survey included missing some important information of the women participating in the study such as the number of sex partner, smoking or alcohol drinking habits, and economic status, so that statistical analyses could not be performed to investigate more risk factors facilitating HPV infection and cervical precancer pathogenesis. Further studies are needed not only for more rigorous and comprehensive investigations but also for long-term surveillance of HPV-positive Tibetan women.
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Variables OR 95%Cl p-Value
Univariate Obesity 1.336 0.802-2.224 0.266
Gravidity (0 vs >1) 0.655 0.145-2.959 0.682
Parity (0 vs >1) 0.787 0.225-2.755 0.708
The time after menopause <10 y 1.449 1.000-2.101 0.050
Estrogen value >37 pmol/l 0.953 0.636-1.427 0.814
Late menopause 2.104 1.370-3.232 0.001
AUB 14.889 9.059-24.469 <0.001
Large EPs 3.647 2.075-6.408 <0.001
Have blood flow signal 4.270 2.918-6.249 <0.001
ET >0.2cm 1.742 1.142-2.657 0.010
Hypertension 1.019 0.703-1.476 0.922
DM 1.087 0.658-2.115 0.806
Breast cancer 0.183 0.024-1.371 0.098
Previous EPs 0.875 0.354-2.160 0.771
Multtiple polyps 1.228 0.840-1.794 0.288
multivariate Late menopause 1.696 0.996-2.889 0.052
AUB 13.630 8.140-22.822 <0.001
Large EPs 2.944 1.5639-5.630 0.001
Have blood flow signal 3.264 2.058-5.176 <0.001
ET 20.2cm 1.914 1.126-3.254 0.017

Cl, confidence interval: AUB, abnormal uterine bleeding; EPs, endometrial polyps; DM, diabetes mellitus; ET, endometrial thickness.
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Variables OR 95%ClI p-Value
Univariate Obesity 2.130 0.880-5.157 0.148
Gravidity (0 vs >1) 1.343 0.783-2.460 0.415
Parity (0 vs >1) 1.486 0.867-2.551 0.190
Late menopause 1.185 0.529-2.521 0.837
AUB 3.781 2.195-6.516 <0.001
Large EPs 3.706 2.068-6.644 <0.001
Have blood flow signal 2.609 1.5637-4.430 <0.001
Hypertension 2.722 1.392-5.325 0.005
DM 0.988 0.977-1.000 0.712
Breast cancer 0.988 0.977-1.000 0.712
Previous EPs 0.505 0.208-1.225 0.138
Multiple polyps 1.568 0.897-2.743 0.143
multivariate AUB 3.403 1.987-5.978 <0.001
Large EPs 2.697 1.464-4.996 0.001
Have blood flow signal 3.506 2.352-5.226 0.002
Hypertension 2.744 1.297-5.804 0.008

Cl, confidence interval; AUB, abnormal uterine bleeding; EPs, endometrial polyps; DM, diabetes mellitus.
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Set Method

Set 1 A
B
Set 2 A
B

Groups

total
premenopausal
postmenopausal
total
premenopausal
postmenopausal
total
premenopausal
postmenopausal
total
premenopausal
postmenopausal

Sensitivity (%)

42.6
235
53.8
91.3
89.4
924
36.0
214
54.5
100
100
100

Specificity (%)

98.1
98.3
98.1
49.3
37.2
56.6
99.9
99.9
100
58.5
55.6
7.6

PPV (%)

85.2
76.9
87.6
31.1
26.0
35.0
90.0
75.0
100
32
2.0
10.5

NPV (%)

87.2
83.9
89.4
95.8
93.4
96.7
99.1
99.3
98.5
100
100
100

AUC

0.704
0.609
0.759
0.801
0.731
0.843
0.680
0.607
0.773
0.801
0.774
0.899

Set 1, Training Set; Set 2, Validation Set; Method A, Direct judgment by hysteroscopy; Method B, Noninvasive predictor; PPV, positive predictive value; NPV, negative predictive value;

AUC, area under the curve.
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Benign Malignancy Premalignant Cancerous

Variables
Total 918 230 50 180
Age, y* 53.31 £ 11.59 53.31+ 11.61 45.66 + 11.95 55.44 + 10.60
BMI, kg/m?® 23.38 + 3.37 24.20 + 3.65 23.95 + 3.04 24.26 + 3.80
Gravidity® 253 +1.41 2.58 + 1.45 2.00+1.26 2.74 £1.47
Parity® 1.54 +1.03 152 +1.05 0.98 + 0.84 1.67 + 1.06
Postmenopausal 574 (62.5%) 145 (63.0%) 15 (30.0%) 130 (72.2%)
Age of menopause, y*° 50.37 + 3.26 51.49 + 3.50 52.53 +2.45 51.37 +3.59
The time after menopause, y*° 10.00 + 6.49 8.79 £ 7.01 6.13 £ 4.94 9.09 £7.16
Estrogen value >37pmol/® 168 (29.3%) 40 (27.6%) 3(20.0%) 37 (28.5%)
Late menopause 120 (13.1%) 49 (21.3%) 12 (24.0%) 37 (20.6%)
AUB 322 (35.1%) 189 (82.2%) 33 (66.0%) 156 (86.7%)
Largest dimension of EPs, cm® 1.34 £ 0.71 1.91 £ 1.00 1.59 + 0.81 2.00 £ 1.03
Have blood flow signal 323 (35.2%) 148 (64.3%) 29 (58.0%) 119 (66.1%)
ET 20.2 com® 103 (17.9%) 40 (27.6%) 7 (46.7%) 33 (25.4%)
Hypertension 258 (28.1%) 75 (32.6%) 15 (30.0%) 60 (33.3%)
DM 48 (5.2%) 12 (5.2%) 0(0.0%) 12 (6.7%)
HRT 6(0.7%) 1(0.4%) 1(2.0%) 0 (0.0%)
Breast cancer 25 (2.7%) 1(0.4%) 0(0.0%) 1(0.6%)
Tamoxifen use 9 (1.0%) 0 (0.0%) 0(0.0%) 0 (0.0%)
Lynch syndrome 0(0.0%) 0(0.0%) 0(0.0%) 0(0.0%)
PCOS 1(0.1%) 3(1.3%) 2 (4.0%) 1(0.6%)
Family history of endometrial cancer 3(0.3%) 0(0.0%) 0(0.0%) 0(0.0%)
Previous EPs 72 (7.8%) 12 (5.2%) 6(12.0%) 6(3.3%)
Multiple polyps 424 (46.2%) 120 (52.2%) 35 (70.0%) 85 (47.2%)
17 (1.9%) 98 (42.6%) 7 (14.0%) 91 (50.6%)

Malignant sign by hysteroscopy
BMI, body mass index; AUB, abnormal uterine bleeding; EPs, endometrial polyps; ET, endometrial thickness; DM, diabetes mellitus; HRT, hormone replacement therapy; PCOS,
polycystic ovary syndrome.

“It was expressed in terms of mean = standard deviation.

bThis variable was calculated only for postmenopausal patients.
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Variables

Univariate Obesity
Gravidity (0 vs >1)
Parity (O vs >1)
Postmenopausal
Late menopause
AUB
Large EPs
Have blood flow signal
Hypertension
DM
Breast cancer
Previous EPs
Multiple polyps
Multivariate Late menopause
AUB
Large EPs
Have blood flow signal

Cl, confidence interval; AUB, abnormal uterine bleeding; EPs, endometrial polyps; DM, diabetes mellitus.

OR

1.483
1.264
1.475
1.125
1.996
8.369
3.705
3.675
1.286
1.000
0.147
0.639
1.313
1.414
7.306
2.595
2.690

95%Cl

0.960-2.291
0.654-2.445
0.821-2.653
0.590-2.143
1.328-2.999
5.706-12.275
2.463-5.573
2.659-5.078
0.918-1.802
0.520-1.925
0.020-1.104
0.338-1.207
0.963-1.790
0.860-2.325
4.927-10.835
1.662-4.052
1.872-3.866

p-Value

0.076
0.484
0.193
0.721
0.001
<0.001
<0.001
<0.001
0.144
1.000
0.062
0.168
0.085
0.172
<0.001
<0.001
<0.001
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Patientswith newly diagnosed epithelial ovarnian cancer
during2011-2019 (N=491)

Excludedpatientswith

1. concurrent cancer (N=22

2.no debulking surgery (N=3)

3. noremission (N=58)

4. norecurrence (N=241)

5.mcomplete data (N=28)
logs of follow-up (N=34)

Patientswith firstrecurrence of ovarian cancer (N=105)

Excludedpatients
1. declined treatment (N=24)
2. had PARP1 or Inmunotherapy (N=14)

Patients includedin this study (N=67)

Chemotherapy alone Chemotherapy with
(N=37) Bevacizumab (N=30)
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Variable SCC-MT (N = 13) Other Histology (N = 9) P value
Age (year) 0.548
<60 7 (53.8%) 6 (66.7%)
260 6 (46.2%) 3(33.3%)
Clinical symptoms 0.219
Bellyache/abdominal distension 9 (69.2%) 3 (33.3%)
Pelvic mass 2 (15.4%) 4 (44.4%)
Others 2 (15.4%) 2 (22.2%)
Tumor mass size (cm) 0.429
<10cm 5 (38.5%) 5 (55.6%)
>10cm 8 (61.5%) 4 (44.4%)
Neoadjuvant chemotherapy 0.329
No 2(92.3%) 7(77.8%)
Yes 1(7.7%) 2 (22.2%)
FIGO stage 0.643
| 4(30.8%) 3(33.3%)
I 6 (46.2%) 3 (33.3%)
Il 2 (15.4%) 3(33.3%)
v 1(7.7%) 0
Primary Surgery 0.902
CRs 8 (61.5%) 6 (66.7%)
Staging Surgery 3 (23.1%) 1(11.1%)
Fertility preservation surgery 1(7.7%) 1(11.1%)
TAH+BSO 1(7.7%) 1(11.1%)
Adjuvant treatment 0.29
No 3(23.1%) 4 (44.4%)
Yes 10 (76.9%) 5 (55.6%)
Recurrence 0.665
No 6 (46.2%) 5 (65.6%)
Yes 7 (63.8%) 4 (44.4%)
Recurrent death 6 (85.7%) 3 (75.0%)
Recurrent but alive 1(14.3%) 1(25.0%)
5-year RFS rates 61.50% 100%
5-year OS rates 76.90% 77.70%
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Variable Number (N = 22) % Variable Number (N = 22) %

Age (year) 51 (21-75) Primary Surgery
<60 13 59.10% Cytoreductive surgery 14 63.60%
=60 9 40.90% Staging Surgery 4 18.20%

Complications Fertility preservation surgery 2 9.10%
No 11 50.00% Others 2 9.10%
Yes 1" 50.00% Reexplore laparotomy for complete stage

Menopause No 18 81.80%
No 10 45.50% Yes 4 18.2
Yes 12 54.50% Operation complication

Previous pregnancy No 19 86.40%
No 4 18.20% Yes 3 13.60%
Yes 18 81.80% intestinal obstruction 1 4.50%

Previous delivery infection 1 4.50%
No 5 22.70% lymphedema 1 4.50%
Yes 17 77.30% Adjuvant treatment

Clinical symptoms No 7 31.80%
Bellyache/abdominal distension 12 54.50% Yes 15 68.20%
Pelvic mass 6 27.30% TC 8 36.40%
Others 4 18.20% TP 5 22.70%

Tumor mass size (cm) 10 (3-30) PEB 1 4.50%
<10cm 10 45.50% Others 1 4.50%
>10cm 12 54.50% Malignant transformation Histology

Positive tumor marker Squamous-cell carcinoma 13 59.10%
CA125 13 59.10% Adenocarcinoma 3 13.60%
CA199 12 54.50% Carcinoid 2 9.10%
SCCAg 4 18.20% Borderline tumor 4 18.20%
CEA 5 22.70% Tumor grade
AFP 1 4.50% G1 7 31.80%

Neoadjuvant chemotherapy G2 6 27.30%
No 19 86.40% G3 4 18.20%
Yes 3 13.60% No report 5 22.70%

FIGO stage Recurrence
| 7 31.80% No 12 54.50%
Il 9 40.90% Yes " 50.00%
1} 5 22.70% Recurrent death 9 40.90%
v 1 4.50% Recurrent but alive 2 9.10%

Data are presented as number (%) or mean (+SD) or median (+IQR).

Follow-up time (Months)

54.3(12.0-315.4)
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Case Age Gestation/ Complications Symptoms Tumor Positive Neoadjuvant FIGOstage Primary Surgery Malignant Tumor Adjuvant  Status Follow-

(1) pregnancy size tumor  chemotherapy transformation grade treatment up time
(cm) marker Histology (Mo)
1 60 G7P7 None Pelvic 5.0 None No n Cytoreduction AC-MCT G1 Yes Dead 1206
mass
2 35 @GP None Abdominal 3.0 None  No [ Cytoreduction BD-MCT NR No Alve 3154
distension
3 46 G2pP2 None Bellyache 120 None No A Cytoreduction SCC-MCT G2 No Alive 197.7
4 65 G2P1  Nephitis Belyache 113 None  No 1 Cytoreduction SCC-MCT a1 No Dead 1454
5 55 GOPO  HIN Pelvic 85  Cal25/CA199 Yes 1 Cytoreduction Goiter-carcinoid G Yes Dead 412
mass
6 g3 G1P1 DM Poor 10.0 Ca125/CA199 No B Cytoreduction SCC-MCT G1 No Dead 755
appetite
7 75 GP2 HIN Abdominal  15.0 CA125  Yes [} Cytoreduction AC-MCT G3  Yes Dead 856
distension
8 64 G4P3 None Pelvic 133 CA199  No 1 Cytoreduction BD-MCT NR No Alve 14.4
mass
9 57 G8P1  None Belyache 100  Cal25/CA199 No [ Cytoreduction SCC-MCT G Yes Alve 133.2
10 45  G3P3 DM Pelvic 8.1 Cat2s/  No e Cytoreduction SCC-MCT G Yes Dead 168
mass SCCAg
11 41 GIP1 None Pelvic 57 Cai25/  No [ Oophorocystectomy BD-MCT NR Yes Recurrent 1196
mass CA199/CEA but alive
12 60  G3P1  None Vaginocele 12,0 None  No [ Cytoreduction scc G2 Yes Dead 1140
13 33  G2PO  HBV Abdominal 300  CAI25/CEA/ No 1 Staging Surgery BD-MCT NR No Alve 107.8
distension AFP
14 39 G5P1 None Bellyache 82 CA199/CEA  No ic Staging Surgery SCC-MCT G1 Yes Dead 240
15 25  GOPO  Psoriasis Belyache  15.0 CA199  No " Fertiity preservation surgery ~ SCC-MCT Gt Yes Alve 125
16 21 GOPO  None Menstual 7.0 None  No 1c Fertity preservation surgery ~ CC-MCT NR O No Alive 509
disorder
17 84 G2P2 HIN Belyache  10.0 CA125/  No [ Cytoreduction SCC-MCT G2 Yes Alve 487
CA199
18 48  G2P1  Cerebral Belyache 128 CA125/  Yes v Cytoreduction SCC-MCT G3  Yes Dead 23
infarction CA199/
SCCAG/CEA
19 6  G3P1  Canotidplaque Belyache 87 CA125/  No " Staging Surgery SCC-MCT G2 Yes Recurent  89.9
CA199/ but alive
SCCAg
20 36  GOPO  IgA Belyache 50 CA125/  No " Staging Surgery SCC-MCT G2 Yes Alve 1.8
nephropathy SCCAg
21 62  GIPI  None Pelvic 84  Cal25/CA199 No [ Abdominal hysterectomy SCC-MCT G2 Yes Alve 75
mass +bilateral salpingo-
oophorectomy
22 46 G2P1 None Vaginal 14.0 Ca125/ No n Cytoreduction AC-MCT G1 Yes Alive 1.1

drainage CA199/CEA
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Type of Treatment: NACT on high-grade serous tubo-ovarian carcinoma.

Pathological evaluation: CRS evaluated on surgical resection of omentum localization; validated system, mandatory in the evaluation of post-NACT
ovarian carcinoma.

CRS1 no or minimal response (tumor without evidence of regression or with few foci of regression-associated fibro-inflammatory changes).

CRS2 appreciable response (residual tumor easily identifiable >2 mm with diffuse regression-associated fibro-inflammatory changes)

CRS3 complete or near-complete response (diffuse regressive fibro-inflammatory changes with small residual foci of neoplasms <2 mm or no residual tumor identified)
Type of Treatment: Post-PIPAC peritoneal metastasis.

Pathological evaluation: PRGS evaluated on multiple bioptic samples made during each PIPAC procedure; proposed, under validation.

PRGS1 complete response (regressive changes without evidence of tumor cells)

PRGS2 major response (regressive changes predominant over tumor cells)

PRGS3 minor response (tumor cells predominant over regressive changes)

PRGS4 no response (tumor without evidence of regressive changes)

Type of Treatment: Hormonal Fertility-sparing therapy for AH and WDC.

Pathological evaluation: descriptive approach on bioptic endometrial samples made at 3 monthly interval control, compared with the previous sample.
Total response/Resolution: the last specimen shows endometrium without atypia or hyperplastic features.

- Partial response/Regression: the last specimen shows hyperplasia without atypia.

- Persistence: the last specimen with persistence of AH or WDC, such as on the previous biopsy.

-Progression: the last specimen with WDC when the pretreatment one showed AH or with carcinoma with a higher grade than the previous biopsy.

- Recurrence: reappearance of a lesion resolved/regressed during the treatment.

Type of Treatment: neoadjuvant therapy of LACC.

Pathological evaluation: several systems have been proposed based on different criteria; these systems are under validation.

System based on size of residual tumor: pRO no residual tumor; pR1 microscopic residual tumor (<3 mm); pR2 macroscopic residual tumor (>3 mm)

System based on depth of invasion: CR complete response without residual tumor; PR1 residual tumor with less than 3 mm stromal invasion; PR2 residual tumor
with less than 3 mm stromal invasion.

System based on ratio residual tumor/regressive changes: grade 0 no evidence of effect; grade 1a neoplastic cells occupy >2/3 of the tumor bed; grade 1b the
cells remain in >1/3 but <2/3; grade 2 tumor cells remain in <1/3; grade 3 there are no tumor cells.
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Datasets (sample size) Comparison Groups Fold Change P value Overexpression Gene Rank

Lu Ovarian (50) Ovarian Serous Adenocarcinoma vs. Normal 1.596 0.007 2184 (in top 13%)
Ovarian Mucinous Adenocarcinoma vs. Normal 2.015 0.011 1224 (in top 7%)
Welsh Ovarian (32) OQvarian Serous Surface Papillary Carcinoma vs. Normal 2.079 0.008 1478 (in top 28%)
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Study

%

ID HR (95% Cl) Weight
Li (2021) 0.99 (0.73,1.35)  1.54
Kim (2021) 0.99 (0.91,1.07)  11.06
Zaccarini (2021) —~  0.89(0.66,11.90) 0.07
Chiva (2020) 242 (1.34,439) 0.44
Gil-Moreno (2019) 0.88 (0.78,0.99)  7.19
Cusimano (2019) 1.41(0.84,2.37) 057
Campos (2021) 2.05(0.51,8.24)  0.08
Li (2021) 1.37(0.65,2.89)  0.28
Dai (2020) —_— 3.39(1.23,9.31)  0.15
Abel (2020) 1.09 (0.83, 1.44)  1.88
Kwon (2020) 0.98 (0.60, 1.59)  0.64
Qin (2020) —o—li 0.65(0.14,2.96)  0.07
Hu (2020) 1.60 (0.89,2.88)  0.45
Chen (2020) 1.03(0.97,1.08)  14.91
Wenzel (2020) —_—— 0.94 (0.43,2.04) 0.26
Wang (2019) —_— 0.59 (0.24,1.45)  0.19
Kim (2019) 0.98 (0.92,1.03)  14.49
Paik (2019) «— e 0.59 (0.07,4.92)  0.03
Liu (2019) —_— 1.50 (0.80,3.00)  0.35
Corrado (2018) 0.99 (0.94,1.04)  15.39
Wang (2016) 0.99 (0.72,1.35)  1.48
Park (2016) —_— 0.88 (0.40,1.89)  0.26
Mendivil (2016) 0.96 (0.71,1.30)  1.59
Ditto (2015) <—o—_|: 0.50 (0.07,3.77)  0.04
van de Lande (2012) 1.86(0.72,4.81)  0.17
Abel (2020) 1.00 (0.82, 1.21)  3.46
Yang (2020) S 3.17 (1.76,5.70)  0.45
Doo (2019) —I—% 2.50 (0.71,8.33)  0.10
Alfonzo (2019) 1.03(0.55,1.94)  0.39
Corrado (2018) 1.00 (0.99,1.00)  20.44
Mendivil (2016) 0.96 (0.67,1.36)  1.18
Jensen (2020) 0.60 (0.32,1.11)  0.40
Overall (I-squared = 40.2%, p = 0.011) 1.01(0.97,1.05)  100.00

NOTE: Weights are from random effects analysis

07 1 14 3





OPS/images/fonc.2021.762921/table1.jpg
Author Year  Group Country Tumor stage Patients Tumor size Pathologic type(%)

(FIGO) number (%) >2cm
MIS Control MIS Control Mis Control
SCC ACC ASC Other SCC ACC ASC Other
Li 2021 MIS Korea IA-IA 282 280 518 596 624 316 39 21 686 246 46 21
vs.ARH
Kim 2021 MIS Korea IA1-1IA1 67 22 343 318 761 224 15 00 682 273 45 00
vs.ARH
Kim 2021 MIS Korea 1B1-IIA2 110 38 NA NA 70.0 255 45 00 711 263 26 00
vs.ARH
Zaccarini 2021 MIS French IA2-1IB 223 41 NA NA 66.4 269 0.0 6.7 634 244 00 122
vs.ARH
Chiva 2020 MIS European 1B1 291 402 433 602 NA NA NA NA NA NA  NA NA
vs.ARH
Levine 2020 MIS America 1A2-1B1 82 44 427 545 439 476 85 00 659 2783 68 00
vs.ARH
Uppal 2020 MIS America 1A1-1B1 560 255 188 81.0 5560 407 483 00 600 357 43 00
vs.ARH
Gil-Moreno 2019 MIS Spain IA1-IIB 112 76 NA NA 607 339 00 54 618 302 00 78
vs.ARH
Cusimano 2019 MIS Canada IA-I 473 485 NA NA 51.6 48.4 56.1 43.9
vs.ARH
Ramirez* 2018 MIS multicenter IA1-IB1 319 312 423 429 67.10 27.30 280 280 67.30 2560 1.90 &.10
vs.ARH
Campos?® 2021 LRH Brazil 1A2-1IA 16 14 NA NA NA NA NA NA NA NA  NA NA
vs.ARH
Rodriguez 2021 LRH multicenter I1A1-IB1 681 698 265 27.8 650 311 39 00 670 281 49 00
vs.ARH
Li 2021 LRH China 1B1 574 574 NA NA 824 152 24 00 8.2 115 33 00
vs.ARH
Dai 2020 LRH China B 213 213 NA NA 756 225 1.9 00 685 272 42 0.0
vs.ARH
Apel” 2020 LRH America I 410 1305 766 786 NA NA  NA NA NA NA  NA NA
vs.ARH
Kwon 2020 LRH Korea 1A2-1B2 252 258 NA NA 734 246 00 20 698 271 00 31
vs.ARH
Qin 2020 LRH China 1A2-1B1 172 84 29.7 357 768 203 29 00 87 95 48 00
vs.ARH
Hu 2020 LRH China 1A2-IB1/IIA1 406 406 59.1 62.1 88.0 9.1 il 12 889 84 1.5 12
vs.ARH
Chen 2020 LRH China 1B1 129 196 NA NA 798 147 341 23 842 117 341 1.0
vs.ARH
Wenzel 2020 LRH Netherlands 1A2-1IA1 369 740 360 620 670 290 40 00 660 290 50 00
vs.ARH
Pedone 2020 LRH Italy IA-IB 206 217 335 475 67.5 32.5 65.0 35.0
Anchora vs.ARH
Wang 2019 LRH China 1B2-1IB 217 179 NA NA 866 115 18 00 894 50 56 00
vs.ARH
Yuan 2019 LRH China 1A2-1A2 99 99 50.5 535 828 141 34 00 828 131 441 0.0
vs.ARH
Kim 2019 LRH Korea B 222 222 437 455 667 279 54 00 752 189 59 00
vs.ARH
Paik 2019 LRH Korea IB1-IIA1 19 357 NA NA 689 311 00 00 720 280 00 00
vs.ARH
Liu 2019 LRH China B 271 135 NA NA 801 159 40 00 81 89 30 00
vs.ARH
Lim 2019 LRH Singapore IA-IIA 51 85 NA NA 412 490 389 59 588 318 35 59
vs.ARH
Guo 2018 LRH China IA-IA 412 139 NA NA 825 17.5 791 20.9
vs.ARH
Corrado™ 2018 LRH ltaly 1B1 152 101 NA NA 723 243 00 34 673 228 59 40
vs.ARH
Wang 2016 LRH China 1A2-IIA2 203 203 NA NA 847 118 35 00 769 187 44 00
vs.ARH
Park 2016 LRH Korea 1A2-IIA 196 107 522 277 NA NA  NA NA NA NA  NA NA
vs.ARH
Mendivil® 2016 LRH America 1A2-1IB 49 39 NA NA 776 184 20 20 692 128 103 77
vs.ARH
Ditto 2015 LRH Italy 1A2/1B1 60 60 NA NA 60.0 40.0 58.0 42.0
vs.ARH
Toptas 2014 LRH Turkey 1A2-1B1 22 46 318 674 81.8 46 136 00 630 109 217 44
vs.ARH
Kong 2014 LRH Korea IB-IIA 40 48 NA NA 750 175 75 00 813 146 42 0.0
vs.ARH
van de Lande 2012 LRH Netherlands 1B1 76 93 NA NA 737 237 25 00 720 237 43 00
vs.ARH
Choi 2012 LRH Korea I1A-IA 194 99 NA NA 774 216 10 00 717 263 30 00
vs.ARH
Lee 2011 LRH Korea Il 24 48 NA NA 792 167 41 00 792 167 441 0.0
vs.ARH
Sobiczewski 2009 LRH Poland IA1-IIA 22 58 NA NA 910 9.0 0.0 00 860 120 00 20
vs.ARH
Malzoni 2009 LRH Italy IA1-1B1 65 62 NA NA 862 108 30 00 85 97 48 00
vs.ARH
Jackson 2004 LRH United 1B1 50 50 NA NA 660 340 00 00 660 340 00 00
vs.ARH Kingdom
Abel® 2020 RRH America 1] 1234 1805 780 786 NA NA  NA NA NA NA  NA NA
vs.ARH
Chen 2020 RRH China I1A-IIA2 879 879 NA NA 941 652 07 00 943 52 00 00
vs.ARH
Yang 2020 RRH America 1A2-IIA 150 181 659 68.7 50.0 458 43 00 487 479 34 00
vs.ARH
Doo 2019 RRH America 1B1 49 56 39.0 620 610 330 60 00 570 360 70 00
vs.ARH
Alfonzo 2019 RRH Sweden IA1-1B1 232 232 315 3563 616 328 66 00 612 332 56 00
vs.ARH
Corrado* 2018 RRH Italy 1B1 88 101 NA NA 648 261 658 383 673 228 59 40
vs.ARH
Shah 2017 RRH America IA1-1B2 109 202 NA NA 380 550 60 20 550 360 50 50
vs.ARH
Sert 2016 RRH Norway, IB1-IIA 259 232 NA NA 570 360 30 40 590 30 30 30
vs.ARH America
Mendivii® 2016 RRH America 1A2-1IB 58 39 NA NA 621 224 103 652 692 128 103 7.7
vs.ARH
Jensen 2020 RRH Denmark IA2-1B1 595 530 459 544 642 321 37 00 683 287 30 0.0
vs.ARH

MIS, Minimally invasive surgery; ARH, Abominal radiical hysterectomy; LRH, Laparoscopic radical hysterectomy; RRH, Robot-assisted radical hysterectomy; FIGO, International Federation
of Gynecology and Obstetrics; RCT, Randomized controlled trial; POBS, Prospective observational study; ROBSs, Retrospective observational studies; SCC, Squamous cell carcinoma;
ACC, Adenocarcinoma; ASC, Adenosquamous carcinoma; NA, Not available.

These two studies were RCTs, and the rest were observational studies (including 1 POBS and 45 ROBSS.).

¥Both were from the same studly.

“Both were from the same studly.

$Both were from the same studly.
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No. of studies HR 95%CI P Heterogeneity (1) (%)
3-year disease-free survival
| 9 1.07 1.01-1.14 0.020 59.6
IA-1B1 5 128 1.02-1.49 0.034 69.2
Western 5 1.10 1.01-1.20 0.024 309
Asia 8 1.04 0.96-1.12 0.381 69.3
Tumor size<2cm 3 1.04 0.98-1.09 0.186 0.0
3-year overall survival
| 9 1.06 0.99-1.14 0.096 48.4
IA-1B1 5 1.42 0.71-2.85 0.321 70.4
1B1-1l 3 1.02 0.92-1.13 0.689 0.0
Western 6 1.04 0.95-1.14 0.360 13.0
Asia 7 12 0.96-1.31 0.134 69.4
Tumor size<2cm 3 1.01 0.98-1.05 0.441 17.4
Tumor size>2cm 2 226 0.64-7.94 0.203 711
5-year disease-free survival
| 16 1.03 0.98-1.09 0.247 68.5
IA-1B1 13 1.04 0.99-1.09 0.157 65.0
1B1-1l 12 1.06 0.99-1.18 0.111 73.2
Western 17 1.03 0.98-1.07 0.243 58.3
Asia 15 1.03 0.92-1.17 0.577 54.4
Tumor size<2cm 9 0.86 0.54-1.37 0.530 50.9
Tumor size>2cm 6 165 1.02-2.66 0.041 69.6
5-year overall survival
| 16 1.01 0.96-1.06 0.665 56.2
IA-1B1 13 1.01 0.97-1.05 0.626 37.2
1B1-Il 14 1.01 0.97-1.06 0.606 51.4
I 2 1.03 0.88-1.20 0.745 0.0
Western 18 1.02 0.95-1.10 0.597 55.1
Asia 14 1.00 0.96-1.04 0.900 6.3
Tumor size<2cm 9 1.03 0.98-1.07 0.250 0.0
Tumor size>2cm 5 176 0.97-3.19 0.063 65.1
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Diagnosis

Number (%)

Premalignant and cancerous
Atypical hyperplasia
Endometrial carcinoma
Serous carcinoma
Clear cell carcinoma
Carcinosarcoma

Benign
Endometrial polyps
Simple hyperplasia
Complex hyperplasia
Uterine myoma
Endometrial

230
50 (21.74%)
165 (71.74%)
7 (3.04%)
5(2.17%)
3(1.30%)
918
880 (95.86%)
15 (1.63%)
6 (0.65%)
2 (0.22%)
15 (1.63%)

EPs, endometrial polyps.
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Gene

Forward primer (5’ to 3’)

Reverse primer (5’ to 3’)

Sequencing primer (5’ to 3’)

MRVI1

NTRK3

GGGGATTGTTATTTGTTGTGTGGATAT
TGGGGAGTTTTTATTATTTAAGGTTAATG
AAGTATGTGAGTTTGGAGAAGA
GGAAATGAGTGTTATTTAGATTAAGGAT

Biotin- AAACTCCTCTAAAAACCCCACTC
Biotin- TAAATCCCAACCCCTCTCAAA
Biotin- TCTCCCAAACCATTCTCTCTAAC
Biotin- ACCCCAAAAAAACACCCA

AGGGGTTTAGGGTGA
AGGTTAATGTTATATTTGGTTT
GGTAGGGGTTGTTTTTA
AGTGTTATTTAGATTAAGGATT
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GEO AUC 95% CI Cut off point Sensitivity Specificity
MRVIT GSE29570 0.958 0.914-1.000 3.010 0.844 0.941
GSE39001 0.937 0.842-1.000 3.049 0.842 1.000
GSE52903 0.974 0.944-1.000 3.052 0.927 0.941
NTRK3 GSE29570 0.812 0.698-0.925 2.568 0.556 0.941
GSE39001 0.653 0.432-0.872 2.602 0.474 1.000
GSE52903 0.815 0.711-0.919 2.634 0.582 0.941
Combination GSE29570 0.966 0.928-1.000 0.772 0.867 0.941
GSE39001 0.947 0.861-1.000 0.806 0.842 1.000
GSE52903 0.976 0.947-1.000 0.652 0.945 0.941

AUC, area under curve: 95% Cl, 95% confidence interval.
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Tumor Non-tumor P value
MRVIT CG24365867 51.21 + 18.44 25.30 + 7.47 0.002
CG24541550 70.54 + 22.47 33.37 + 10.04 0.001
CG16014606 50.81 + 13.95 2419+ 7.27 0.0003
CG15283950 51.26 + 16.02 23.69 + 6.81 0.001
NTRK3 CG14384532 31.47 + 23.43 562 +1.73 0.010
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Patients (No.) Age at diagnosis (years) ProMisE subtype MMR IHC abnormal POLE mutation p53 IHC
1 31 p53wt = = p53wt
2 35 MMR-D MSH6 = p53wt
3 28 p53wt o~ = p53wt
4 29 p53wt - - p53wt
5 28 p53wt - - p53wt
6 33 p53wt = - p53wt
7 26 - - DNA ampilification failure p53wt
8 34 p53abn = = p53abn
9 29 p53wt - - p53wt
10 23 p53wt = - p53wt
1 29 p53wt - - p53wt
12 31 MMR-D MSH6 = p53wt
13 37 MMR-D MSH2; MSH6 - p53wt

JHC, immunohistochemistry: MMR, mismatch repair; MSH6, MutS homolog 6; MSH2, MutS homolog 2; MMR-D, mismatch repair deficient.
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Study Characteristics MMR-D POLE-Mutated p53abn p53wt P! Total
Chung et al. (11) Number 9(15.8) 2(3.5) 1(1.8) 45 (78.9) = 57
Age at diagnosis (years) 33 (26-40) 27,34 33 31 (19-45) 0.382 33 (19-45)
BMI (kg/m?) 246 (18.8-41.3) 405,202 200 26.8(17.8-39.9) 0.265 25.7 (17.8-41.3)
CR rate at 6 months 1(11.1) 1(1/2) 1(141) 24 (53.3) 0.010 27 (47.4)
Best overall response of CR/PR rate 4(44.4) 1(1/2) 1(1A) 37 (82.2) 0.018 43 (75.4)
Recurrence rate after CR 1(25.0) 1(1/2) 1(141) 16 (43.2) 0.629 19 (44.2)
Hysterectomy 4(44.4) 2(2/2) 0(0M1) 22 (48.9) 1,000 28 (49.1)
Falcone et al. (12) Number 7 (46.7) 1(6.7) 0(0) 7 (46.7) 15
Age at diagnosis (years) 38 (28-39) 36 - 37 (25-40) - 37 (25-40)
BMI (kg/m?) 29.0 (24.3-53.5) 38.3 = 24.2 (22.7-33.1) = 26.3 (22.7-53.3)
CR rate at 6 months 5 (5/7) 1(11) = 7(7/7) - 13 (13/15)
Best overall response of CR/PR rate 5 (5/7) 1(111) - 7(7/7) - 13 (13/15)
Recurrence rate after CR 1(1/7) 0(0/1) - 2 (2/7) - 3(3/19)
Hysterectomy 2 (2/7) 0(0/1) - 2 (2/7) - 4.(4/15)
Puechl et al. (13) Number 4(18.2) 0(0) 1(6.7) 17 (77.3) - 22
CR rate at 6 months 3 (3/4) - 0(0/1) 13 (76.5) - -
Best overall response of CR/PR rate 3 (3/4) - 0(0/1) 13 (76.5) - 16 (72.7)
Progression or required definitive treatment 1(1/4) = 1(11) 4 (23.5) = 6 (27.3)
Hysterectomy 1(1/4) - 1(1/1) 4 (23.5) - 6 (100.0)
Summary of the 3 studies Number 20 (21.3) 3(3.2 2(2.1) 69 (73.4) - 94
CR rate at 6 months 9 (45.0) 2 (2/3) 1(1/2) 44 (63.9) 0.195 56 (59.6)
Best overall response of CR/PR rate 12 (60.0) 2(2/3) 1(1/2) 57 (82.6) 0.040 72 (76.6)
Recurrence rate after CR 3(15.0) 1(1/3) 2 (2/2) 22 (31.9) 0.168 28 (29.8)
Hysterectomy 7 (35.0) 2 (2/3) 1(1/2) 28 (40.6) 0.796 38 (40.4)

Data are presented as median (range) or n (%). 'Patients with POLE-mutated or p53abn were excluded.

MMR-D, mismatch repair deficient; abn, abnormal: wt, wild type; BMI, body mass index; CR, complete regression; PR, partial response; -, not available.
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Overall survival Progression free survival

Bevacizumab (use vs. no use) Hazard ratio (95% CI) P Hazard ratio (95% CI) P
Univariate analysis 0.69 (0.24-1.93) 0.478 0.60 (0.34-1.05) 0.074
Multivariate analysis* 0.39 (0.08-1.92) 0.244 0.33(0.13-0.85) 0.021

“Adjusted for stage at diagnosis, histological subtype, suboptimal debulking surgery, front-line Bevacizumab use, cytoreductive surgery, chemotherapy regimen for recurrent disease, and
socioeconomic status (ward fee payment).
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Variables

Number of participants

Age at diagnosis, years

Cell type, n (%)

Serous

Non-serous

Stage at diagnosis, n (%)

Stage I-Il

Stage lII-IV

Suboptimal debulking surgery, n (%)
Front-line Bevacizumab use, n (%)
Treatment free interval, n (%)

< 6 months

> 6 months

Cytoreductive surgery for recurrence, n (%)
Chemotherapy regimen for recurrence, n (%)
Platinum plus Paclitaxel or PLD

Others

Cycles of Chemotherapy

Cycles of Bevacizumab

Socioeconomic status (ward fee payment), n (%)
Totally covered by National Health Insurance
Private insurance

Data are presented as median (interquartile range) or n (%). PLD, pegylated liposomal doxorubicin.

Chemotherapy alone

37
59.0 (63.0-66.0)

28 (75.7)
9(24.9)

3(8.1)
34(91.9)
5(135)
7(18.9)

3(81)
34 (91.9)
14 (37.8)

29 (78.4)
8(21.6)
6.0 (5.0-9.5)
0

29 (78.4)
8(21.6)

Chemotherapy with Bevacizumab

30
56.5 (47.8-65.3)

23 (76.7)
7(23.9)

5(16.7)
25 (83.9)
3(100)
4(133)

4(13.9)
26 (86.7)
8(26.7)

25 (83.3)
5(16.7)
7.0 (6.0-90)
85 (5.5-16.25)

0.316
1.000

0.451

0.722
0.742
0.692

0.480
0.842

0.692

0.001
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Sub group

Cell type
Serous
Non-serous
Stage at diagnosis
Stage I-II
Stage III-IV
Treatment freeinterval
<6 months
> 6 months
Cytoreductive surgery for recurrent disease
Yes
No
Chemotherapyregimen for recurrent disease
Platinum plus Paclitaxel or PLD
Others

0.5 05

FavorsBev use

15 2.5

Favorsno Bev

Hazard ratio (95% CI)

0.64 (0.33-1.23)
0.39 (0.11-1.35)

0.64 (0.10-4.11)
0.57 (0.31-1.04)

0.40 (0.06-2.47)
0.61 (0.33-1.13)

0.76 (0.25-2.28)
0.49 (0.25-0.96)

0.67 (0.35-1.29)
0.21 (0.05-0.83)

Pinteraction

0.406
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Study Characteristics MMR-D POLE-Mutated p53abn p53wt P! Total

Summary of the 4 studies Number 23(21.7) 328 3(2.8 77 (72.6) e 106
CR rate at 6 months 11 (47.8) 2(2/3) 2(2/3) 50 (64.9) 0.152 64 (60.4)
Best overall response of CR/PR rate 14 (60.9) 2(213) 2(2/3) 62 (80.5) 0.092 80 (75.6)
Recurrence rate after CR/Progression 3(13.0) 1(1/3) 2(2/3) 23 (29.9) 0.174 29 (27.4)
Hysterectomy 8(34.8) 2(2/3) 1(1/3) 32 (41.6) 0.633 43 (40.6)

'Patients with POLE-mutated (n = 3) or p53abn (n = 3) were excluded.
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Patients ~ Age at diagnosis BMI (kg/m?) Pre-diagnosis  Pathology Diagnostic Treatment, mg/day Treatment duration,

(No.) (years) GxPx method months
1 31 21.9 GOPO G1EAC D&C MA, 160 + MPA, 250 343
2 35 20.4 G2P1 G1 EAC Hysteroscopy MA, 160 3
3 23 20.7 GOPO G1 EAC D&C MA, 160 6
4 29 18.4 G1PO G1EAC D&C MA, 160 3
5 28 30.8 GOPO G1EAC Hysteroscopy MA, 160 + LNG-IUS 6+5
6 33 37.6 GOPO G1EAC D&C MA, 160 + LNG-IUS 6
7 26 26.6 GOPO G1EAC Hysteroscopy MPA, 250 + LNG-IUS 10
8 34 39.4 G2P0 G1 EAC Hysteroscopy MPA, 500 24
9 29 30.7 GOPO G1EAC Hysteroscopy LNG-IUS 12
10 23 24.8 GOPO G1EAC Hysteroscopy LNG-IUS 1"
1 29 18.6 GOPO G1 EAC Hysteroscopy MA, 160 3
12 31 20.4 GOPO G1EAC Hysteroscopy MPA, 250 + LNG-IUS 4
13 37 20.3 GOPO G1 EAC Hysteroscopy MA, 160 + GnRH-A (i.m) 1month + 4 times
Patients Follow-up Oncologic outcome  Final Recurrence Second cancer Hysterectomy Current  GxPx at the end of
(No.) duration, months at 6 months diagnosis (months) (months) status the treatment
1 138 CR Normal = = No NED GOPO
2 120 CR Normal - = No NED G2P1
3 123 CR Normal 107 Ovarian cancer Yes AWD GOPO
(107)
4 84 CR Normal = = Yes NED G1PO
5 60 Progression’ EAC - - Yes NED GOPO
6 48 CR Normal = = No NED GOPO
2 46 CR Normal = = No NED GOPO
8 27 PR Normal = = No NED G2PO
9 15 CR Normal = = No NED GOPO
10 " CR Normal = = No NED GOPO
il 12 Persistent EAC - - Yes NED GOPO
12 16 CR Normal - - No NED GOPO
13 13 Persistent EAC = = Yes NED GOPO
"Definttive surgery at 5 months.

BMI, body mass index; G, gravida; P, para; G1, Grade 1; D&C, dilation and curettage; EAC, endometrioid adenocarcinoma; MA, megestrol acetate; MPA, medroxyprogesterone acetate;
LNG-IUS, Levonorgestrel-releasing intrauterine system; GnRH-A, Gonadotropin-releasing hormone agonist; i.m, intramuscular injection; CR, complete response; AWD, alive with disease;
NED, no evidence of disease.
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Primer name

DLC1F
DLC1 R
B-Actin F
B-Actin R

Primer sequences

AAACAGTATGGCACCTCA
CAATCAAATACCTGGACAA
TGGCACCCAGCACAATGAA
CTAAGTCATAGTCCGCCTAGAAGCA

Primer length (nt)

18
19
19
25

Product length (bp)

164

186

Annealing temperature (°C)
51.72

60.80
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Parameter

Age
Stage
BMI
Grade
Diabetes
DLC1

Bold values indiicate P <0.05.

HR. hazard ratio: Cl. confidence interval.

Univariate analysis

HR

1.041
1.976
0.99

2718
1.176
0.827

95% ClI

1.020-1.062
1.641-2.381
0.968-1.013
1.792-4.123
0.685-2.016
0.690-0.992

<0.001

<0.001
0.405

<0.001
0.557
0.041

Multivariate analysis

HR

1.047
1.859
1.015
2.569
1.118
0.695

95% ClI

1.019-1.076
0.538-2.325
0.987-1.043
1.458-4.525
0.618-2.023
0.547-0.882

<0.001

<0.001
0.304
0.001

0.713
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Adverse events Trials All grades Events (n) Total (n) Trials Grade >3 Events (n) Total (n)
Any 5 94.03 897 954 6 20.22 201 994
(92.53-95.53) (17.72-22.72)
Hematological disorders
Anemia 5 9.65 81 839 4 1.21 8 660
(7.65-11.65) (0.38-2.04)
Neutropenia 6 6.38 83 1,300 6 1.54 20 1,300
(5.06-7.71) (0.87-2.21)
Thrombocytopenia 5 3.07 36 1,172 5 0.68 7 1,028
(2.08-4.06) (0.18-1.18)
Gastrointestinal disorders
Nausea 8 26.38 350 1,327 2 1.04 5 482
(24.01-28.75) (0.13-1.95)
Abdominal pain 8 24.34 418 1,717 8 1.44 21 1,463
(22.31-26.37) (0.83-2.05)
Constipation 6 18.92 182 962 3 2,65 10 377
(16.44-21.40) (1.03-4.27)
Diarrhea 8 16.65 257 1,544 5 1.62 16 990
(14.79-18.51) (0.83-2.41)
Vomiting 6 14.55 140 962 6 091 8 879
(12.32-16.78) (0.28-1.54)
Other toxicities
Fatigue 9 29.75 532 1,788 7 1.19 17 1,423
(27.63-31.87) (0.63-1.75)
Hypertension 3 13.89 106 763 3 4.06 31 763
(11.44-16.34) (2.66-5.46)
Headache 9 13.14 235 1,788 3 0.64 5 778
(11.57-14.71) (0.08-1.20)
Insomnia 3 10.29 63 612 1 041 1 244
(7.88-12.7) [(-0.39) -1.21]
Dizziness 4 7.06 42 595 1 0.58 1 189
(5.0-9.12) [-0.51) ~1.57]





OPS/images/fonc.2022.796983/table1.jpg
Author Phase Treatment Number Primary Second Median ~ Hazard 95% Median HR  95%

endpoint endpoint progressive- ratio Cl overall Cl
free survival  (HR) survival
(months) (months)
Placebo arm in the control arm
Jonathan S, 2004 (12) Oregovomab 73 PFS 13.3 0.927 0.621-
1.383
Placebo 72 10.3
Paul Sabbatini, 2013, MIMOSA i Abagovomab 593 PFS 0os 13.43 1.099 0919- NR 115  0.872-
Study (14) 1315 1518
Placebo 295 13.4 NR
Thomas J. Herzog, 2013 (11) Il Sorafenib 123 PFS 0os 127 1.09 0.72- NR 149  0.69-
1.63 3.23
Placebo 123 16.7 NR
Andreas du Bois/I. Vergote, n Pazopanib 472 PFS oS 17.9 0.77 0.64— 59.1 0.96 0.805-
2014/2019, AGO-OVAR16 (38, 43) 0.91 1.145
Placebo 468 123 64
Placebo 131 13.8 3 years OS
rate: 80%
A. Gonzélez-Martin, 2019, 1l Niraparib 487 PFS 0s 13.8 0.62 0.5- 2years OS 07  0.44-
PRIMAVENGOT-0V26/GOG- 0.76  rate: 84% 1.11
3012 (9)
Placebo 246 8.2 2 years OS
rate: 77%
Robert A. Burger/Krishnansu S. Il (TC + bevacizumab) 623 PFS 0s 141 0.717  0.625- 43.4 096 0.85-
Tewari, 2011/2019, GOG-0218 + bevacizumab 0.824 1.09
(35, 37)
bevacizumab 625 1.2 0.908 0.795- 40.8 1.06 0.94-
initiation treatment 1.040 12
(TC + placebo) + 625 10.3 41.1
placebo
Ignace B. Vergote, 2013 (1) I (TC + enzastaurin) + 69 PFS 18.9 0.8 0.5-
enzastaurin 1.29
(TC + placebo) + 73 15.2
placebo
Andreas du Bois/Isabelle Ray- i (TC + nintedanib) + 911 PFS os 17.6 0.86 0.75- 62 099 0.83-
Coquard, 2015/2019, AGO- nintedanib 0.98 1.17
OVAR 12 (36)
(TC + placebo) + 455 16.6 62.8
placebo
Ignace Vergote, 2019, TRINOVA- 11} (TC + trebananib) + 678 PFS 15.9 0.93 0.79- 46.6 099 0.79-
3/ENGOT-0v2/GOG-3001 (48) trebananib 1.09 1.256
(TC + placebo) + 337 15 43.6
placebo
Robert L. Coleman, 2019 (49) Il (TC + veliparib) + 382 PFS  0S 235 068 056 NE
veliparib 0.83
Veliparib combination 383 NE
only
(TC + placebo) + 375 17.3 NE
placebo
Jonathan A. Ledermann, 2011 I BIBF 1120 43 PFS 0os 36-week PFS  0.65 0.42- NE 0.84 0.51-
(45) rate: 16.3% 1.02 1.39
Placebo 40 36-week PFS NE
rate: 5%
Jonathan Ledermann, MD/ I Olaparib 136 PFS 8.4 0.35 0.25- 29.8 073  0.55-
Michael Friedlander, 2012/2018 0.49 0.95
(39)
Placebo 129 4.8 27.8
M.R. Mirza, 2016, ENGOT- i
OV16/NOVA trial (40)
gBRCA cohort Niraparib 138 PFS 21 0.27 0.17-
0.41
Placebo 65 55
Non-gBRCA cohort Niraparib 234 9.3 0.45 0.34-
0.61
Placebo 116 39
Eric Pujade-Lauraine, 2017, I Olaparib 196 PFS 0os 19.1 03 0.22- NR 08 0.3-
SOLO2/ENGOT-Ov21 (42) 0.41 1.31
Placebo 99 55 NR
Prof. Robert L. Coleman, 2017, n Rucaparib 375 PFS 10.8 0.36 0.3-
ARIEL3 (46) 0.45
Placebo 189 5.4
Carol Aghajanian, 2012/2015, 1 (GC + bevacizumab) 242 PFS 0s 12.4 0.484  0.388- 33.6 095 0.77-
OCEANS (5, 34) + bevacizumab 0.605 1.18
(GC + placebo) + 242 8.4 32.9
placebo
F. Cognetti, 2013, AGO-OVAR Il (TC + zibotentan) + 59 PFS oS 76 1.46 80%
2.14 (44) zibotentan Cl:
1.1-
1.94
(GC + placebo) + 61 10
placebo
Ignace Vergote, 2016 (15) 1} (TC + farletuzumab, 370 PFS 0os 9.5 0.99 0.81- 287 099 0.78-
1.25 mg/kg) + 1.21 127
farletuzumab, 1.25
mg/kg
(TC+ farletuzumab, 366 9.7 0.86 0.7- 321 0.88 0.68-
2.5 mg/kg) 1.06 113
Farletuzumab,
2.5mg/kg
(TC + placebo) + 364 9 291
placebo
Jonathan A. Ledermann, 2016, 1] (TC + cediranib) + 164 PFS oS 11 0.56 0.44— 26.3 0.77  0.55-
ICONG (33) cediranib 0.72 1.07
(TC + cediranib) + 174 9.9 NR NR
placebo
(TC + placebo) + 118 8.7 21
placebo
Ignace Vergote, 2020 (8) o/l (GC + ralimetinib) + 58 PFS 0os 10.25 0.773 90% 29.17 083  90%
ralimetinio Cl: Cl:
0.535- 0.538-
1117 1.27
(GC + placebo) + 52 7.92 251
placebo
Amit M. Oza, 2020 (32) Il (TC + adavosertib) + 59 PFS 0os 9.9 0.55 0.32- NR 1 0.53-
adavosertib 0.95 1.88
(TC + placebo) + 62 8 35.4
placebo
Observation arm in the control arm
B. Sorbe, 2003 (54) Chemotherapy 35 PFS 0s 5 years: 36%; 0.72 0.4-
37 1.3
Radiotherapy 32 5 years: 56%;  0.52 0.27- 5
116 0.99 years:
69%
Observation 31 5 years: 35%;
32
M.J. Piccart, 2003 (16) 1} Cisplatin 76 0s PFS 4.625 0.89 0.59- 6.96 0.82 0.52-
1.33 1.29
Observation 76 3.45 5.875
Sabino De Placido, 2004 (6) 1} Topotecan 137 PFS 0os 18.2 1.18 0.86-
1.63
Observation 136 28.4
G.D. Hall, 2004 (7) 1} Interferon-alpha 149 PFS, 10.3 0.96 0.76- 27 106 0.82-
(INFa) 2a 0s 1.22 1.38
Observation 149 104 327
Ignace B. Vergote, 2014 (55) n Erlotinib 420 PFS 0os 12.7 1.05 0.9- 50.8 099 0.81-
1.23 1.2
Observation 415 12.4 59.1
Jun Liu, 2014 (50) Autologous cytokine- 46 PFS 0s 37.7 0.493  0.302- 615
induced killer cells 0.807
Observation 46 222 55.9
H.J. Gray, 2016 (13) Il Cvac 29 PFS 0os 18 0.72 0.38- NR 0.38 Not
1.38 shown
Observation 27 9 NR
Chyong-Huey Lai, 2019 (19) n Pegylated liposomal 23 PFS 0s 565 0.4 0.19- NR 053 0.22-
doxorubicin/ 0.87 1:27
carboplatin
Observation 21 9.2 95.1
Andreas du Bois, 2006 (17) 1} (TC + epirubicin) + 647 0s PFS 18.4 0.95 0.83- 45.8 0.93 0.81-
epirubicin 1.07 1.08
Observation 635 17.9 41
Jacobus Pfifi Sterer, 2006 (18) 1} TC + topotecan 658 0s PFS 18.2 0.97 0.85- 431 1.01  0.86-
Tl 1.18
Observation 650 185 44.5
Werner Meier, 2012 (51) Il (TC + lonafarnib) + 53 NR NR 14.2 0.78 0.5~ 34.4 0.62 0.4-
lonafarnib 12 1.1
Observation 52 17.8 47.3
Amit M. Oza/Timothy J. Perren, 1} (TC + bevacizumab) 764 PFS 0s 19.8 0.87 0.77- 58 099 0.85-
2015, ICON7 (52) + bevacizumab 0.99 1.14
Observation 764 17.4 58.6
Amit M. Oza, 2015 (53) Il (TC + olaparib) + 81 PFS 0os 12.2 0.51 0.34- 33.8 117 0.79-
olaparib 0.77 178
Observation 81 9.6 376
Robert L. Coleman, 2017, NRG i (TC + bevacizumab) 337 os PFS 13.8 0.628  0.534- 422 0.83 0.683-
Oncology/Gynecologic Oncology + bevacizumab 0.739 1.005
Group study GOG-0213 (57)
Observation 337 10.4 37.3

TC, paclitaxel and carboplatin; GC, gemcitabine and carboplatin; PFS, progression-free survival: OS, overall survival: HR, hazard ratio; 95% CI, 95% confidence interval.
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Model AUC Number of candidate variables

Mean 95% ClI
RFC 0.847 0.286-1.408 8
SVM 0.811 0.245-1.377 9
DT 0.807 0.225-1.389 8
ANN 0.682 0.118-1.246 7
XGboost 0.697 0.113-1.281 9

ANN, artificial neutral network; AUC, area under the receiver operating characteristic curve; Cl, confidence interval; DT, decision tree; RFC, random forest classifier; SVM, support vector
machine; XGboost, eXtreme gradient boosting.
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Variables Overall Training set P- Testing set P-

value value
N =636 Responders Non-responders Responders Non-responders
(N = 396) (N = 49) (N =162) (N =29)
Age, years 47.00 [42.00, 52.00] 47.00 [42.75, 52.00]  49.00 [41.00, 54.00]  0.713  47.00 [43.00, 52.00] 45.00 [37.00, 52.00]  0.229
Weight, kg 55.44 [50.00, 60.00]  55.44 [50.00, 60.00]  55.44 [49.00, 59.00] 0.563  55.44 [50.00, 60.00]  55.00 [53.00, 60.00]  0.642
Height, m 157.40 [154.00, 157.40 [154.00, 157.40 [155.00, 0.86 157.40 [156.00, 158.00 [154.00, 0.934
160.00] 160.62] 160.00] 160.00] 160.00]
Smoking
Yes 34 (5.3 22(5.6) 1.0 0.48 10(6.2) 13.4) 0.883
No 602 (94.7) 374 (94.4) 48 (98.0) 152 (93.8) 28 (96.6)
FIGO stage
Io 4(06) 2(0.5) 1(2.0) 0.356 1(0.6) 0(0.0) 0.845
o2 402 (63.2) 256 (64.6) 28 (57.1) 99 (61.1) 19 (65.5)
lla 12 (1.9) 7018 2 (4.1) 3(1.9 0(0.0)
lla2 218 (34.3) 131(33.1) 18 (36.7) 59 (36.4) 10 (34.5)
Histology
SCC 542 (85.2) 340 (85.9) 44 (89.8) 0.235 134 (82.7) 24 (82.8) 0.921
ADC 68 (10.7) 42(106) 3(6.1) 19 (11.7) 4(13.8)
AdCa 9(1.4) 5(1.3) 2 (4.1) 2(1.2) 0(0.0)
Other 17 2.7) 9(2.3) 0(0.0 7 (4.3 1@34)
Tumor grade
G1 37 (5.8) 28 (7.1) 1(2.0) 0.063 743 1(3.4) 0.04
G2 278 (43.7) 186 (47.0) 19 (38.8) 64 (39.5) 9(31.0)
G3 241 (37.9) 138 (34.8) 26 (53.1) 59 (36.4) 18 (62.1)
Unknown 80 (12.6) 44 (11.1) 3(6.1) 32(19.8) 13.4)
Tumor size 3.60 [2.50, 4.10] 3.50 [2.30, 4.00] 6.00 [5.00, 7.00] <0.001 3.50 [2.50, 4.00] 6.00 [5.00, 7.00] <0.001
Lymphatic invasion
Yes 85 (13.4) 56 (14.1) 12 (24.5) 0.152 13(8.0) 4(13.8) 0.597
No 528 (83.0) 326 (82.3) 36 (73.5) 142 (87.7) 24 (82.8)
Unknown 23 (3.6) 14 (3.5) 1(2.0) 743 1(3.4)
Parametrial invasion
Yes 38 (6.0) 21(5.3) 7(14.3) 0.033 74.3 3(10.3) 0.374
No 598 (94.0) 375 (94.7) 42 (85.7) 155 (95.7) 26 (89.7)
Pelvic lymph metastasis
Yes 103 (16.2) 56 (14.1) 22 (44.9) <0.001 18 (11.1) 724.1) 0.159
No 510 (80.2) 326 (82.3) 26 (53.1) 137 (84.6) 21 (72.4)
Unknown 23 (3.6) 14 (3.5) 1(2.0) 743 1(34)
Paraortic lymph
metastasis
Yes 18 (2.8) 11(2.8) 482 0.128 3(1.9 0(0.0) 0.74
No 595 (93.6) 371(93.7) 44 (89.9) 152 (93.8) 28 (96.6)
Unknown 23 (3.6) 14 (3.5) 120 743 1(3.4)
SCC 4.30 [0.80, 4.30] 4.30[0.80, 4.30] 2.20[0.60, 4.30] 0.041 4.30 [1.12, 4.30] 1.30[0.70, 4.30] 0.028
P53
Positive 32 (5.0 16 (4.0) 1.0 0.382 11(6.8) 4(18.8) 0.282
Negative 14(2.2) 11(2.8) 0(0.0) 2(1.2) 1(3.4)
Unknown 590 (92.8) 369 (93.2) 48 (98.0) 149 (92.0) 24 (82.8)
CEA 5.15 [3.44, 5.15) 5.15 [3.10, 5.15] 5.15[3.61, 5.15] 0.705 5.15[4.16, 5.15) 5.15[5.15, 5.15] 0.96
CA125 42.00 [42.00, 42.00]  42.00 [42.00, 42.00] ~ 42.00 [42.00, 42.00] ~ 0.008  42.00 [28.73, 42.00] = 42.00 [42.00, 42.00] ~ 0.289
CA199 32.19[32.19,32.19]  32.19(32.19,32.19] 32.19[32.19,32.19] 0.605 32.19([28.69, 32.19]  32.19[32.19,32.19]  0.521
CCRT
Yes 91 (14.3) 16 (4.0) 44 (89.8) <0.001 9(5.6) 22 (75.9) <0.001
No 530 (83.3) 371(93.7) 5(10.2) 147 (90.7) 7(24.1)
Unknown 15 (2.4) 9(2.3) 0(0.0 6@3.7) 0(0.0)
Surgical method
Laparoscopy 485 (76.3) 300 (75.8) 38 (77.6) 0.888 127 (78.4) 20 (69.0) 0.424
Open 129 (20.3) 83 (21.0) 10 (20.4) 28 (17.3) 8(27.6)
Unknown 22 (3.5) 13(3.3) 10 743 13.4)
Surgical margin
Positive 1(1.7) 4(1.0) 2(4.1) 4 (2.5) 13.4)
Negative 603 (94.8) 379(95.7) 46 (93.9) 0.194 151 (93.2) 27 (93.1) 0.935
Positive 22 (3.5) 13(3.3) 120 7(4.3 1@34)
LND 31.00 [25.00, 38.00]  31.00 [25.00, 38.00]  32.00 [27.00, 37.00] ~ 0.309  32.00 [25.00, 39.75] ~ 30.00 [26.00, 34.00]  0.302
Platelet count 251.50 [209.00, 239.00 [204.75, 327.00 [301.00, <0.001 245.50 [204.50, 347.00 [318.00, <0.001
276.40] 276.40] 370.00] 276.00] 386.00]
Leukocyte count 6.30 [4.92, 7.43 6.36 [5.03, 7.43 5.15 [4.17, 7.43] 0.01 6.37 [4.89, 7.43 6.02 [5.14, 6.53 0.351
Lymphocyte count 1.63 [1.27,1.77] 1.63 [1.28, 1.82] 1.40 [0.99, 1.63] 0.006 1.63 [1.33, 1.76] 1.48 [1.26, 1.65] 0.54
Monocyte count 0.43 [0.30, 0.47] 0.43 [0.31, 0.46 0.37 [0.24, 0.45] 0.059 0.45[0.32, 0.51 0.41 [0.25, 0.47] 0.576
Hemoglobin 112.00 [102.00, 112.00 [102.00, 112.00 [102.00, 0.455 112.00 [103.00, 114.00 [112.00, 0.311
122.00] 122.00] 119.00] 123.00] 123.00]
Neutrophil count 3.98 [2.84, 4.74] 4.06 [2.90, 4.92 3.20 [2.23, 4.38] 0.025 4.06 [2.82, 4.62 3.62 [2.97, 4.49 0.564
NLR 2.67 [1.74, 3.47] 2.37 [1.63, 2.97] 10.00 [9.00, 11.00]  <0.001 2.35[1.72, 2.82] 11.00 [9.00, 12.00]  <0.001
PLR 1566.52 [123.27, 146.19 [118.82, 280.00 [230.00, <0.001 149.72 [119.02, 253.00 [222.22, <0.001
180.89] 171.15] 356.00] 168.10] 314.00]
LMR 6.80 [4.66, 9.18) 7.22[5.30, 9.41 2.91[1.64, 3.75] <0.001 7.59 [5.60, 9.41 3.72 [2.63, 4.66 <0.001
PNR 63.11 [49.17, 85.37] 63.11 [46.68, 79.01] 104.06 [76.35, <0.001 63.11 [50.83, 78.84]  97.71 [70.83, 122.36] <0.001
140.00]
Fibrinogen 4.28 [3.14, 5.56) 3.95 [3.01, 5.00 6.72[6.13, 7.18] <0.001 4.11 [2.99, 5.25] 6.39 [6.05, 7.04 <0.001
Albumin 39.40 [36.50, 41.20]  39.40 [36.30, 41.00]  39.30[36.20, 40.80]  0.822  39.40 [37.23,41.20]  40.10[38.30, 42.20]  0.343
GGT 23.00[15.00, 29.55]  22.00 [15.00, 29.55] ~ 29.55[19.00, 37.00] ~ 0.012  24.00 [15.00, 29.55]  20.00 [15.00, 29.55] 042
Globulin 31.20 [28.50, 33.02]  31.20 [28.48, 33.00]  31.30[29.40,34.90] 0.165 31.20[28.52,32.27])  31.20[28.70, 32.30]  0.887
AG 1.26 [1.15, 1.39] 1.26 [1.15, 1.39] 1.26 [1.11, 1.32 0.343 1.26 [1.19, 1.41 1.29 [1.21, 1.39] 0.828
PNI 47.55 [43.50, 49.66] 47.55 [43.50, 49.75] 47.20 [42.00, 48.00] 0.245  47.55[43.60, 50.44]  48.10 [46.10, 49.85] 0.52
NAR 0.26 [0.17, 0.34] 0.23 [0.15, 0.31 1.27 [0.98, 1.51 <0.001 0.25 [0.15, 0.32] 1.12 [0.58, 1.44] <0.001

Data are shown as median [interquartile range] or n (%).

ADC, adenocarcinoma; AdCa, adenosquamous carcinoma; A/G, albumin-to-globulin ratio; CA125, cancer antigen 125; CA199, cancer antigen 199; CCRT, concurrent
chemoradiotherapy; CEA, carcinoembryonic antigen; FBG, fasting blood glucose; FIGO, Intemational Federation of Gynecology and Obstetrics; GGT, y-glutamyltransferase; IQR,
interquartile range; LMR, lymphocyte-to-monocyte ratio; LND, lymph node dissection; NAR, neutrophil-to-albumin ratio; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte
ratio; PNI, prognostic nutrition index; PNR, platelet-to-neutrophil ratio; SCC, squamous cell carcinoma.
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Adverse reactions genes Standard error Wald P VALUE 95%Cl
Allergic reaction BRCA1 177.6 0.006 0.9382 (0.887-1.228)
BRCA2 110.9 0.0664 0.7967 (0.793-1.156
Abnormal liver function BRCA1 0.4873 0.3328 0.564 (0.540-1.226)
BRCA2 0.7201 0.5238 0.4692 (0.472-2.367)
leukopenia BRCA1 0.4717 0.3209 0.5711 (0.558-2.154)
BRCA2 0.8832 2.462 0.1166 (0.332-3.441)
neutropenia BRCA1 0.4602 0.1066 0.744 (0.792-1.164)
BRCA2 1.0135 1.8695 0.1715 (0.223-3.471)
anemia BRCA1 0.4993 0.1056 0.7452 (0.669-1.132)
BRCA2 0.8745 0.089 0.7654 (0.693-1.201)
thrombocytopenia BRCA1 0.5124 1.695 0.1929 (0.341-2.998)
BRCA2 0.9958 0.0635 0.8011 (0.889-1.219)
thromboembolism BRCA1 0.7396 0.0029 0.9571 (0.993-1.077)
BRCA2 77.5065 0.0012 0.9725 (0.989-1.041)

BRCA, Breast Cancer susceptibility gene.
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BRCA+

BRCA1+ BRCA2+ total BRCA- total P
n 57 22 79 270 349
Years 49.6+13.5 50.6£13.2 50.1£13.3 49.8+12.9 50.0+£13.1 0.75
Neoadjuvant chemotherapy 17 10 27 58 85 0.02
Family history 43 14 57 118 175 <0.0001
Pathological type Epithelial 52 21 73 260 333 0.15
carcinosarcoma 3 1 4 3 7 0.04
others 2 0 2 7 9 0.98
FIGO stage IA-IIA 5 0 5 63 68 0.002
>lB 52 22 74 207 281 0.002
Chemotherapy cycles (mean) NC 0.8 17 1.0 1.0 1.0 0.89
AC 7.4 7.0 7.4 7.4 7.4 0.79
total 8.2 8.7 8.8 8.4 8.4 0.86
Regimens T+P 12 4 16 49 65 0.67
T+C 10 4 14 45 59 0.83
T+P/C 35 14 49 176 225 0.61
White blood cell >1 grade 57 22 79 263 342 0.3
>3 grade 15 6 21 92 118 0.21
neutrophils >1 grade 57 22 79 265 344 0.42
>3 grade 14 9 23 18 141 0.02
Anemia >1 grade 53 21 74 247 321 0.53
>3 grade 0 0 0 2 2 0.8
platelets >1 grade 31 6 37 106 143 0.23
>3 grade 6 1 7 28 35 0.69
thromboembolism 11 2 12 39 52 0.87
allergy platinum 10 1 " 15 26 0.02
Taxol 2 1 3 8 11 0.71
G-CSF 37 11 48 161 209 0.86

G-CSF, granulocyte colony stimulating factor; BRCA, Breast Cancer susceptibility gene; NC, neoadjuvant chemotherapy;: AC, adjuvant chemotherapy: T, paclitaxel: P, cisplatin; C, carboplatin.
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AUC
Clinical model 0.90 (0.84, 0.95)
DWI Radiomics 0.84 (0.73,0.92)
DCE Radiomics 0.89(0.81,0.95)
FS-T2WI Radiomics 0.87 (0.81, 0.93)
Multi- Radiomics 0.91(0.83,0.97)
Nomogram 0.98 (0.93, 0.99)

AUC, area under the curve; ACC, accuracy; SEN, sensitivity; SPE, specificity; PPV, positive predictive value; NPV, negative predictive value.
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Variables LGSOC (n=34) HGSOC (n=104) P value
Ages, median 52 (45, 62) 55 (50, 64) 0.298"
(IQR)

Overall FIGO stage, N (%)

IA 0(0) 2 (1.9%)

B 1(2.9%) 2 (1.9%)

Ic 6 (17.6%) 10 (9.6%)

A 1(2.9%) 0(0)

B 2 (5.9%) 5 (4.8%)

A 3(8.8%) 6 (5.8%)

s 2 (5.9%) 6 (5.8%)

lic 9 (26.5%) 52 (50.0%)

IVA 4(11.8%) 6 (5.8%)

VB 6 (17.6%) 15 (14.4%)

ADC value, 0.980 (0.817, 1.110) 0.865 (0.743, 9.955)  <0.001"
median (IQR)

CA125, 161.600 801.900 <0.001"
median (IQR) (80.622, 422.550) (381.100, 2066.750)

HE4, 109.800 (70.795, 429.550 (213.875, <0.001"
median (IQR) 185.825) 922.850)

Location, N (%)

Bilateral 20 (58.8%) 46 (44.2%) 0.139%
Unilateral 14 (41.2%) 58 (55.8%)

LNM, N (%)

- 19 (55.9%) 39 (37.5%) 0.059°
+ 15 (44.1%) 65 (62.5%)

PM, N (%)

- 14 (41.2%) 25 (24.0%) 0.0542
+ 20 (58.8%) 79 (76.0%)

LGSOC, low-grade serous ovarian carcinoma; HGSOC, high-grade serous ovarian
carcinoma; IQR, interquartile range; FIGO, intemational federation of gynecology and
obstetrics; ADC, apparent difiusion coefficient; CA125, carbohydrate antigen 125; HE4,
human epididymis protein 4; LNM, lymph node metastasis; PM, peritoneal metastasis.
"Mann-Whitney U test, 2Chi-square test.
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Reproductive results ECL patients Comparison P-value

Ovarian reserve
Day3 FSH (mIU/mL) 8.9 (7.0-13.2) 7.3(6.1-8.4) <0.001
Day3 AFC 8.0 (4.0-10.0) 11.0 (7.0-16.0) <0.001
AMH (ng/mL) 2.0(1.1-4.0) 3.2(1.8-5.8) 0.009

Ovarian response

Total dose of gonadotropins (IU) 2400.0 (1875.5-3075.0) 2437.5 (1887.5-3018.8) 0.919
Days of gonadotropins use (d) 9.0 (8.0-10.5) 10.0 (8.8-11.0) 0.150
E2 on hCG trigger day (pg/mL) 1454.0 (694.4- 2329.5) 2084.0 (1356.5-3518.5) 0.001
No. of large follicles on hCG day 6 (4-10) 8(6-13) 0.008
No. of oocytes retrieved 6 (3-11) 9 (5-15) 0.015
No. of Ml oocytes 5(3-8) 8 (4-13) 0.021
Maturation rate 89.1% 85.7% 0.213

Incidence of POR 27.0% 10.8% 0.003

ECL, early cervical lesions; FSH, folicle-stimuiating hormone; AFC, antral follicle count; AMH, antimdllerian hormone; E2, estradiol; hCG, human chorionic gonadotropin; POR, poor ovarian response.

Bold fonts were statistically significant.
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Characteristics ECL patients Comparison P-value
Number of patients, n 37 74 /
Number of ART cycles, n 53 86 /
Female age at cycle start (y) 34 (31-39) 34 (31-39) 0.712
BMI (kg/m?) 21.8(19.8-23.4) 21.5(19.8-23.3) 0.700
Infertility duration (y) 3(1-5) 3(2-4.3 0.659
Infertility type, n (%) 0.841
Primary 6(43.2%) 30 (40.5%)
Secondary 21 (56.8%) 44 (59.5%)
Infertility cause, n (%) 0.733
Female factors only 26 (70.3%) 46 (62.2%)

Tubal 16 (43.2%) 33 (44.6%)

DOR 5(13.5%) 1 (14.9%)

Tubal +DOR 5(13.5%) 2 (2.7%)
Male factors only 2(5.4%) 7 (9.5%)
Combined male and female factors 4(10.8%) 2 (16.2%)
Unexplained 5(13.5%) 9 (12.2%)

Values are median (IQR) for continuous variables and n (%) for categorical variables.
ECL, early cervical lesions; ART, assisted reproductive technology; BMI, body mass index; DOR, diminished ovarian reserve.
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Open group (N = 57) Laparoscopic group (N = 11) p value

Age (years) 524 +£9.3 46.8 + 11.6 0.082
BMI (kg/m?) 24.4£30 247 +38 0.741

Diabetes, N (%) 1(18) 1(9.1) 0.299°
yes 56 (98.2) 10 (90.9)

no

Menopausal status, N (%) 36 (63.2) 5 (45.5) 0.446°
yes 21 (36.8) 6 (54.5)

no

FIGO stage, N (%) 42 (73.7) 9(81.8 0.849°
IA1-1B3 15 (26.3) 2(18.2)

IA1-IA2

Lymph node metastasis, N (%) 8 (14.0) 1(9.1) 1.000°
yes 49 (86.0) 10 (90.9)

no

Histological type, N (%) 48 (84.2) 9(81.8) 1.000°
SCC 9(15.8) 2(182)

AC

Tumor size, N (%) 38 (66.7) 9(81.9) 0.523°
<4 cm 19 (33.3) 2(18.2)

>4 cm

Depth of invasion, N (%) 27 (47.4) 8(72.7) 0.123%
<1/2 mm 30 (52.6) 3(27.3)

>1/2 mm

aStands for the Pearson’s chi squared test.

bStands for the chi square test for continuity correction.

°Stands for the Fisher exact test.

N, number of individuals; BMI, body mass index; SSC, squamous cell carcinoma; AC, adenomatous carcinoma. FIGO, International Federation of Gynecology and Obstetrics.
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Gene

HPV16 E6
B3GALNT1
B4GALNT1
ST6GAL1
ST6GAL2
MAN2A1
B4GALT1
FUT1

FUT2
B3GNT3
B3GNT2
GAPDH

Forward primer (5'-3')

ATGCACCAAAAAGGAACTGCAATGT
CTCCTGAGTTTCTTTGTGATGTGG
GGAACCTGGCCGTGTCTCAAGTAAC
CTACCATTCGCCTGATGAACTCT
CTGAATGGGAGGGTTATCTGCC
TTAAGCCGCCAGTTCACCG
TGAGTTTAACATGCCTGTGGACCTG
ATTAGGTGACAAGCGGGCAGAGGC
GTCACCGATGCTGGAAGGGTTT
TATGTGTCTGGAGCTTGAGG
CTGCTCCCGGACAAGATATGA
GGGAGCCAAAAGGGTCAT

Reversed primer (5'-3')

TTACAGCTGGGTTTCTCTACGTGTT
CATTACGTACTTGGCATTGGGG
CCAGGAAGAAGTTAACCACGCCGTC
TCTGGGGCTTGAGGATGTAAAAG
ACCTCAGGACTGCGTCATGATC
ACATTGAGAGCTGGCCCTGAG
AATGAGGTCCACGTCACTAAACAC
TTCCGGTGCCAGGGCTTAGAG
GTCCCAGTGCCTTTGATGTTGAG
AAGGATGTGTAGGAGTTCGC
GTACTGCCGGTTCAGCTTCT
GAGTCCTTCCACGATACCAA
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Lectin Abbreviation Carbohydrate specificity Glycosyltransferase Fold change (C33A-E6 vs. C33A) P
Sambucus nigra | SNA-I -2,6 sialic acid STBGALT, STBGAL2 3.13 0.0099
Wisteria floribunda WFA GalNAc B3GALNT1, BAGALNT1 2.62 0.022
Salivia horminum lectin SHA GalNAc B3GALNT1, BAGALNT1 1.1 0.0106
Hippeastrum hybrid HHA o-1,3-Linked mannose MAN2A1 1.95 0.0299
Narcissus pseudonarcissus NPA a-1,6-Linked mannose MAN2A1 219 0.0179
Ulex europaeus | UEA-l a-1,2-Fucose structures FUT1, FUT2 0.58 0.0364
Ricinus communis agglutinin | RCA 120 Galactose, lactose B4GALT1 0.17 0.005
Ricinus communis agglutinin 11 RCA 60 Galactose, lactose B4GALT1 0.46 0.0191
Phaseolus vulgaris erythroagglutinin PHA-E galactose B4GALT1 0.64 0.0238
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Variables LN clinical evaluation

(base model)

OR (95%Cl) p-value
SVEGF-D levels
(pg/ml), log2 scale - -
Clinical lymph node status
Positive vs. negative 5.24 (1.86-14.71) 0.002

Tumor diameter (mm) - -
Tumor grade on biopsy

G2-G3 vs. G1 = -
No. of patients gl
C-indexaq; (95%C) 0.695 (0.565-0.803)

Clinical variables
(clinical model)

OR (95%Cl) p-value
4.48 (1.46-13.69) 0.009
1.03 (1.00-1.06) 0.078
2.94 (0.94-9.26) 0.065

70
0.743 (0.622-0.882)

Clinical + SVEGF-D Shrunk coefficients®
(extended model)
OR (95%Cl) p-value
4,63 (1.10-19.47) 0.037 3.11
3.82 (1.07-13.60) 0.039 262
1.04 (1.00-1.08) 0.057 1.03
3.84 (1.06-13.96) 0.041 2.55

61
0.788 (0.637-0.924)

Results are reported as odds ratio (OR) and 95% confidence interval (Cl). C-index was adjusted for optimism using bootstrap. 95% Cl was computed via bootstrap.
LN, lymph node; sVEGF-D, serum vascular endothelial growth factor D; C-indexa, adjusted C-index.
ACoefficients computed using penalized maximum likelihood for the extended model.
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Variables

FIGO stage

-V vs. -
Tumor grade
G2-G3 vs. G1
Vascular invasion
Yes vs. no
Perineural invasion
Yes vs. no
sVEGF-D

Q3vs. Q2

Significant p-values are indicated in bold.

Dss

HR (95%Cl)

10.5 (3.28-33.55)
068 (0.20-2.30)
1.88 (0.68-6.20)
1.63 (0.56-4.75)

3.15(1.21-8.23)

p-value

<0.001

0.540

0.220

0.370

0.026*

PFS

HR (95%Cl)

2.25 (0.99-5.14)
0.46 (0.19-1.15)
2,08 (0.84-5.15)
1.58 (0.62-4.01)

1.86 (1.09-3.17)

p-value

0.053

0.098

0.116

0.339

0.047%

HR, hazard ratio; FIGO, International Federation of Gynecologists and Obstetricians; sSVEGF-D, serum vascular endothelial growth factor D; Q2, second quartile; Q3, third quartile.

2 ikelihood ratio test-based p-value.
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District

Sogxian

Biru

Lhari

Bagen

Seni

Xainza

Baingoin

Nyainrong

Amdo

Nyima

Shuanghu

Average
Altitude
(m)

3,500
3,900
4,400
4,500
4500
4,600
4,700
4,700
5,000
5,100

5,200

Total HPV16/18 infection

No.

2284

4306

2981

1783

4004

2377

1758

1344

278

1727

428

Positive
No.

111

107

45

38

165

134

68

43

116

153

19

Positive,
%

49
25
15
21
41
56
39
32
53
89

44

Other hrHPV
infection

Positive
No.

193

289

152

422

308

174

137

298

260

68

Positive,
%

85
67
51
49
105
13
99
102
133
151

159

Mixed hrHPV
infection

Positive
No.

60

71

37

21

114

91

54

45

103

12

2

Positive,
%

19.1
179
188
168
194
206
23
25
254
271

276

Four most frequent infected subtypes

Topl

HPVI6
(69,22.7%)
HPVI6
(71,17.9%)
HPVI6
(29,14.7%)
HPV16
(44,18.2%)
HPVI6
(102,17.4%)
HPVI6
(69,15.6%)
HPVI6
(24,19.1%)
HPVSS
(39,21.7%)
HPVI6
(70,17.3%)
HPVIS
(91,22%)
HPV31
(21,24.1%)

Top2

HPVIS
(42,13.8%)
HPVS§
(47,11.9%)
HPVS8
(26,13.2%)
HPV58
(33,13.6%)
HPVS§
(79,13.5%)
HPVIS
(65,14.7%)
HPVIS
(14,11.2%)
HPVI6
(28,15.6%)
HPV31
(68,16.8%)
HPVI6
(62,15%)
HPVS2
(11,12.6%)

Top3

HPV58
(35,11.5%)
HPV52
(44,11.1%)
HPV31
(22,11.29%)
HPV31
(3213.2%)
HPV52
(62,10.6%)
HPV31
(65,14.7%)
HPV31
(129.6%)
HPV31
(17,9.4%)
HPVIS
(43,10.6%)
HPV31
(62,15%)
HPV18
(10,11.5%)

Topd

HPV31
(32,10.5%)
HPVS1
(42,106%)
HPV52
(21,10.67%)
HPVIS
(24.9.9%)
HPVIS
(62,10.6%)
HPV51
(45,102%)
HPVSS
(11,8.8%)
HPVIS
(15,8.3%)
HPV58
(40,9.9%)
HPVSS
(44,10.7%)
HPVI6
(9.10.3%)

Total

Positive
No.

304

396

197

125

587

442

242

180

405

413

87

Positive,
%

133
92

66

147
186
138
134
186
239

203
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Characteristics

Age (years)
FIGO stage

Tumor grade

Tumor diameter (mm)

Depth of invasion (mm)

Vascular invasion

Perineural invasion

Lymph node metastasis

Recurrence

Adjuvant treatment

Levels (N)

<72 (31)
>72 (31)
-1 (36)
-1V (26)
G1(16)

<20 (16)
21-40 (26)
>40 (20)
<8 (29)
>8 (32)
NA (1)
No (43)
Yes (19)
No (40)
Yes (21)
NA (1)
No (36)
Yes (26)
No (29)
Yes (32)
NA (1)
No (42)
Yes (18)
NA (2)

SVEGF-D (pg/ml)

Mean (SD)

485.3
481.4
440.0
543.4
490.8
465.2
554.7
495.8
449.6
517.3
489.9
476.3

116.4)
226.3)
135.1)
213.9)
259.9)
146.8)
106.5)
141.2)
133.9)
245.1)
149.9)
206.0)

491.7 (193.8)
464.6 (140.9)
492.0 (203.4)
464.3 (125.7)

440.0 (135.1)
543.4 (213.9)
444.6 (167.6)
517.4 (186.9)

461.3 (158.3)
492.8 (186.2)

Median

4748
408.9
420.2
476.9
436.8
428.8
527.2
471.8
428.8
465.1
482.8
429

456.7
455.4
464.8
438.4

420.2
476.9
438.4
464.1

429.8
465.1

Q1-Q3

406.8-558.9
344.8-604.8
360.3-542.3
410.1-666.7
310.0-601.1
374.7-534.5
477.5-598.6
414.0-586.8
355.3-564.6
382.5-571.0
383.2-615.9
368.5-493.2

372.2-574.5
378.6-528.4
360.3-591.1
386.3-518.6

360.3-542.3
410.1-666.7
320.8-540.6
392.3-618.6

363.7-545.8
405.3-574.2

p-value®
0.933
0.023

0.435

0.428

0.771

0.587

0.572

0.023

0.115

0.465

Significant p-values are indicated in bold.
FIGO, Intemational Federation of Gynecologists and Obstetricians; Q1, first quartile; Q3, third quartile; NA, not available.
4 inear model ANOVA on log2-transformed sVEGF-D values.
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Age Total HPV16/18 Other HPV Mixed HPV Four most frequently infected genotypes Total
group(y)  No. infection infection infection

Positive Positive, Positive Positive, Positive Positive, Topl genotype Top2 genotype Top3 genotype Topd genotype Positive Positive,

No. % No. % No. % (No., %) (No., %) (No., %) (No., %) No. %
<30 572 28 49% 56 9.8% 18 3% HPVI6 (2224.2) HPV31 (17,18.7) HPVSS (11,12.1) HPV52 (10,10.9) 84 147%
31-50 18503 694 38% 1635 8.8% 427 23% HPVI6 (403,17.3)  HPVS8(370,159) ~ HPV52(328,141)  HPVI8 (309,13.3) 2329 12.6%

251 5171 274 53% 679 13.1% 284 5.5% HPV31 (163,17.1) HPV58 (162,16.9) HPV16 (150,15.7) HPV18 (133,13.9) 953 184%
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Clinical annotations Cohort A Cohort B Total
No. of patients 80 55 135
Age (years)

Mean (SD) 70.2 (11.7) 71.4(11.4) 70.7 (11.5)
Median (Q1-Q3) 70.5 (63.0-79.0) 74.0 (64.0-80.0) 73.0 (63.0-80.0)
Clinical lymph node status

Negative 43 (60.6%) 8 (50.9%) 71 (56.3%)
Positive 28 (39.4%) 7 (49.1%) 55 (43.7%)
Missing 9 0 9
Tumor grade on biopsy

a1 30 (38.5%) 2 (30.8%) 42 (35.9%)
G2-G3 48 (61.5%) 7 (69.2%) 75 (64.1%)
Missing 2 16 18
Diameter (mm)

Mean (SD) 34.5 (17.5) 37.8(20.2) 35.8 (18.6)
Median (Q1-Q3) 30.0 (22.0-45.8) 32.5 (19.5-57.0) 30 (20.0-50.0)
Missing 0 1

FIGO stage

| 43 (53.8%) 28 (50.9%) 71 (52.6%)
i 3(3.7%) 2 (3.6%) 5(3.7%)
1] 33 (41.3%) 23 (41.8%) 56 (41.5%)
v 1 (1.2%) 2 (3.7%) 3 (2.2%)
Tumor grade

Gt 18 (22.5%) 4(7.3%) 22 (16.3%)
G2 50 (62.5%) 40 (72.7%) 90 (66.7%)
G3 12 (15.0%) 1(20.0%) 23 (17.0%)
Depth of invasion (mm)

Mean (SD) 9.9 (8.5) 7.8(5.1) 9.0(7.4)
Median (Q1-Q3) 8.0 (5.0-13.0) 6.0 (4.0-10.5) 7.0 (4.0-12.0)
Missing 1 2 3
Vascular invasion

Absent 57 (71.3%) 9 (61.7%) 86 (67.7%)
Present 23 (28.7%) 8 (38.3%) 41 (32.3%)
Missing 0 8 8
Perineural invasion

Absent 49 (62.0%) 42 (87.5%) 91 (71.7%)
Present 30 (38.0%) 6 (12.5%) 36 (28.3%)
Missing 1 7 8
Lymph node metastasis

Absent 46 (57.5%) 30 (54.5%) 76 (56.3%)
Present 34 (42.5%) 5 (45.5%) 59 (43.7%)
Surgical margins

Negative 65 (82.3%) 52 (94.5%) 117 (87.3%)
Positive 4(17.7%) 3 (5.5%) 17 (12.7%)
Missing 1 0 1

Q1, first quartile; Q3, third quartile;

8D, standard deviation.
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Overall infection Simple infection Dual infection Triple infection ‘Quadruple infection Quintuple infection

HPV Frequency Proportion ~ HPV  Frequency Proportion HPV  Frequency Proportion ~ HPV  Frequency Proportion HPV  Frequency Proportion HPV  Frequency Proportion
genotype (%) genotype (%) genotype (%) genotype (%) genotype (%) genotype (%)
HPV16 577 136 HPVI6 392 148 HPV3L 151 134 HPV31 48 121 HPVI6 1 155  HPVIS 2 133
HPV58 557 131 HPVS8 364 138 HPVS8 142 126 HPVs8 44 1L HPVIS 1 155 HPV51 2 133
HPV31 512 2 HPV31 302 114 HPVI6 140 124 HPV52 2 106 HPV31 10 141 HPV59 2 133
HPVIS 450 106 HPVIS 271 102 HPVIS 128 113 HPVS1 41 103 HPV51 9 127 HPV52 2 133
HPV52 410 96 HPV52 245 93 HPV52 114 101 HPVIS 38 95 HPV52 7 99 HPV66 2 133
HPV51 378 89 HPV51 231 87 HPV51 95 8.4 HPV59 35 88 HPV39 6 85 HPVI6 1 66
HPV6S 280 66 HPV6S 181 68 HPV6S 7 63 HPVI6 33 83 HPV5S 6 85 HPV6S 1 66
HPV39 237 56 HPV39 149 56 HPV59 66 59 HPV6S 27 68 HPV35 3 42 HPV31 i 66
HPV59 219 5.1 HPV66 127 48 HPV39 58 5.1 HPV39 2 6 HPV59 3 42 HPV35 1 66
HPV66 200 47 HPV59 13 43 HPV66 52 46 HPV66 19 48 HPV45 2 28 HPV58 1 66
HPV56 98 23 HPV56 62 23 HPV6 2 25 HPVIL 13 33 HPV56 2 28

HPV6 98 23 HPV6 62 23 HPV56 2 22 HPV56 9 23 HPVIL 1 14

HPV35 64 15 HPV33 39 15 HPV35 18 16 HPV6 8 2

HPV45 63 15 HPVIL 36 14 HPV45 18 16 HPV35 7 18

HPVIL 62 15 HPV45 36 14 HPVIL 12 L1 HPV45 7 18

HPV33 52 12 HPV35 35 13 HPV33 10 09 HPV33 3 085
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Dinkelspiel, HE 2016 USA
22)

Erzen, M 2001 (23) Slovenia
Hermens, M 2021 (15)  the

Netherlands
Ju, UC 2019 (17) Korea

Katagiri, A2012 (24)  Japan

Kim, HS 2014 (13)  Korea
Kumar, S 2011 (25) USA
Lee, HY 2020 (26) Korea
Li, QW 2019 (16) China
Lu, J 2017 (27) China
Noli, S 2013 (28) Italy

Orezzoli, JP 2008 (29) USA

Paik, ES 2018 (30) Korea
Park, JY 2018 (31)  Korea
Ren, T 2017 (32) China

Scarfone, G 2014 (33)  Italy

Wang, S 2013 (34) China
Ye, S 2014 (35) China
Zhu, CC 2021 (36) China

Period of
enroliment

1995-2016
1969-1985

2000-2013

1990-1999

1990-2015

2004-2016

NR
1997-2012

1992-2002

1995-2015

2002-2017

1995-2010

1990-2010
1975-2002

2002-2015
1991-2012

2000-2012

1990-2012

2000-2012

2000-2012

2010-2020

Age, years, (EAOC/non-EAOC)

56,8119
51 (28-77)

52 (47-57)/ 61 (55-70) *

54.6+11.5/64.7£11.7

56 (49-63)/ 66 (56-75) *

49.0+12.7/63.4+13.6

NR
31(<55), 16(256)/ 26(<55), 36(=55) *

54/59
51 (25-81)
48.65:8.98/54.39:9.05
49.6(47.6-51.7/51.1 (49.5-52.7)

51.449.8/54.3+11.2
45-61/54-63 *

45.1+7.0/46.7+10.3
48 (20-69/51 (28-79)

45 (40-49.5)/52 (44-62) *
51.4£10.0/568.4£11.2 *
45.8+11.2/51.2¢12.7 *
46 (30-60)/54 (30-74) *

45.50+6.19/50.09+10.40

Histological
subtype

0CCC, EOC
occc

Serous, mucinous,
0OCCC, EOC,
mixed

Serous, mucinous,
0OCCC, EOC,
others

Serous, mucinous,
0OCCC, EOC,
others

0CCG, EOC

occe
occe

Serous, mucinous,
0OCCC, EOC
occe

0CCC, EOC
0CCC, EOC,
Mixed

0CCC, EOC
0cce

0CCC, EOC
0occe

0CCC, EOC
0CCC

EOC

0CCC

0occc

n, EAOC/ non-
EAOC

50, 40/10
59, 13/46

139, 49/90

290, 58/232

35530, 2008/33522

119, 30/89

60, 28/32
109, 47/62

226, 42/184

308, 107/201

128, 34/94

1986, 58/138

113,36/77
84, 41/43

224,41/183
155, 78/77

304, 68/236

78,27/46

188, 32/156

200, 79/131

86, 16/70

Adjuvant  Outcomes
treatment

NR PFS, 0S
Radiotherapy o PFS, 0S

PBC
PBC PFS, 08

NR 0os

Chemo- therapy OS

Chemo- therapy PFS, OS

PBC PFS, 08
Taxane/PBC PFS, 0S8

NR os
PBC PFS, 0S8
NR os
PBC PFS, 08
NR os
PBC os

Taxane/PBC PFS, 0S8

PBC PFS, 08
PBC PFS, 08
NR os

PBC PFS
PBC PFS, 08

Pacitaxeland  PFS, 0S
platinum

Adjusted factors

Histology, CA-125, Stage
Crude

Crude

Crude

Age, Surgery, Chemotherapy, stage, Histological
Subtype, grade.

Stage, Grade, Laterality of tumor, LN
metastasis, RD

Crude

Age, FIGO stage, histology, optimal debulking,
adjuvant treatment

Age, Race, Stage, Grade, treatment

Age, ECOG PS, Grade, Stage, chemotherapy,
Optimal debuiking

Serum CA125, RD, Ascites, Stage, Histological
type, Chemo-resistance

Age, Histology, Stage, ECOG PS, LNM, RD,
ascites, CA125

Stage

Age, stage, RD, chemotherapy, peritoneal
washings

Age, CA-125, FIGO stage, Grade, RD
CA-125, FIGO stage, Ovarian surface
involvement, Optimal debulking

AAge, Menopause, Stage, Histotype, LNM, RD,
CA125, Tumor side, Chemotherapy,
Chemoresistance

Stage

Age, Menopausal status, Stage, RD, Grade,
Clear cell mixed, EC

Age, CA 125, Stage, RD, Menopausal status,
Gravidity

Crude

EAOC, Endometriosis-associated ovarian carcinoma; EOC, endometrioid ovarian carcinoma; LNM, Lymph node metastasis; OCCC, ovarian cear cell carcinome; OS, Overallsurvival; PBC, Platinum-based chemotherapy; PFS, Progression-
free survival; RD, Residlual disease; USA, the United States of America.
"means significant diferaices ware found batween the EAOC and nan-EAOC Grouse.
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Author Research Number of cases Age Intervention measurement
(vear) type

Combination Chemotherapy Combination Chemotherapy Combination therapy Chemotherapy
therapy therapy

Liu (2001) OC 90 30 16-77 17-22 Chemotherapy + Yiliu Fang DDP, 5-FU, CTX,
(19) ADM,VP-16, PTX
Gong ucc 32 32 479+ 2.4 482+25 Chemotherapy + Fuzheng drink | PTX, DDP
(2018)(18)
Zhang oC 45 45 535+6.8 527 +82 Chemotherapy + Yiqi anticancer prescription ~ PTX, DDP
(2019)(23)
Nan (2015) UCC 30 30 48.8 + 6.1 487 +6.3 Chemotherapy + Bazhen decoction Irinotecan, DDP
(20)
Song oC 68 68 66.79+4.15 6546 +4.21  Chemotherapy + Fuzheng Jiedu decoction PTX, DDP
(2020)(21)
Zhong GC 26 22 48.57 + 6.83 Chemotherapy + Jianpi Bushen decoction 5-FU, PTX, DDP
(2010)(24)
Gao (2020) UCC 46 46 42,15 £ 2.91 4247 £299  Chemotherapy + Shugan Huayu Jiedu Docetaxel, oxaliplatin
(16)
Yu (2018) GC 30 30 65.00 £ 10.84 64.03 + 10.14  Chemotherapy + modified Qi-tonifying and Conventional
(22) blood-activating prescription chemotherapy
Zhang GC 25 25 51.24 + 8.97 50.64 + 1028  Chemotherapy + TCM 5-FU, PTX, DDP
(2008)(14)
Huang oC 42 42 39.9 + 16.0 39.7 £ 154  Chemotherapy + Guizhi Fuling pill PTX, CBP
(2017)(18)
Chan oC 31 28 52.9 515 Chemotherapy + TCM Conventional
(2011)(15) chemotherapy

OC, ovarian cancer; DDP, cisplatin; 5-FU, 5-fluorouracil: CTX, cyclophosphamide; ADM, adriamycin; VP-16, etoposide; PTX, paclitaxel: UCC, uterine cervix cancer, GC, gynecological
cancer; TCM, traditional Chinese medicine; CBP, carboplatin.
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Meta—analysis estimates, given named study is omitted
| Lower Cl Limit OEstimate | Upper Cl Limit

Crozier, MA 1989

Katagiri, A 2012

Kim, HS 2014

Lee, HY 2020

Orezzoli, JP 2008

Park, JY 2018

Scarfone, G 2014

Ye, $2014

Zhu, CC 2021

0.42 0.48 0.63 0.83 0.91

= Meta—analysis estimates, given named study is omitted
| Lower Cl Limit OEstimate | Upper Cl Limit
Crozier, MA 1989 [ ——— RER—————— N |
Katagiri, A 2012 | [eweeeeeeeergerssssssssssssssssieneen T T EOSS— q
AT 3 Y0} S S SO— 1 ST E— |
Lee, HY 2020 | [heeeeemsemmnsennssennessssee s D TSNP ISR 1
Park, JY 2018 [E—— — Q) ssusnsssnsusmsassnisninsicinsassasefeassansanssanssransissisnse {
Ye, 52014 1

Zhu, CC 2021

047 052 067 087 0.98
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A Meta—analysis estimates, given named study is omitted
| Lower Cl Limit OEstimate | Upper Cl Limit

Barreta, A 2018
Crozier, MA 1989
Dinkelspiel, HE 2016
Erzen, M 2001
Hermens, M 2021
Ju, UC 2019
Katagiri, A 2012
Kim, HS 2014
Kumar, S 2011
Lee, HY 2020

Li, QW 2019
Lu,J 2017

Noli, $ 2013
Orezzoli, JP 2008
Paik, ES 2018
Park, JY 2018
Ren, T2017

Zhu, CC 2021

0.50 0.55 0.67 0.80 0.83

B Meta—analysis estimates, given named study is omitted
| Lower Cl Limit OEstimate | Upper Cl Limit

Barreta, A 2018 [ [ -eeeferresrmsesesmmsensensneiininanns T TR |
CroZier, MA 1989 |  [ocommsocsmmmessscssssssssssssssssnsed 1 SOOI WO |
Dinkelspiel, HE 2016 Rt B F RIS S —— 1
Ju, UC 2019 1 S OUORUEREUSOPSSERESIOPSSURRRPI /2 SISO SSEEOIORRSREIIOPRSEROPSRERRSIRRI SOSSRN |
[CIT TSI I [ S—— ( VIS, RO ————— |
UL 2370 1 Q) 0 N — Qe {
Lee, HY 2020
Lu,J 2017
Paik, ES 2018
Park, JY 2018
Ren, T2017

Zhu, CC 2021

039042 058 0.81 0.88
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A

Yo

Study HR (95% CI) Weight
Crozier, MA 1989 —'é— 0.58 (0.03, 11.28) 0.89
Katagiri, A 2012 i —t— 1.80 (0.70,4.50)  9.03
Kim, HS 2014 —2-0-— 0.84(0.31,2.26)  7.99
Lee, HY 2020 —*—g— 0.51(0.25,1.03) 1585
Orezzoli, JP 2008 —0-'2— 0.50 (0.26,0.92)  19.00
Park, JY 2018 —.—é_ 0.50 (0.20,0.90)  13.81
Scarfone, G 2014 —-:0— 0.68 (0.30, 1.80)  9.73
Ye, S 2014 — 0.59 (0.33,1.08)  21.88
Zhu, CC 2021 ; 0.55(0.07,4.40)  1.81
Overall (I-squared = 0.0%, p = 0.589) @ 0.63 (0.48,0.83)  100.00
.02 2 50
%
B

Study HR (95% CI) Weight
Crozier, MA 1989 —'—:— 0.38 (0.07,2.11) 2.19
Katagiri, A 2012 E—‘— 1.80(0.70, 4.50) 7.42
Kim, HS 2014 ;;*-— 1.37(0.64,2.95) 10.92
Lee, HY 2020 R 0.61 (0.40,0.92) 36.86
Park, JY 2018 —*E— 0.50 (0.30,0.90) 21.28
Ye, S 2014 —*-I— 0.59 (0.33,1.04)  19.79
Zhu, CC 2021 : 0.34(0.04,2.62) 1.54
Overall (I-squared =40.2%, p=0.123) @ 0.67 (0.52,0.87)  100.00
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(]

Study HR (95% CI) Weight
Barreta, A 2018 —0-5— 0.50(0.20, 1.50)  2.95
Crozier, MA 1989 —_—— 0.58(0.03,11.28) 0.38
Dinkelspiel, HE 2016 —._,_ 0.18(0.04,0.81) 1.42
Erzen, M 2001 ] 0.72 (0.60,0.87)  19.43
Hermens, M 2021 E i 0.89(0.83,0.95) 23.44
Ju, UC 2019 —_— 0.57(0.21,1.52)  3.04
Katagiri, A 2012 E—‘-— 1.80(0.70,4.50)  3.39
Kim, HS 2014 —_—— 0.84(0.31,2.26) 3.05
Kumar, S 2011 —:r*— 0.77 (0.44,1.43)  6.89
Lee, HY 2020 —4—;—' 0.51(0.25,1.03) 5.38
Li, QW 2019 — 0.42(0.19,0.93) 445
Lu, J 2017 —0—5 0.35(0.16,0.76) ~ 4.50
Noli, S 2013 — 0.69 (0.30, 1.50) 432
Orezzoli, JP 2008 —O-E— 0.50(0.26,0.92)  6.17
Paik, ES 2018 — 1 0.48(0.14,1.61)  2.14
Park, JY 2018 —*i— 0.50(0.20,0.90)  4.82
Ren, T 2017 —_— T 0.68 (0.27,1.69)  3.47
Zhu, CC 2021 —_—— 0.55(0.07,4.40)  0.76
Overall (I-squared =41.9%, p =10.032) é 0.67 (0.55,0.80)  100.00
NOTE: Weights are from random effects analysis E
0 2 i 5 50
%

Study HR (95% CI) Weight
Barreta, A 2018 —;—b— 1.10 (0.40,2.80)  7.02
Crozier, MA 1989 —0—5— 0.38 (0.07,2.11)  3.13
Dinkelspiel, HE 2016 —_— E 0.20 (0.09,0.43)  8.89
Ju, UC 2019 —*@— 0.52(0.22,1.28) 7.87
Katagiri, A 2012 E -1 1.80 (0.70,4.50)  7.39
Kim, HS 2014 E B 1.37 (0.64,2.95)  9.06
Lee, HY 2020 —-:0— 0.61(0.40,0.92)  13.66
Lu, J2017 —"—i- 0.28 (0.13,0.62)  8.88
Paik, ES 2018 —i*— 0.68 (0.30,1.53)  8.48
Park, JY 2018 —*é— 0.50 (0.30,0.90)  11.81
Ren, T 2017 —— 0.52(0.29,091)  11.50
Zhu, CC 2021 - ; 0.34(0.04,2.62) 232
Overall (I-squared = 53.4%, p = 0.014) <> 0.58 (0.42,0.81)  100.00

NOTE: Weights are from random effects analysis
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Screening Identification

Eligibility

Records identified through database searching (n = 1931)
PubMed (n=702), Embase (n=713), Web of Science (n=516)

Records after duplicates removed
(n=1382)

Records screened
title/abstract (n = 1382)

Full-text articles assessed
for eligibility
(n=37)

Studies included in
guantitative synthesis
(meta-analysis)
(n=21)

Records excluded
(n=1345)

Full-text articles excluded
with reasons (n = 16)
11 were not reported HR

(95%Cl);

3 reviews;

2 without interested
outcomes.
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Tumor Size (cm)
<2
>2
Depth of invasion
<1/2
>1/2
Lymphovascular invasion
No
Yes
Ca125(U/ml)
<35
>35
SCC(ng/ml)
<15
215

Multivariable Analysis

Odds Ratio

Ref

0.351 0.123
Ref

0.205 0.054
Ref

0.281 0.100
Ref

0.523 0.199
Ref

0.338 0.123

95%Cl

0.992

0.772

0.785

1.375

0.924

0.044

0.019

0.015

0.189

0.085

CC, cervical cancer; LNM, lymph node metastasis; SCC, squamous cell carcinoma.
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Parameters Total LNM P

value
(n=284) Absent (n=260) Present (n=24)
n (%) n (%) n (%)

Age (y) 0.088
<45 119 (41.9) 105 (40.4) 14 (58.3)
>45 165 (58.1) 155 (59.6) 10 (41.7)

BMI (kg/m?) 0.341
<24 188 (66.2) 170 (65.4) 18 (75.0)
>24 96 (33.8) 90 (34.6) 6 (25.0)

Surgery 0.829
Open 148 (52.1) 136 (52.3) 12 (50.0)
Laparoscopy 136 (47.9) 124 (47.7) 12 (50.0)

Histological type 0.069
Squamous 214 (75.4) 193 (74.2) 21 (87.5)
Adenocarcinoma 59 (20.8) 58 (22.3) 1(4.2)
Adenosquamous 11 (3.9) 9@3.5) 2 (8.9

Depth of invasion <0.001
<1/2 168 (59.2) 165 (63.5) 3(12.5)
>1/2 116 (40.8) 95 (36.5) 21 (87.5)

Lymphovascular <0.001

invasion
No 207 (72.9) 200 (76.9) 7(29.2)
Yes 77 (27.1) 60 (23.1) 17 (70.8)

Tumor Size (cm) <0.001
<2 178 (62.7) 172 (66.2) 6 (25.0)
>2 106 (37.3) 88 (33.8) 18 (75.0)

Ca125 (U/ml) 0.039
<35 163 (57.4) 154 (59.2) 9 (37.5)
>35 121 (42.6) 106 (40.8) 15 (62.5)

SCC (ng/ml) <0.001
<15 187 (65.8) 180 (69.2) 7(29.2)
>15 97 (34.2) 80 (30.8) 17 (70.8)

CC, cervical cancer; LNM, lymph node metastasis; BMI, body mass index; Ca125, cancer
antigen 125; SCC, squamous cell carcinoma antigen.
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Stuay

Gong SX 2018

Zhang JL 2019

YuMH 2018

Overall (l-squared =0.0%, p = 0.406)

RR (95% CI)

0.60(0.31,1.17)

0.47 (0.24,0.93)

0.09 (0.01,1.57)

0.47 (0.29,0.75)

00525 1 191

(]

Weight

37.97

48.10

13.92
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Study
ID

CD3+T

Liu AW 2001

Gong SX 2018

Zhang JL 2019

Nan F 2015

Song Y 2020

Zhong WL 2010

Gao ZH 2020

Subtotal (I-squared =68.3%, p =0.004)

CD4+T

Liu AW 2001

Gong SX 2018

Zhang JL 2019

Nan F 2015

Song Y 2020

Zhong WL 2010

Gao ZH 2020

Subtotal (I-squared =83.4%, p =0.000)

CD8+T

Liu AW 2001

Gong SX 2018

Zhang JL 2019

Nan F 2015

Song Y 2020

Zhong WL 2010

Gao ZH 2020

Subtotal (I-squared =90.0%, p = 0.000)

CD4+/CD8+

Liu AW 2001

Gong SX 2018

Zhang JL 2019

Song Y 2020

Zhong WL 2010

Gao ZH 2020

Subtotal (I-squared =78.0%, p =0.000)

NOTE: Weights are from random effects analysis

-12.2

$ b

seees

- e

WMD (95% ClI)

2.20 (-0.53, 4.93)
4.00 (2.47, 5.53)
591 (4.20, 7.62)
5.95 (2.36, 9.54)
6.88 (5.85, 7.91)
8.33 (5.03, 11.63)
7.00 (3.52, 10.48)
565 (4.23, 7.08)

10.10 (8.03, 12.17)
6.00 (4.51, 7.49)
7.95 (6.24, 9.66)
4.05 (1.44, 6.66)
5.00 (4.20, 5.80)
6.81 (3.56, 10.06)
9.00 (6.92, 11.08)
6.97 (5.35, 8.59)

-2.10 (-4.93, 0.73)
-6.00 (-6.95, -5.05)
-0.60 (-2.20, 1.00)
-3.56 (4.55, -2.57)
-3.09 (-3.74, -2.44)
-0.49 (-3.17, 2.19)
-6.00 (-7.23, -4.77)
-3.34 (-4.81, -1.87)

0.33 (0.22, 0.44)
0.08 (-0.08, 0.24)
0.28 (0.22, 0.34)
0.38 (0.30, 0.46)
0.31 (0.05, 0.57)
0.52 (0.39, 0.65)
0.32 (0.23, 0.42)

%
Weight

12.71
18.66
17.70
9.48
21.15
10.45
9.84
100.00

14.15
15.89
15.27
12.43
17.60
10.56
14.09
100.00

10.53
16.09
14.32
15.99
16.69
10.97
15.41
100.00

17.89
14.51
21.72
20.28
8.71
16.89
100.00
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Subgroup  Reference
Tumor size

>=4cm <4cm
Lymph nodes

N+ N-
SCCA

>=2.65 <255
DsI

>=1/2 <1/2
Lvsi

Positive Negative
Parametrial

Positive Negative
ART

Yes No
Chemotherapy

Yes No

LR DM LNR Organ recurrence
OR (95Cl) P OR (95Cl) P OR (95Cl) P OR (95Cl) P

1.308 (0.808~2.118) 0274 1.012 (0.558~1.835) 0.970 1.016 (0.563~1.833) 0.958
1.159 (0.670~2.005) 0.598 1.622 (0.962~2.735)  0.070  3.729 (1.838~7.563)  <0.001 1.559 (0.791~3.072) 0.200
1.265 (0.739~2.164) 0.392 1.127 (0.678~1.872)  0.645  1.509 (0.762~2.991) 0.238 3.690 (1.838~7.407)  <0.001
2.026 (1.172~3.502) 0.011 1.792 (0.908~3.534)  0.093  1.698 (0.509~5.682) 0.388 1.743 (0.5632~5.709) 0.358
1.747 (0.763~4.001) 0.187 1.931(1.163~8.235)  0.012  2.140 (0.936~4.893) 0.071 2.367 (1.1564~4.919) 0.002
1.293 (0.671~2.490) 0.443 1.212(0.618~2.377) 0.576  1.191 (0.591~2.397) 0.625 1.143 (0.572~2.287) 0.705
0.148 (0.075~0.291)  <0.001 2401 (1.470~4543) <0001 0650 (0.212~1.993)  0.451

0.519(0.31~0.869) 0.043  1.078 (0.373~3.114) 0.890 0.895 (0.312~2.567) 0.837

SCCA, squamous cell carcinoma antigen; LVSI, lymph-vascular space invasion; DSI, deep stromal invasion; ART, adjuvant radiotherapy.
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Subgroup  Reference
Age

>=60 <60
FIGO stage

A B
Tumor size

>=4cm <d4cm
Lymph nodes

N+ N-
SCCA

>=2.55 <255
DSI

>=1/2 <1/2
LvsI

Positive Negative
Parametrial

Positive Negative
Surgical margin
Positive Negative
ART

Yes No
Chemotherapy

Yes No

LR DM LNR Organ recurrence
OR (95CI) P OR (95CI) P OR (95CI) P OR (95CI) P
1.291 (0.717~2.324) 0.395 0.860 (0.475~1.560) 0.620 0.508 (0.232~1.116) 0.092 1.967 (0.896~4.315) 0.092
0.949 (0.653~1.380) 0.784 1.207 (0.823~1.770) 0.334 1.004 (0.655~1.538) 0.986 1.004 (0.655~1.538) 0.986
1488 (1.032~2.145) 0033  1.381(0951~2.007) 0.090  1.593(1.040~2.440) 0.032  1.593(1.040~2.440)  0.032
1.939 (1.330~2.826) 0.001 2.346 (1.686~3.473) <0.001  4.630 (2.871~7.466) <0.001  4.630 (2.871~7.466)  <0.001
1.704 (1.466~2.063) 0.010 1.555 (1.023~2.365) 0.039 2.440 (1.469~4.052) 0.001 2.440 (1.469~4.052) 0.001
2.096 (1.223~3.593) 0.007 2.857 (1.674~4.877)  <0.001 1.944 (0.982~3.850) 0.056 1.944 (0.982~3.850) 0.056
2.506 (1.697~3.700) <0.001  2.373(1.606~3.506) <0.001 4.984 (2.859~8.689) <0.001  4.975 (2.857~8.696) <0.001
2.102 (1.202~3.678) 0.009 2.236 (1.210~4.130) 0.010 2.462 (1.424~4.255) 0.001 2.462 (1.424~4.255) 0.001
0.668 (0.339~1.318) 0.245 0.965 (0.489~1.906) 0.919 1.150 (0.551~2.398) 0.710 1.150 (0.551~2.398) 0.710
0.161 (0.098~0.265)  <0.001  0.733 (0.403~1.332) 0.308 0.282 (0.152~0.524)  <0.001  0.518 (0.250~1.074) 0.077
0.645 (0.361~1.152) 0.139 0.193(0.123-0.304)  <0.001 1.930 (0.931~4.000) 0.077 0.282 (0.152~0.524)  <0.001

SCCA, squamous cell carcinoma antigen; LVSI, lymph-vascular space invasion; DSI, deep stromal invasion; ART, adjuvant radiotherapy.
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Age

<60

>60

Menopause

Yes

No

FIGO Stage

1B1

B2

A1

IA2

ECOG

0~1

2~3

SCCA

<2.55

>2.55

Tumor size

<4cm

>4cm

Invasion depth

<1/2

>1/2

Lvsi

Positive

Negative
Parametrium
Positive

Negative

Surgery margin
Positive

Negative

Risk

Intermediate

High

Adjuvant radiotherapy
Yes

No

Chemotherapy

Yes

No

Positive lymph nodes
Yes

No

Recurrence location
LR

DM

Pelvic with distant recurrence
Recurrent type
Lymphatic

Organic

Lymphatic recurrence site
Supraclavicular nodes
Mediastinal nodes
Para aortic nodes
Retroperitoneal nodes
Inguinal nodes
Organic recurrence site
Vaginal

Liver

Lung

Bone

Treatment for lymph nodes
Radiotherapy
Chemotherapy
Surgery

Treatment for metastatic organ

Radiotherapy
Chemotherapy
Surgery

N (%)

422 (89.4%)
50 (10.6%)

173 (36.7%)
299 (63.3%)

112 (23.7%)
61 (12.9%)
162 (34.3%)
137 (29.0%)

430 (91.1%)
42 (8.9%)

147 (38.0%)
240 (62.0%)

204 (43.2%)
268 (56.8%)

66 (14.2%)
400 (85.8%)

289 (63.0%)
170 (37.0%)

64 (14.4%)
379 (85.6%)

38 (8.5%)
409 (91.5%)

188 (41.8%)
262 (58.2%)

356 (75.4%)
116 (24.6%)

305 (85.0%)
54 (15.0%)

224 (50.3%)
221 (49.7%)

183 (38.8%)
289 (61.2%)
45 (9.5%)

123 (26.1%)
349 (73.9%)

39 (8.3%)
28 (5.9%)
24 (5.1%)
35 (7.4%)

20 (4.2%)

264 (55.9%)
25 (5.3%)
119 (25.3%)
79 (16.7%)

54 (44.0%)
51 (41.5%)
17 (13.8%)

93 (26.6%)
224 (64.2%)
32 (9.2%)

ECOG, The Eastern Cooperative Oncology Group; SCCA, serum squamous cell
carcinoma antigen; LVSI, lymph-vascular space invasion; LR, locoregional recurrence;

DM, distant metastasis.
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Comments

- Consider HER2 testing in advanced/recurrent endometrial serous carcinoma and in the mixed forms with serous component
- In mixed carcinomas, HER2 testing should be performed on a tissue block containing the highest amount of serous component
- For other high-grade histologies, we propose to introduce HER2 testing only with a scientific intent

- The first method for HER2 testing is represented by HER2 IHC

- Molecular reflex test (FISH/SISH) is indicated in case of equivocal (2+) IHC results

- Standardize pre-analytical and analytical protocol of testing

- IHC can be performed on biopsies or surgical specimens if available, preferring the best-preserved sample as first choice
The main advantages of performing IHC on biopsies are the following:

() the better degree of fixation of biopsies

(i) the early knowledge of HER2 status in a pre-operative setting

The main advantages of performing IHC on surgical sample are the following:

(i) larger amount of tumoral representative tissue

(i) the possibility to select the best specimen for IHC testing

(iiiy the possibility to overcome tumor heterogeneity
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Comments

- To date, immunohistochemistry is the gold standard for PD-L1 expression assessment

- Pathologists should be aware that this analysis is significantly affected by several factors:

(i) different standardization protocols of PD-L1 assays

(i) different immunohistochemical commercially available antibody clones used among the different institutions

(i) different scoring algorithms evaluating PD-L1 positivity in tumor cells (TCs) and/or in immune cells (ICs) separately or in combination (combined positive score, CPS)
(iv) use of different cutoffs

(v) possible intratumoral heterogeneity of PD-L1 expression

- An adequate immunohistochemical PDL1 evaluation should consider positive (lung macrophages, placental, spleen, and tonsil) and negative controls (alveolar cells,
hepatocytes, and normal squamous epithelium)

- In particular, in EC, it seems that CPS has shown methodological advantages over cell type-specific scoring systems (TPS and ICS)
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Comment

Since there is still scientific debate to introduce the use of beta-catenin immunohistochemistry in the prognostic stratification of EC, we propose to analyze it only with a
research purpose.
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Comment

Similarly to beta-catenin, since ESGO/ESTRO/ESP recent guidelines do not consider L1CAM in EC molecular risk stratification, but considering that L1CAM could
represent an additional marker to personalize patient treatment, we propose to introduce the use of L1CAM only with a scientific intent.
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Characteristic

Age, years
<565
>55
Primary tumor site
Ovary
Fallopian tube
FIGO stage
|
]
1]
\%
Histological type
High-grade serous
Endometrioid
Low-grade serous
Clear cell carcinoma
Carcinosarcoma
Well-differentiated papillary mesothelioma
Residual disease after primary surgery

ECOG PS
0
1
Neoadjuvant chemotherapy
Yes
No
Treatment lines
<2
>3
Treatment categories
First-line maintenance therapy
Second-line maintenance therapy
Multi-line monotherapy
Exploratory therapy
First-line monotherapy
First-line maintenance therapy
Second-line monotherapy
Second-line maintenance therapy
Multi-ine monotherapy
Secondary cytoreductive surgery
Yes
No
Family history
Yes
No
BRCA status
BRCAm

BRCAwW
HRD status

positive
negative
Platinum sensitivity
Yes
No
Unknown
PARP inhibitor
Olaparib
Niraparib

Patient number (percent, %)

33 (49.9)
34 (50.7)

65 (97.0)
2(3.0)

1(1.5)
4(6.0)
49 (73.1)
13 (19.4)

58 (86.6)
5 (7.5)
1(1.5)
1(1.5)

1(1.5)

1(1.5)

29 (43.3)

32 (47.8)
6(9.0)

27 (40.3)
40 (59.7)

8(11.9)
6(9.0
21(31.3)

2(3.0)
5(7.5)
4(6.0)
2(3.0)

19 (28.4)

24 (35.8)
43 (64.2)

24 (35.9)
43 (64.2)

46 (68.7)
21 (31.9)

17 (25.4)
32 (47.8)
18 (26.9)

47 (70.1)
20 (29.9)

HRD, homologous recombination deficiency; FIGO, Intemational Federation of Gynecobogy and
Obstetrics; ECOG PS, Eastern Cooperative Oncology Group performance status; RO, no
macroscopic disease; R1, 1 am or kss; R2, more than 1 cm; PDS, primary debulking surgery;
IDS, interval debulking surgery; NACT, Necadiuvant chemotherapy.
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Parameter Univariable Analysis Multivariable Analysis

HR (95% CI) P-Value HR (95% CI) P-Value
HRD Status 0.60 (0.45-0.82) <0.001 0.67 (0.49-0.92) 0.01
HRR mutation status 0.84 (0.47-1.50) 0.55 NA NA
BRCA mutation status 0.66 (0.36-1.23) 0.19 0.74 (0.39-1.42) 0.37
ECOG 2.49 (1.39-4.44) 0.002 2.20 (1.14-4.23) 0.02
NACT 1.45 (0.81-2.61) 0.21 NA NA
Treatment Lines 1.58 (0.87-2.87) 0.13 1.16 (0.61-2.20) 0.64
Family History 0.71 (0.39-1.32) 0.28 NA NA
Secondary cytoreductive surgery 1.59 (0.85-2.98) 0.15 1.80 (0.91-3.53) 0.09
RO resection or not 1.54 (0.86-2.77) 0.15 1.75 (0.96-3.26) 0.07
Stage 0.72 (0.42-1.23) 0.23 NA NA

ECOG, Eastern Cooperative Oncology Group; ECOG performance status =2 vs 1or 0; NACT, New Adjuvant Chemo Therapy yes or no; HR, hazard ratio; Treatment lines, lines <2 as 0, =3
lines as 1; NA, not applicable. Baseline variables that achieved a level of significance of P <0 .2 in the univariable analysis were entered into multivariable models.
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Parameter Univariable Analysis Multivariable Analysis

HR (95% CI) P Value HR (95% CI) P Value
HRD Status 0.70 (0.51-0.96) 0.03 0.71 (0.51-0.98) 0.04
HRR mutation status 0.75 (0.39-1.43) 0.38 NA NA
BRCA mutation status 0.68 (0.35-1.33) 0.26 NA NA
ECOG 1.87 (0.99-3.51) 0.05 1.55 (0.81-2.97) 0.18
NACT 1.39 (0.73-2.62) 0.31 NA NA
Treatment Lines 1.30 (0.70-2.44) 0.41 NA NA
Family History 0.81 (0.41-1.60) 055 NA NA
Secondary cytoreductive surgery 1.31 (0.68-2.51) 0.42 NA NA
RO resection or not 1.70 (0.89-3.24) o1 1.69 (0.87-3.27) 0.12
Stage 0.87 (0.40-1.91) 0.73 NA NA
Platinum sensitivity 0.47 (0.24-0.94) 0.03 0.49 (0.24-1.0) 0.05

ECOG, Eastern Cooperative Oncology Group; ECOG performance status =2 vs 1 or 0; NACT, New Adjuvant Chemo Therapy yes or no; HR, hazard ratio; Treatment lines, lines <2 as 0, >3
lines as 1; NA, not applicable. Baseline variables that achieved a level of significance of P <0 .2 in the univariable analysis were entered into multivariable models.
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Ovarian cancer or fallopian tube cancer patients
treated with PARP inhibitors

Entry criteria:

A total of 79 patients with clinical stage,
pathological type, number of treatment lines and
platinum sensitivity, treated with Olaparib or

Niraparib.

HRD testing

The correlation between clinical efficacy and
HRD status was analyzed for 67 patients.

Exclusion criteria:

5 Patients with no residual FFPE samples, no
signed informed consent or tumor content
less than required.

Exclusion:

7 Patients with failure in quality control of
experimental or sequencing data, patients
lost follow-up.
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Comments

- ER and PR are affordable immunohistochemical markers, available in all pathological laboratories worldwide and thus this scoring system could be easily implemented
in routine practice.

- Scoring for ER and PR adds relevant prognostic information to current clinical practice
- Correlation between ER/PR expression in preoperative and postoperative material could be investigated also in EC, as well as already test in breast cancer

- Reporting of percentages in the form of continuous or semicontinuous values for ER/PR expression, avoiding dichotomous values (e.g., positive, negative) is
recommended

- Reporting of intensity score is also advised

- Immunohistochemical analysis for ER and PR expression can be performed manually or by digital image analysis that could provide a more objective and reproducible
evaluation
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Recommendations

A) The first method for p&3 testing is represented by IHC, a widely available laboratory test, utilizing antibodies against p53.
B) Genetic testing (Sanger sequencing or NGS) is indicated in case of indeterminate IHC results (disagreement or interpretative difficulties).

C) Genetic testing should be carried out only in selected centers experienced in these techniques.

Comments

- Use the IHC approach for detecting p53 pattern of expression

- Standardize pre-analytical and analytical protocol of testing

- IHC can be performed on biopsies or surgical specimens if available, preferring the best-preserved sample as first choice
The main advantages of performing IHC on biopsies are the following:

() the better degree of fixation of biopsies

(i) the early knowledge of p53 status in a pre-operative setting

The main advantages of performing IHC on surgical sample are the following:

(i) larger amount of tumoral representative tissue; (i) the possibility to select the best specimen for IHC testing; (iii) the possibility to overcome tumor heterogeneity.
- The presence of an internal positive control is mandatory for interpretation of results.

- Move to genetic testing as a confirmatory test or whenever there is any doubt in IHC interpretation.
We retain that undoubtedly diagnostic interpretative challenges by p53 immunohistochemistry are possible events, but we are also aware that equally there are similar
issues around quality assurance for genetic testing of TP53 mutation (Sanger sequencing or NGS) that may not be totally reliable.
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Recommendations

A) The first method for MSI testing is represented by MMR IHC, a widely available laboratory test, utilizing antibodies against MLH1, MSH2, MSHB, and PMS2.

B) MSI-PCR-based molecular testing is indicated in case of indeterminate IHC results (disagreement or interpretative difficulties). The five poly-A panel is the
recommended panel given its higher sensitivity and specificity.

C) As a novel alternative tool for MSI testing, NGS should be carried out only in selected centers experienced in these techniques.

Comments

- Use the IHC approach for detecting the four MMR proteins and assessing MMRd in any sporadic cancer type belonging to the spectrum of cancers found in Lynch
Syndrome, so including EC.

- Standardize pre-analytical and analytical protocol of testing

- IHC can be performed on biopsies or surgical specimens if available, preferring the best-preserved sample as first choice

The main advantages of performing IHC on biopsies are the following:

() the better degree of fixation of biopsies

(i) the early knowledge of MSI status in a pre-operative setting

The main advantages of performing IHC on surgical samples are the following:

(i) larger amount of tumoral representative tissue; (i) the possibility to select the best specimen for IHC testing; (iii) the possibility to overcome tumor heterogeneity.
- The presence of an internal positive control is mandatory for interpretation of results.

- Move to MSI-PCR or NGS (in selected centers) as a confirmatory test or whenever there is any doubt in IHC interpretation. In particular, in the following events:
- Indeterminate/equivocal/ambiguous IHC results

- False-negative MMR immunostainings mainly caused by pre-analytical poor tissue fixation

- Aberrant staining patterns such as cytoplasmic, dot-like, or perinuclear staining

— Loss of only one heterodimer subunit (e.g., only MLH1 or only PMS2 and not both)
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Recommendations

A) No surrogate for POLE mutation still exists but the targeted sequencing for the common mutations in this gene could be used rather than whole genome or panel
testing (mutation analysis of the exonuclease domain of POLE exons 9, 11, 13, and 14).

Comments

The mutational analysis of the exonuclease domain of POLE should be considered in the following cases:

- EEC G8 and other high-grade histologies (UEC/DEC, clear cell, carcinosarcoma)

- rare histotypes (neuroendocrine tumors)

- abundance in TIL and/or peritumoral lymphocytes

- mixed cases

- ambiguous morphologies

- ambiguous immunophenotype (possible multiple classifiers)

- subclonal p53 at IHC

Mutational analysis should be carried out only in selected experienced centers.

Minimal requirement is the adequate assessment of the 5 more frequent occurring POLE hotspot variants. Unknown variants or VUS should be discussed at the Tumor
Board.
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Counties

Amdo
Baqen
Baingoin
Biru

Lhari
Nyima
Nyainrong
Seni
Xainza
Shuanghu

Sogxian

Number of cases (n)

18
15
32
40
18
15
15
25
48
4
17

Percentage (%)

0.826
0.841
1.82
0.928
0.605
0.868
1.116
0.624
2.019
0.934
0.744
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Metrics (95%Cl) LN clinical evaluation Extended model

AUC 0.685 (0.602-0.768) 0.792 (0.700-0.884)
Specificity (%) 72.2 (61.1-81.9) 83.9 (62.5-92.9)
Sensitivity (%) 64.8 (51.9-77.8) 74.4 (58.1-90.7)
Accuracy (%) 69.0 (61.1-77.0) 78.8 (70.7-85.9)
PPV (%) 63.8 (54.2-73.8) 76.7 (63.6-88.9)
NPV (%) 73.5 (65.8-81.5) 80.4 (72.1-90.9)
FNR (%) 35.2 (22.2-48.1) 25.6 (9.3-41.9)
FPR (%) 27.8 (18.1-38.9) 16.1 (7.1-37.5)
p-value (DeLong test) 0.008

Comparison was made between the performance of the extended model and the base model (LN clinical evaluation) in the whole cohort (A and B). All 95%Cls were calculated using
bootstrap (B = 2,000).
LN, lymph node; AUC, area under the curve; PPV, positive predictive value; NPV, negative predictive value; FNR, false-negative rate; FPR, false-positive rate.





OPS/images/fonc.2022.841547/table5.jpg
HPYV subtypes

Cytology results

Histology results

NILM
ASCUS
ASCH
LSIL
HSIL
CANCER
Total
NILM
LSIL
HSIL
CANCER
Total

HPV16/18

cases (N)

29
63
67
739
36

938
174
658
85
21
938

percentage (%)

31
6.7
72
78.8
38
04
100
18,5
70.2
89
23
100

NILM
ASCUS
ASCH
LSIL
HSIL
CANCER
Total
NILM
LSIL
HSIL
CANCER
Total

Other hrHPV

cases (N)

912
84
59

1206
23

2289
435
801
132

1377

percentage (%)

39.8
32
23

535

1
0.2

100

316

582
9.6
0.6
100





OPS/images/back-cover.jpg
Frontiers in
Oncology

Advances knowledge of carcinogenesis and
tumor progression for better treatment and
management

The third most-cited oncology journal, which

therapeutics and management strategies.

Discover the latest
Research Topics

Averue du Trbunal-Fédéral 34
1005 Lausanne, Switzeriand
nontersinor.

Contactus
+41(0215101700

2 frontiers | Research Topics






OPS/images/fonc.2022.841547/table4.jpg
Factors

Age

Altitude of location

Parity

<30 years

31-50
years

>50 years

<4,000m

4,000~
5,000m

>5,000m

>3
<3

OR value

1.315

1.422

2.274

1.709

1.212

95% CI

1.025-
1.688

1.304-
1.551

2.044-
2.531

1.56-
1.872

1.117-
1314

p value

0.031

0.001

0.001

0.001

0.001





OPS/images/fonc.2021.762921/fonc-11-762921-g002.jpg
Study

Kim (2021)
Levine (2020)
Uppal (2020)
Ramirez (2018)
Rodriguez (2021)
Yuan (2019)
Kim (2019)

Liu (2019)

Guo (2018)
Toptas (2014)
Kong (2014)

Sobiczewski (2009)

Chen (2020)
Shah (2017)

Overall (I-squared =70.9%, p = 0.000)

NOTE: Weights are from random effects analysis

HR (95% Cl)

1.07 (0.13, 8.77)
1.09 (0.96, 1.24)
1.08 (1.01, 1.15)
3.74 (1.63, 8.58)
1.70 (1.13, 2.57)
1.52 (0.80, 2.89)
1.08 (1.00, 1.15)
0.96 (0.87, 1.07)
0.96 (0.89, 1.04)
1.18 (0.28, 4.96)
1.00 (0.97, 1.04)
1.05 (0.90, 1.22)
2.34 (1.54, 3.56)
1.60 (0.75, 3.43)
1.08 (1.01, 1.16)

114 1 877

%
Weight

0.11
10.76
14.88
0.66
2.4
1.07
14.58
12.36
14.06
0.23
16.44
9.33
2.33
0.78
100.00





OPS/images/fonc.2021.762921/fonc-11-762921-g003.jpg
Study

Kim (2021)
Levine (2020)
Uppal (2020)
Ramirez (2018)
Rodriguez (2021)
Yuan (2019)
Liu (2019)

Lim (2019)
Guo (2018)
Toptas (2014)
Jackson (2004)
Chen (2020)
Shah (2017)
Sert (2016)

Overall (I-squared =60.5%, p = 0.002)

NOTE: Weights are from random effects analysis

HR (95% Cl)

1.90 (0.61, 5.88)
1.05 (0.96, 1.15)
0.60 (0.19, 1.85)
6.00 (1.77, 20.30)
2.14 (1.05, 4.37)
0.94 (0.43, 2.09)
1.12 (1.00, 1.26)
1.10 (0.96, 1.26)
0.98 (0.92, 1.04)
0.22 (0.01, 4.17)
1.02 (0.92, 1.13)
2.86 (1.59, 5.16)
0.88 (0.23, 3.32)
0.75 (0.34, 1.67)
1.09 (0.99, 1.20)

100

%

Weight

0.73
18.81
0.73
0.64
1.76
1.46
17.09
15.68

20.56

17.97
2.50
0.53
1.44

100.00





OPS/images/fonc.2021.762921/fonc-11-762921-g004.jpg
Study
ID

Li (2021)

Kim (2021)
Zaccarini (2021)
Chiva (2020)
Cusimano (2019)
Campos (2021)
Li (2021)

Dai (2020)
Kwon (2020)
Qin (2020)

Hu (2020)

Chen (2020)
Wenzel (2020)
Pedone Anchora (2020)
Wang (2019)
Paik (2019)

Liu (2019)
Corrado (2018)
Wang (2016)
Park (2016)
Mendivil (2016)
Ditto (2015)

van de Lande (2012)
Choi (2012)

Lee (2011)
Malzoni (2009)
Yang (2020)
Doo (2019)
Alfonzo (2019)
Corrado (2018)
Mendivil (2016)
Jensen (2020)

——
—
r
——————
<
—_——
_——>
—_——
—_——
S —
*
-
—_——
-
_———
—— s
—
—_——
*
—_——
——
*
--
——

Overall (I-squared = 55.2%, p = 0.000)

NOTE: Weights are from random effects analysis

0586

1 17 1

HR (95% Cl)

1.29 (0.71, 2.36)
1.02 (0.85, 1.23)
0.95 (0.38, 3.60)
2.07 (1.35, 3.15)
1.41 (0.84, 2.37)

2.13 (0.39, 11.70)

0.96 (0.58, 1.58)
2.02 (1.02, 4.02)
0.98 (0.91, 1.04)
0.45 (0.16, 1.24)
1.65 (1.00, 2.73)

4.64 (1.26, 17.06)

0.92 (0.52, 1.60)
1.11 (0.67, 1.83)
0.40 (0.19, 0.87)
2.74 (1.33, 5.65)
0.80 (0.40, 1.30)
1.05 (1.00, 1.09)
0.99 (0.90, 1.09)
0.89 (0.47, 1.70)
0.94 (0.85, 1.05)
0.42 (0.10, 2.00)
2.68 (1.09, 6.62)
0.95 (0.77, 1.18)
1.03 (0.59, 1.81)
1.01 (0.99, 1.04)
2.37 (1.40, 4.02)
1.64 (0.68, 4.00)
1.12 (0.71, 1.75)
1.02 (1.00, 1.04)
0.94 (0.85, 1.05)
1.23 (0.79, 1.93)
1.02 (0.98, 1.07)

%
Weight

0.47
3.94
0.14
0.93
0.63
0.06
0.67
0.37
11.69
0.17
0.67
0.10
0.54
0.67
0.30
0.33
0.49
14.13
8.91
0.42
8.09
0.08
0.21
3.14
0.54
15.70
0.61
0.22
0.82
16.02
8.09
0.84
100.00






OPS/images/fonc.2021.774558/fonc-11-774558-g007.jpg
A (o3

Stromal Granulocyte-monocyte progenitor_XCELL
Stromal IFmiie Granulocyﬁ?-monot':yte progenitor_XCELL 190 microenvironment score_XCELL
[—— R ) mlcroenv!ronment score_XCELL 1% Cancer associated fibroblast_XCELL
Purity Cancer associated fibroblast_XCELL 100 ¢ coll CD4+ Th1_XCELL
Purity « o e L TE T cell CD4+ Th1_XCELL 19 T cell gamma delta_XCELL
ESTIMATE = . . . T cell gamma delta_XCELL 0.58 100 ctroma score_XCELL
stroma score_XCELL 0.93 1.00 T coll CD4+ Th2_XCELL
R T cell CD4+ Th2_XCELL 9 Mast cell activated_CIBERSORT
B Stromal Mast cell activated_CIBERSORT 90 pMacrophage M1_CIBERSORT
Stromal - |mmune Macrophage M1_CIBERSORT o 1% Mast cell activated_CIBERSORT-ABS
Immune - Purity Mast cell activated_CIBERSORT-ABS 0.84 100 1 el follicular helper_CIBERSORT-ABS
Purity « o ESTIMATE T cell follicular helper_CIBERSORT-ABS 0.59 051 0.45 100 e dothelial cell_MCPCOUNTER
ESTIMATE = o« o L Endothelial cel_MCPCOUNTER ( 0.49 100 o1F)
CIFI -0.40 1.00
CIFI il

L — |

1 08 08 04 02 0 02 04 06 08 1






OPS/images/fonc.2021.774558/table1.jpg
FR-DEG CIFI model IR-DEG CIFI model FI-DEG CIFI model

Real death Real alive Real death Real alive Real death Real alive
Predicted death 45 90 57 102 48 75
Predicted alive 27 142 15 130 24 167
Total 72 232 72 232 72 232
Correct 45 142 57 130 48 167
Sensitivity 0.6250 0.7917 0.6667
Specificity 0.6121 0.5603 0.6767

CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; FR-DEG, ferroptosis-related differentially expressed gene; CIFI, comprehensive index of ferroptosis and
immune status; IR-DEG, immune-related differentially expressed gene; FI-DEG, ferroptosis- and immune-related differentially expressed gene.
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After propensity score matching

Multivariate analysis for 5-year OS

Multivariate analysis for 5-year DFS

P HR 95% CI P HR 95% CI
ARH vs. R-CT 0.046 2.391 1.051-5.633 0.011 26 1.25-5.409
Age 0.834 0.994 0.944-1.048 0.366 0.979 0.936-1.025
Tumor size 0.195 0.738 0.466-1.168 0.011 0617 0.425-0.896
Histological type 0.982 0513
Squamous cell carcinoma
Adenocarcinoma 2.426 1.582-6.049 2.364 0.549-10.176
Adenosquamous carcinoma 2.063 0.632-7.012 1.306 0.412-4.142

ARH, abdominal radical hysterectomy; R-CT, radio-chemotherapy; OS, overall survival: DFS, disease-free survival: Cl, confidence interval: HR, hazard ratio.
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Characteristic Before propensity score matching After propensity score matching

ARH group (n=658) R-CT group (n=66) P value ARH group (n=126) R-CT group (n=64)
Age 5213 +9.74 58.11 + 8.54 <0.001 57.67 + 8.35 57.67 + 8.30
Tumor size 297 +0.89 3.16 + 0.98 0.094 3.04 +0.81 3.19 £ 0.97
Histological type 0.320
Squamous cell carcinoma 605 (91.9%) 64 (97%) 118 (93.7%) 62 (96.9%)
Adenocarcinoma 36 (5.5%) 1(1.5%) 5 (4%) 1(1.6%)
Adenosquamous carcinoma 17 (2.6%) 1(1.5%) 3 (2.4%) 1(1.6%)

P value

0.997
0.249
0.619

ARH, abdominal radical hysterectomy; R-CT, radio-chemotherapy; OS, overall survival: DFS, disease-free survival.
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Accuracy (CDO1) (%) Accuracy (ZNF454) (%) Accuracy (CDO1 + ZNF454) (%)

Histological (n = 103) 88.35 80.58 86.41
Cytological (n = 120) 89.17 88.33 88.33
“ 0.037 2.577 0.187

p 0.847 0.108 0.665
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Gene True positive False positive Se (%)* Sp (%)° Accuracy (%)

CDO1 23/25 113 92.00 92.31 92.11
ZNF454 22/25 0/13 88.00 100.00 92.11
°Se, sensitivity.

bSp, specificity.





OPS/images/fonc.2021.732443/fonc-11-732443-g002.jpg
Nigeria

Ovarian Cancer
n=594
T

Sex Cord OC Germ Cell OC Epithelial OC Undefined Sarcoma
n=98 n=68 n=384 n=41 n=5
[ T | T 1
Mucinous/Clear Cell

Serous
n=232

Endometrioid
n=12

Adenocarcinoma
n=29

n=106






OPS/images/fonc.2021.732443/fonc-11-732443-g003.jpg
CB Blackq{

USB Black{

USB White|

0% 25% 50% 75% 100%
[ Epithelial [l Germ Cell [ Sex Cord

Nigerian 60 40
CB Black 79 21
USB Black 7 23
0% 25% 50% 75% 100%

OSerous [ Non-serous





OPS/images/fonc.2021.787198/fonc-11-787198-g003.jpg
a..é.. ....g... i

§

RGP urpen V5. renc
i st
==l

§

Overall Survival
3

§

§

EEEEEERE]

PEEEEXE]

IEREEEEE]
‘Survival time (months)

0
e
o —
o y
S om
H

IEEEEEE]
‘Survival time (months)





OPS/images/fonc.2021.787198/table1.jpg
Characteristic Open surgery (n=510, %) Minimally invasive surgery (n=341, %) P value
Age (year) (mean + SD) 46.70 + 9.39 46.22 £ 9.25 0.456
Menopause 170 (33.3) 114 (33.4) 0.976
BMI (kg/m2) (mean + SD) 22.58 + 2.80 23.06 + 4.36 0.074
Histologic subtype 0.297

squamous-cell carcinoma 417 (81.8) 284 (83.3)

adenocarcinoma 65 (12.7) 46 (13.5)

adenosguamous carcinoma 28 (5.5) 11 (3.2)
FIGO stage <0.001

A 24 (4.7) 17.(6.0

1B1 234 (45.9) 237 (69.5)

1B2-1IA 252 (49.4) 87 (25.5)
Histologic grading 0.149

G1 21 (4.1) 17 (5.0)

G2 62 (12.2) 42 (12.3)

G3 378 (74.1) 233 (68.3)

Gx 49 (9.6) 49 (14.4)
Stromal invasion depth <0.001

<1/2 203 (39.8) 170 (49.9)

>1/2 307 (60.2) 171 (50.1)
LvSI 308 (60.4) 208 (61.0) 0.860
Parametrial invasion 63 (12.4) 43 (12.6) 0.911
Positive vaginal margin 92 (18.0) 45 (13.2) 0.060
Lymph node metastasis 99 (19.4) 73 (21.4) 0.477
Hospital stay, median (range, days) 8(3-30) 7 (3-21) <0.001
Duration of surgery, median (range, min) 200 (85-510) 240 (75-450) <0.001
Estimated blood loss, median (range, mi) 400 (50-2500) 200 (10-4500) <0.001
Postoperative adjuvant treatment 399 (78.2) 285 (83.6) 0.054

BMI, body-mass index; FIGO, International Federation of Gynecology and Obstetrics; LVSI, lymph-vascular space invasion.
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Variable Overall survival Disease-free survival

3-year (%) 5-year (%) HR (95% CI) P value 3-year (%) 5-year (%) HR (95% CI) P value
Open surgery 94.3 92.4 1 (ref) - 93.4 91.3 1 (ref) -
Surgeon A P1 100 90 1.834 (0.237-14.17) 0.561 90 80 3.464 (0.792-15.162) 0.099
P2 100 100 = = 100 100 = =
P3 100 100 = = 100 100 = =
P4 100 100 = = 100 100 - =
Surgeon B P1 100 100 - - 100 100 - -
P2 100 100 e - 100 90 1.567 (0.199-12.341) 0.670
P3 100 100 - - 920 90 2.627 (0.336-20.542) 0.357
P4 100 100 = = 100 100 = =
Surgeon C P1 90 80 2.595 (0.732-9.197) 0.140 90 80 2.397 (0.698-8.226) 0.165
P2 100 100 = = 88.9 88.9 1.368 (0.183-10.231) 0.760
P3 100 100 = = 88.9 88.9 1.501 (0.202-11.126) 0.691
P4 97.9 93.4 0.742 (0.263-2.094) 0.573 96.8 93.7 0.617 (0.220-1.725) 0.367
Surgeon D P 77.8 77.8 5.866 (1.301-26.441) 0.021 77.8 77.8 4.696 (1.061-20.776) 0.042
P2 100 90 1.273 (0.164-9.901) 0.817 920 90 1.261 (0.165-9.662) 0.823
P3 100 100 o= = 100 100 = o
P4 91.8 91.8 1.420 (0.585-3.446) 0.439 91.7 89.3 1.407 (0.621-3.187) 0.414
Surgeon E P1 90 78.8 5.020 (1.106-22.790) 0.037 90 78.8 4.256 (0.951-19.037) 0.058
P2 100 100 = - 100 90 1.866 (0.247-14.102) 0.546
P3 100 100 = = 100 100 = =
P4 100 100 = = 100 100 = -
Total P1 91.8 87.8 2.896 (1.303-6.435) 0.009 91.8 85.7 2.712 (1.289-5.706) 0.009
P2 100 96.7 0.321 (0.043-2.381) 0.266 93.9 91.6 1.122 (0.392-3.213) 0.830
P3 100 100 - - 94.9 94.9 0.671 (0.162-2.782) 0.583
P4 96 92.1 0.907 (0.446-1.843) 0.787 95.5 91.6 0.831 (0.426-1.624) 0.589

P values < 0.05 are in bold. P, phase; HR, hazard ratio; Cl, confidence interval: ref, reference.
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Characteristic

Hospital stay (days) (mean + SD)

Duration of surgery (min) (mean + SD)
Estimated blood loss, median (range, ml)
CO2 pneumoperitoneum, median (range, L)
No. of lymph nodes resected, median (range)

SD. standard deviation.

Phase 1

7.88 +2.88
252.73 + 50.85
175 (20-800)
590 (80-1200)
18.5 (4-33)

Minimally invasive surgery

Phase 2

7.32+2.33
25.72 + 56.88
200 (40-600)
483.5 (160-1090)
19 (3-57)

Phase 3

7.50 £2.39
238.89 + 45.39
200 (80-4500)
669 (255-1200)

17.5 (6-50)

Phase 4

715+214
245.37 + 62.08
200 (10-1000)
684 (100-1300)
23 (2-53)

P value

0.235
0.669
0.479
0.128
<0.001
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clinicaltrials.gov registration Phase Setting ICIs Combination (drug class)
Advanced/recurrent EC
NCT03276013 (TOPIC) I Pretreated EC Pembrolizumab Doxorubicin
NCT03914612 1} Untreated EC Pembrolizumab Paclitaxel, carboplatin
NCT03835819 Il Pretreated MSS FRalpha+ Pembrolizumab Mirvetuximab soravtansine/IMGN853 (ADC)
EC
NCT02549209 I Untreated or platinum- Pembrolizumab Carboplatin, paclitaxel
sensitive EC
NCT04014530 (ATAPEMBRO) Il Pretreated MMRd EC Pembrolizumab Ataluren (anti non-sense mutations of DNA)
NCT05036681 I Untreated or pre-treated Pembrolizumab Futibatinib (anti-FGFR)
MSS EC
NCT04652076 (GYNET) I-l Pretreated EC Pembrolizumab Carboplatin, paclitaxel, NP-137 (anti-Netrin1)
NCT04865289 (ENGOT-en9/MK-7902- n Untreated EC Pembrolizumab Carboplatin, paclitaxel, lenvatinib (TKI)
001, LEAP-001)
NCT04781088 I Pretreated EC Pembrolizumab Paclitaxel, lenvatinib (TKI)
NCT02646748 | Pretreated EC Pembrolizumab Itacitinib/INCB050465 (JAK inhibitor)
NCT03454451 | Pretreated EC Pembrolizumab Ciforadenant/CPI-006 (anti-CD73 antibody)
NCT05039801 | Pretreated EC Pembrolizumab IPN60090 (glutaminase inhibitor)
NCT03849469 | Pretreated EC Pembrolizumab XmAb22841 (bi-specific anti-CTLA4/anti-LAG3 antibody)
NCT04278144 -l HER-2* pre-treated EC Pembrolizumab BDC-1001 (anti-HER2)
NCT04460456 | HER-2* pre-treated EC Pembrolizumab SBT6050 (anti-HER2)
NCT03367741 I Pretreated EC Nivolumab Cabozantinib (TKI)
NCT04106414 I Pretreated EC Nivolumab BMS-886205 (IDO inhibitor)
NCT04423029 I-l Pretreated EC Nivolumab DF6002 (anti-IL12 receptor)
NCT03667716 | Pretreated EC Nivolumab COM701 (PVRIG inhibitor)
NCT03508570 | Pretreated EC Nivolumab, Double ICls (anti-PD1/anti-CTLA4)
Ipilimumab
NCT04570839 Il Pretreated EC Nivolumab COM701 (PVRIG inhibitor), BMS-986207 (anti-TIGIT)
NCT04042116 Il Pretreated EC Nivolumab Lucitanib (anti-VEGFR1-3)
NCT03126110 -l Pretreated EC Nivolumab, INCAGNO1876 (anti-GITR)
Ipilimumab
NCT02912572 Il Pretreated EC Avelumab Talazoparib (PARP inhibitor), axitinib (TKI)
NCT03503786 (MITO END-3) I Pretreated EC Avelumab Carboplatin, paclitaxel
NCT03603184 (AtTEnd) n Untreated EC Avelumab Carboplatin, paclitaxel
NCT03526432 I Pretreated EC Atezolizumab Bevacizumab (anti-VEGF)
NCT04486352 I-l Pretreated EC Atezolizumab Bevacizumab (anti-VEGF), ipatasertib (AKT inhibitor),
talazoparib (PARP inhibitor)
NCT03694262 (EndoBARR) I Pretreated EC Atezolizumab Rucaparib (PARP inhibitor), bevacizumab (anti-VEGF)
NCT03170960 Il Pretreated EC Atezolizumab Cabozantinib (TKI)
NCT04269200 1} Untreated EC Durvalumab Carboplatin, paclitaxel, olaparib (PARP inhibitor) maintenance
NCT04444193 NA  Untreated EC Durvalumab Lenvatinib (TKI)
NCT03951415 (DOMEC) Il Untreated or pretreated Durvalumab Olaparib (PARP inhibitor)
EC
NCT03660826 I Pretreated EC Durvalumab Capivasertib (AKT inhibitor), cediranib (anti-VEGFR), olaparib
(PARP inhibitor)
NCT03277482 | Pretreated EC Durvalumab, RT
Tremelimumab
NCT03983954 | Pretreated EC Durvalumab Obinutuzumab (anti-CD20), naptumomab estafenatox (anti-
5T4)
NCT03981796 n Untreated EC Dostarlimab Carboplatin, paclitaxel-niraparib
Adjuvant EC
NCT03694834 | Neoadjuvant/adjuvant EC  Pembrolizumab Single dose before surgery, then combined with adjuvant CT

NCT03932409 (FIERCE)

NCT04214067
NCT04634877 (Keynote-B21)

Neoadjuvant/adjuvant EC

Adjuvant EC
Adjuvant EC

Pembrolizumab

Pembrolizumab
Pembrolizumab

Single dose before RT (brachytherapy), then combined with
adjuvant CT

Plus RT vs. RT alone, stage Il/lll MSI

Added to adjuvant CT +/- RT

ADC, antibody-drug conjugate; AKT, AK strain transforming; CD, cluster of differentiation; CT, chemotherapy; FGFR, fibroblast growth factor receptor; FR, folate receptor; GITR,
glucocorticoid-induced tumor necrosis factor receptor; HER-2, human epidermal growth factor receptor 2; IDO, indoleamine 2,3-dioxygenase; IL, interfeukin; JAK, Janus kinase; LAG-3,
lymphocyte-activation gene 3; MMRd, mismatch-repair deficient; MSS, microsatellite stable; NA, not applicable; PARP, poly(ADP-ribose) polymerase; PVRIG, poliovirus receptor-related
immunoglobulin domain containing; RT, radiation therapy; TIGIT, T-cellimmunoreceptor with Ig and ITIM domains; TKI, tyrosine-kinase inhibitor; VEGF, vascular endothelial growth factor;

VEGFR, VEGF-receptor.
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Author Study name
Marabelle et al.  KEYNOTE-158 [
(19) (NCT02628067) —cohorts
DK
Le et al. (20) NCT01876511—cohort C Il
Fader etal. (21)  NA I
Roque etal. (22)  NCT02899793 [
Ottt al. (23) KEYNOTE 028 b
(NCT02054806)
Makker et al. (24) KEYNOTE-146/Study 111 Ib/l
(NCT02501096)
Makker et al. (25) - KEYNOTE-775/Study 309 1l
(NCT03517449)
Tayloretal. (26)  NCT02501096—EC b

cohort

Tamuraetal. (27) JapicCTI-163212 [l

Lheureux et al. NCT03367741 [

(28)

Oaknin et al. (29) GARNET (NCT02715284) Il

Kostantinopoulos  NCT02912572 [

etal. (30)

Fleming et al. (31) NCT01375842 la

Antill et al. (32) PHAEDRA I
(ANZGOG1601/
ACTRN12617000106336)

Rubinstein etal.  NCT03015129 [

(33)

Phase

Target
population
(number of pts)

MSIEC (n=79)

MSIEC (n = 15)

MSI EC of
endometrioid
histology (n = 9)
MSI-H EC with
Lynch syndrome
n=6)or
sporadic MLH1
mutations
n=18)

PD-L1* EC
=29

EC (n= 108)
Stratification:
MSI (n=11)
MSS (n=94)

EC (n =827),
randomized:
Expin=411
crt 16
MSS: n =697

MSI: n =130

EC - not
selected for
biomarkers
(=23

EC—not
selected for
biomarkers
n=22)
EC—not
selected for
biomarkers,
randomized
n=76)

AmB:in=18
Exploratory Am
c
(carcinosarcoma
orEC
progressive to
immunotherapy):
n=29

103 MSI EC, 142
MSS EC

MSVPOLE
mutated cohort
n=15

MSS cohort (n =
16) — closed for
futlity

PD-L1* EC, then
amended to all
patients (n = 15)
EC(n=71):36
MSI 35 MSS

EC (>10 MSl or
carcinosarcoma
per am) (n = 54;
D:n =27, D+T:
n=27)

Administered
drugs

Pembrolizumab
200mg 3w

Pembrolizumab 10
mg/kg gaw

Pembrolizumab 10
mg/kg q2w

Pembrolizumab
200 mg a3w

Pembrolizumab 10
mg/kg g2w

Pembrolizumab
200mg q3w +
lenvatinib 20 mg
daily

Pembrolizumab
200 mg adw plus
lenvatinib 20 mg
daily or TPC
(doxorubicin 60
mg/m? q3w o
pacitaxel 80 mg/
m2, 3 weeks on, 1
week off)

Pembrolizumab
200 mg adw plus
lenvatinib 20 mg
daily

Nivolumab 240 mg
Q2w

Arm A: nivolumab
240 mg q2w (480
mg gaw after 4
cycles) +
cabozantinib 40
mg dally

Am B: nivolumab
240 mg Arm C:
nivolumab +
cabozantinib

Dostarimab 500
mg 3w x 4 —
1,000 mg géw

Avelumab 10 mg/
kg q2w

Atezolizumab
1,200 mg or 15
mg/kg a3w
Durvalumab 1,500
mg qdw

Durvalumab 1,500
mg qdw or plus
tremelimumab 75
mg qdw —
durvalumab 1,500
mg adw

Primary  Secondary

EP EP
ORR  DOR, PFS,
os
20w- 4y-08,
iPFS,  28W-IPFS,
28-mos  28W-PFS,
ORR,  28-mos
20w-PFS DCR
ORR  NA
ORR,  PFS,08
safety
ORR  DOR, PFS,
08, safety
ORR24w DOR, PFS,
os
PFSOS  ORR,
safety, QoL

ORR24w  ORR, PFS,

DOR, DCR

ORR  0S,PFS,
DCR, safety

PFS 08, ORR,
safety

ORR DOR, DCR

PFS6,  PFS, 08,

ORR  safety

Safety,  NA

ciinical

activity

OTRR  PFS,08

(RECIST)

ORR  NA

Results
ORR DCR PFS os Safety
ORR48%  DCR mPFS 13.1mos  mOS NR (95% Cl,  TRAES 76%, no G5
©5%Cl,  835%  (95%Cl43-  27.2mos-NR)
36.7- 34.4 mos)
59.6%)
ORR55%  DCR 20w-rPFS 67%  mOS 1488 wks  >G3 TRAES 27.7%
733%  20w-PFS68%  (94.7-NA)
(56-83)
ORR56%  DCR NA mOSNR (12mos  No >G3 TRAES
©5%Cl,  889% 08 89%)
21-86%)
ORR58%  NA 3yrPFS30%  3-yr OS 100% >G3 TRAES 6.8%
(95% Cl, (sporadic) (o= (Lynch), 43%
36.6- 0.017) (sporadic) (p =
77.9%) 0.043)
ORR 100%
(Lynch) vs.
44%
(sporadic)
(p =0.024)
ORR13%  DCR mPFS 1.8mos  mOS NR(95% Cl, TRAES 54.2%, G3
©5%Cl,  261%  (95%Cl, 1.6-27 4.3 mos-NR) 16.7%, no G4
2.8% to mos)
33.6%)
ORR24w  DCR mPFS7.4mos  mOS16.7mos  >G3 TRAEs 69.4%
38.0% 847%  (95%Cl,5.3-87 (95% C1,15.0 mos-
©5%Cl,  (©5%Cl,  mos) NR)
288%-  77.1%
47.8%) 90.5%)
M| ms! MS! subgroup:  MSI subgroup: NR
subgroup:  subgroup:  mPFS 18.9 mos
ORR24w  DCR (95% Cl, 4-NR)
63.6% 90.9%
95%Cl,  (95%OCl,
308%-  58.7%
89.1%) 99.8%)
Mss MSs MSS subgroup:  MSS subgroup:
subgroup:  subgroup: mPFS 7.4mos  mOS 16.7 mos
ORR24w  DCR84% (95%Cl,5-87  (95% Cl, 15-NR)
36.2% (©5%Cl,  mos)
©5%Cl,  75%-
26.5- 90.8%)
46.7%)
Mss NA MSS subgroup:  MSS subgroup:  >G3 TRAES 88.9% (P+L
subgroup: mPFS6.6mos  mOS 17.4mos  am) and 72.7% (CTX
ORR 30% (95% C1,5.6-7.4 (95% Cl, 14— am); combo am;
(95% Cl, mos) vs. 38 mos 199 mos) vs. 12 30.8% discontinued
26%-36%) (95% CI,3.6-5.0  mos (95% C, pembrolizumab, 18.7%
vs. 15% mos); HR 0.6 10.8-13.3 mos);  discontinued lenvatinib,
(95% Cl, (95% C1,0.50-  HR0.68(95% Cl, 14% discontinued both
12%-19%, 0.72;p<0.0001) 056-0.84;p=  pembroand lenvatinio
p<0.0001) 0.0001)
Al-comers: All-comers: mPFS  All-comers: mOS
ORR 31.9% 7.2vs.38mos;  183vs. 114
vs. 14.7% HR 0.56 months; HR 0.62
ORR24w  DCR mPFS9.7 mos  NA TRAES 97%, 2G3
andoveral  956%  (95% Cl, 4.2 TRAES 67%, 2 TR-
ORR 52% mos-NR) deaths
(95% Cl,
30.6%-
73.2%)
ORR23% DCR mPFS34mos  NA TRAES 61%, 2G3
©5%Cl,  682%  (95% CI,2.0-5.4 TRAES 17%
11%-38%) mos)
ORR25% DCR AmA: mPFS 53 NA Most common AEs
(AmA),  69.4%  mos (95% Cl, (>G1/G2): diarrhea
16.7% (A (Am A),  3.5-9.5 mos) (47.2%),
B) 27.8% hypertransaminasermia
(Am B) (44.4%), fatigue (38.9%),
nausea (30.6%)
Arm B: mPFS 1.9
mos (95% Cl,
1.6-3.8 mos)
MS:ORR  MS:DCR MS:mPFS8.1  mOSNR TRAES: 63.5% (MSI),
44.7% 57.3%  months (95% Cl, 71.7% (MSS); serious
(95% Cl, 3.0-18.0 months) TRAES: 13.5% (MSI),
34.9% 19.3% (MSS)
54.8%)
MSS: ORR  MSS:
13.4% DCR
©5%0Cl,  352%
8.3%-
20.1%)
M| cohort:  DCR MSI cohort: PFS6  MS cohort: mOS  TRAES 71%, G3 TRAES
ORR26.7% 63.3%  40%(96%Cl,  NR 19.4%
(95% Cl, 16.3%-66.7%)
7.8%-
55.1%)
ORR13%  DCR mMPFS 1.7 mos  mOS 9.6 mos 47% TRAES, no G4-5
267%  (95%CI,06-11  (96% CI,0.6-11.8 TRAES
mos) mos)
MS:OTRR MSEDCR MSEmPFS83  MSEmOSNR12- NA
47% (5% 639%  mos mos 0S 71%
I 32%-
63%)
Mss: Mss: MSS:mPFS 1.8 MSS: mOS 11.5
OTRR3%  DCR mos mos 12-mos 08
©5%Cl  31.4% 51%
1%-15%)
Dam: NA D arm: mPFS NA D am: 7% G3, 4% G4
ORR 14.8% 7.6w PFS24w TRAES
(90% Cl, 13.3% (95% Cl,
6.6%- 6.19%-100%)
100%)
DT am: DT arm: mPFS DT arm: 32% G3, 1%
ORR 11.1% 8.1w PFS24w G4 TRAES
(90% Cl, 18.6% (96% Cl,
4.2%- 10.1%-100%)
100%)

AEs, adverse events; C, confidence interval: CR, complete response; CTX, chemotherapy; DCR, disease control rate; DOR, duration of response; EC, endometrial cancer; HR, hazard ratio; irORR, immune-related objective response rate;
itPFS, immune-related progression free survival; mDOR, median duration of response; mOS, median overal suvival: mPFS, median progression free survival; MS!, microsatellte instabilty; MSS, microsatelite stabilty; NA, not avaiable; NR, not
reached; ORR, objective response rate; ORR24w, objective response rate at 24 weeks; OS, overal survival; OTRR, objective tumor response rate; PD-L1, programmed death-ligand 1; PFS, progression free survival; PFS24w, progression free
strvival at 24 weeks: PFSE. progression-fnee survival at 6 months: POLE, polimarase epsion: PR, partial response: Qol., quality of e SD, stabie dicease: TPC, treatment of piweician’s choice: TRAE, treatment-related adverse event:
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Characteristics Univariate analysis

Hazard ratio 95% ClI p value
Age
>54.5 years versus <54.5 years 0.511 0.247-1.053 0.069
Size
2~4 cm versus >4 cm 0.851 0.396-1.831 0.680
FIGO stage
IB1 Reference
B2 0.352 0.045-2.724 0.317
A1 1.337 0.614-2.912 0.464
IA2 1.369 0.506-3.701 0.536
LvSI
positive versus negative 2.286 1.151-4.538 0.018
PLN
positive versus negative 1.748 0.813-3.762 0.1563
Differentiation
Low grade Reference
Middle grade 0.779 0.105-5.791 0.807
High grade 0.653 0.315-1.355 0.253
Pathological type
SCC Reference
Adenocarcinoma 0.473 0.064-3.473 0.462
Other 2.469 0.751-8.112 0.137
SCCA (ug/L)
>2.05 versus <2.05 0.427 0.182-1.005 0.051
Albumin (g/L)
>41.25 versus <41.25 0.530 0.252-1.113 0.094
Hemoglobin (g/L)
>145.5 versus <145.5 5.393 2.560-11.363 <0.0001
Platelet (10%L)
>296 versus <296 1.088 0.472-2.508 0.843
WBC (10%/L)
>7 465 versus <7.465 2233 1.128-4.420 0.021
Rad-score 2.647 2.002-3.501 <0.0001

PFS, progression-free survival; FIGO, Intemational Federation of Gynecology and Obstetrics; LVSI, lymph vascular space invasion; LNM, lymph node metastasis; SCC, squamous cell
carcinoma; SCCA, squamous cell carcinoma antigen; WBC, white blood cell: Cl, confidence interval.
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Subgroup Reference HR 95 Cl P Value
Recurrence type

Organ recurrence Lymph nodes recurrence 1.917 1.1561-3.193 0.012
Vaginal recurrence 2.448 1.661-3.609 <0.001
Therapy for relapse

Chemotherapy Radiotherapy 1.105 0.786-1.553 0.567
Surgery 0.500 0.275-0.907 0.023
FIGO stage

B2 1B1 2.193 1.292-3.721 0.004
A1 1.526 0.995-2.342 0.053
A2 2.043 1.331-3.138 0.001
ART

Yes No 0.567 0.404-0.795 0.001
Risk group

Intermediate None 2.073 1.653-4.036 0.002
High 2.155 1.649-4.470 0.003
SCCA

>=2.55 <2.55 1.568 1.098-2.238 0.013

SCCA, squamous cell carcinoma antigen; ART, adjuvant radiotherapy.
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ROC:s for 3-year PFS prediction(training cohort)

—— Clinical model : 0.774(0.673-0.875)
—— Radiomic score : 0.804(0.693-0.914)
—— Combined model : 0.879(0.811-0.947)
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ROC:s for 3-year PFS prediction(validation cohort)
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—— Combined model : 0.82(0.668-0.971)
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Characteristic

Recurrence
NO
YES
recurrence time
Patterns of recurrence
Local recurrence
Distant metastases
Unknown

ARH group (n=658)

565 (85.9%)
93 (14.1%)
21.30 + 13.74

24 (25.8%)
32 (34.4%)
37 (39.8%)

R-CT group (n=66)

52 (78.8%)
14 (21.2%)
16.43 + 12.21

2 (14.3%)
2 (14.3%)
10 (71.4%)
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Characteristics Training cohort (n = 126) Validation cohort (n = 55) p value

Age (years) 0.714
>54.50 65 (51.59%) 30 (54.55%)

<564.50 61 (48.41%) 25 (45.45%)

FIGO stage 0.357
IB1 43 (34.13%) 24 (43.64.09%)

B2 10 (7.93%) 6 (10.91%)

A1 54 (42.86%) 16 (29.09%)

A2 19 (15.08%) 9 (16.36%)

Size(cm) 0.539
2~4 97 (76.98%) 40 (72.73%)

>4 29 (23.02%) 15 (27.27%)

LvsI 0.360
Positive 35 (27.78%) 19 (34.55%)

Negative 91 (72.22%) 36 (65.45%)

PLN 0.409
Positive 21 (16.67%) 12 (21.82%)

Negative 105 (83.33%) 43 (78.18%)

Differentiation 0.758
Low grade 5 (3.97%) 1(1.82%)

Middle grade 51 (40.48%) 23 (41.82%)

High grade 70 (65.56%) 31 (56.36%)

Pathological type 0.260
SCC 110 (87.30%) 52 (94.54%)

Adenocarcinoma 10 (7.94%) 1(1.82%)

Other 6 (4.76%) 2 (3.64%)

SCCAug/L) 0.887
>2.05 70 (58.33%)) 28 (57.14%)

<2.05 50 (41.67% 21 (42.86%)

Albumin (g/L) 0215
>41.25 104 (82.54%) 41 (74.55%)

<41.25 22 (17.46%) 14 (25.45%)

Hemoglobin (g/L) 0.409
>145.5 11 (8.73%) 7 (12.73%)

<145.5 115 (91.27%) 48 (87.27%)

Platelet (10%/L) 0.653
>296 29 (23.02%) 11 (20%)

<296 97 (76.98%) 44 (80%)

WBC (10%/L) 0.236
>7.465 39 (30.95%) 22 (40%)

<7.465 87 (69.05%) 33 (60%)

FIGO, International Federation of Gynecology and Obstetrics; LVSI, lymph vascular space invasion; LNM, lymph node metastasis; SCC, squamous cell carcinoma; SCCA, squamous cell
carcinoma antigen; WBC, white blood cell.
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Models Cohorts

C-index (95% Cl)

AUC (95% CI)

ACC (95% CI)

Sensitivity (95% CI)

Specificity (95% Cl)

Clinical model Training
Validation

Radiomic score Training
Validation

Combined model Training
Validation

0.778
(0.699-0.858)
0.816
(0.673-0.958)
0.756
(0.650-0.861)
0.803
(0.690-0.915)
0.821
(0.746-0.896)
0.829
(0.699-0.959)

0774
(0.673-0.875)
0.707
(0.513-0.902)
0.804
(0.693-0.914)
0795
(0.653-0.937)
0879
(0.811-0.947)
0.82
(0.668-0.971)

0714
(0.711-0.717)
0.764
(0.757-0.770)
0.722
(0.719-0.725)
0.764
(0.757-0.770)
0.786
(0.783-0.788)
0.855
(0.850-0.859)

0717
(0.631-0.803)
0.800
(0.683-0.917)
0.708
(0.621-0.794)
0.756
(0.630-0.881)
0.764
(0.683-0.845)
0.867
(0.767-0.966)

0.700
(0.499-0.901)
0.600
(0.296-0.904)
0.800
(0.625-0.975)
0.800
(0.552-1.048)
0.900
(0.769-1.081)
0.800
(0.552-1.048)

PFS, progression-free survival: C-index, Harrell’s concordance indices; Cl, confidence interval: AUC, area under the curve; ACC, accuracy.
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Age : 58 years LvsI : (-)

FIGO stage: ITA1 LNM : ()

Pathological type : SCC Rad-score : 0.029

Recurrence or metastasis : No PFS : 37 months

Patient 1

Age : 55 years
FIGO stage: IIA1
Pathological type : SCC

Recurrence or metastasis : Yes

Patient 2

LVSI @ (-)
LNM : ()
Rad-score : 1.380

PFS : 9 months
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