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Editorial on the Research Topic 


Molecular influences in therapies of ovarian cancer


Ovarian cancer is one of the most common gynecological malignancies leading to one of the highest causes of cancer-related deaths in women worldwide. Approximately over 250,000 women are diagnosed globally and over 150,000 patients pass due to this disease annually (1).

Surgical treatment is typically performed for early ovarian cancer to remove the tumor and make a definite diagnosis and to classify the stage of the disease (2). Cytoreductive surgery combined with platinum-based chemotherapy is commonly used for advanced ovarian cancer patients and despite the short-time effect, approximately 70% of patients suffer from recurrence after first-line treatment which negatively impacts survival time and prognosis (2, 3). Ovarian cancer requires the identification of potential therapies and treatments for ovarian cancer to improve the survival rate and prognosis of the disease. However, studies have demonstrated that therapies and treatments can be influenced by molecular mechanisms that need to be further studied. For example, several studies have found that an active therapeutic target for combination treatment was found to be the DNA damage response pathway, such as Poly (ADP-ribose) polymerase (PARP) (4).

It is evident how the role of molecular biology is crucial to define a individualized treatment in patient affected by ovarian cancer.

It was an honor and a pleasure for us to serve as Guest Editors of the Research Topic of Frontiers entitled “Molecular Influences in Therapies in Ovarian Cancer”. We are pleased to present a series of articles produced by proven experts in the field of gynecology and oncology. All authors that contributed to the Research Topic are authors contributing to important advancements in clinical and basic research. This Research Topic provides an overview about molecular influences in ovarian cancer.

We are of the opinion that the topics discussed in this Research Topic will be of relevance to a wide audience, from basic academic researchers to clinicians in gynaecology, oncologists, geneticists and surgeons.

The Research Topic opens with an original artcile by Yan et al., entitled “The Overexpression of Acyl-CoA Medium-Chain Synthetase-3 (ACSM3) Suppresses the Ovarian Cancer Progression via the Inhibition of Integrin β1/AKT Signaling Pathway”. The authors observe that Acyl-CoA medium-chain synthetase-3 performs as a tumor suppressor gene and may be a potential therapeutic target of ovarian cancer. Shen et al. demonstrate the importance of Intraoperative Frozen Sections and the accuracy in the diagnosis of ovarian tumors. An interesting review and meta-analysis by Han et al. with the aim to evaluate the value of serum Human epididymis protein 4 (HE4) for predicting the resistance of ovarian cancer (OS) to platinum chemotherapy. Ren at al. produced a systematic review and meta-analysis about the role of PARP in combination with other drugs. The authors observe an increase of PFS in patients with recurrence ovarian cancer. No doubt the topic regarding the use of PARP inhibitors played a predominant role. Qian et al. have investigated the role of PARP inhibitor in patients with Pathogenic Germline FANCA-Mutated Relapsed Epithelial Ovarian Cancer. Several studies have focused on the role of different biomarkers in ovarian tumours (Qian et al., Yang et al., Li et al., Xiong et al., Yang et al., Wang et al., Wang et al., Zhang et al., Li et al., Guo et al.). Chen et al. have highlighted and emphasized how the role systematic lymph node dissection may be reviewed in patients with apparent early-stage low-grade mucinous and endometrioid epithelial ovarian cancer but may be considered for apparent early-stage low-grade serous patients. Hou et al. try to determine the risk and prognostic factors of ovarian cancer in women submitted to fertility-sparing surgery (Huo et al.). The authors conclusions are: “the constructed nomograms exhibited superior prognostic discrimination and survival prediction for patients with stage I epithelial ovarian cancer”. The last article by Huo et al. entitled “FAK PROTAC Inhibits Ovarian Tumor Growth and Metastasis by Disrupting Kinase Dependent and Independent Pathways” evaluating the role of FAK PROTAC inhibits both FAK kinase activity and its scaffold protein activity by disrupting the interaction between FAK and ASAP1 and is highly effective in inhibiting ovarian tumor growth and metastasis.

We would like to sincerely thank all the authors for these high-quality and valuable articles that contribute considerably to the scientific panorama.
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Ovarian cancer is considered as one of the most fatal gynecologic malignancies. This work aimed to explore the effects and regulatory mechanism of Acyl-CoA medium-chain synthetase-3 (ACSM3, a subunit of CoA ligases) in ovarian cancer progression. As well as employing CCK-8 assay, clone formation assay, and cell cycle analysis were carried out to investigate cell proliferation ability. Wound healing assay and transwell assay were subsequently used to assess cell migration and invasion. Mice xenografts were then conducted to measure the effects of ACSM3 on tumor development in vivo. Our bioinformatics analysis suggested that the expression of ACSM3 was down-regulated in ovarian cancer tissues, and the low expression level of ACSM3 might related with poorer overall survival than high mRNA expression of ACSM3 in ovarian cancer patients. We artificially regulated the expression of ACSM3 to evaluate its effects on ovarian cancer malignant phenotypes. Our data revealed that the overexpression of ACSM3 inhibited cell proliferation, migration, and invasion of ovarian cancer cells. In contrast, the knock-down of ACSM3 received the opposite results. Our western blot results showed that the Integrin β1/AKT signaling pathway was negatively regulated by ACSM3 expression. Moreover, ACSM3 overexpression-induced suppression of cell migration and invasion activities were abolished by the overexpression of ITG β1 (Integrin β1). Additionally, the growth of ovarian cancer xenograft tumors was also repressed by the overexpression of ACSM3. And ACSM3 interference obtained the contrary effects in vivo. In summary, ACSM3 acts as a tumor suppressor gene and may be a potential therapeutic target of ovarian cancer.




Keywords: ovarian cancer, acyl-CoA medium-chain synthetase-3, integrin β1, proliferation, metastasis



Introduction

Ovarian cancer is considered one of the most fatal gynecologic malignancies (1). Due to the asymptomatic development, ovarian cancer is frequently not diagnosed until at an advanced and incurable stage, which is seen as a silent killer (2). When ovarian cancer is diagnosed at an early stage that grows in one or two sides of ovaries, the cure rate of it could reach 90% (3). However, the cure rate of ovarian cancer attenuates substantially with the metastasis of the tumors to the uterus and bladder (stage II), the peritoneal cavity (stage III), or the visceral organs (stage IV) (3). More than 70% of patients with ovarian cancer are not diagnosed until tumors are actively metastasized and developed to stage III or IV (4). Unlike hematogenous disseminating cancers, ovarian cancer metastasizes throughout the peritoneal cavity by peritoneal fluid instead of vasculature (5). Then, ovarian cancer tumors compress the visceral organs and even spread to the parenchyma of the lung or liver (5). The metastasis and chemo-resistance cause the death of ovarian cancer patients (6). Despite abundant research on the pathogenesis and therapy for ovarian cancers, there is still a lack of authoritative treatment. Therefore, it is essential to find new potential target for effectual therapy in ovarian cancer.

Acyl-CoA medium-chain synthetase-3 (ACSM3) is a subunit of CoA ligases that plays a significant role in the progression of many diseases. Ruan et al. (7) reported that ACSM3 had a down-regulated expression in hepatocellular carcinoma, which enhanced the metastasis via the AKT-WKN1 signaling pathway. Zhu et al. (8) confirmed that the loss of ACSM3 was associated with poor prognosis and immune exclusion in malignant melanoma. Peter et al. (9) reported that the expression of ACSM3 was decreased in ulcerative colitis and might be related to butyrate oxidation. However, the effects of ACSM3 on ovarian cancer has not been reported.

Integrin β1 (ITG β1), a member of the heterodimeric transmembrane receptors family, is known as a cell-extracellular matrix (ECM) adhesion protein (10). Integrin β1 exerts regulatory functions on cellular processes including cell proliferation, migration, and invasion via the signals reacted to ECM during cancer progression (10). Studies indicated that ITG β1 (Integrin β1) had an up-regulation in ovarian cancer tissues and the overexpression of ITG β1 (Integrin β1) was linked with poor prognosis as well as higher clinical stages (11, 12). The up-regulated expression of ITG β1 (Integrin β1) elevates the abilities of cell migration and invasion in ovarian cancer tumor (11).

In this work, we found that the expression of ACSM3 was down-regulated in ovarian cancer by bioinformatics analysis, and the patients with low expression of ACSM3 showed poor overall survival. We artificially regulated the expression of ACSM3 to evaluate the effects on ovarian cancer progression. The modulation of ACSM3 markedly influenced cell proliferation, metastasis, and invasion in vitro as well as the growth of ovarian cancer tumors in vivo. Further work showed that these effects are associated with its regulation on the Integrin β1/AKT signaling pathway.



Materials and Methods


Cell Culture, Vectors Construction, and Cell Transfection

OV-90, SK-OV-3, OVCAR-3, and A2780 cells were purchased from Procell Life Science&Technology Co., Ltd (Wuhan, China). OV-90 and OVCAR-3 cells were maintained in a specific medium (Procell). SK-OV-3 cells were cultured in McCoy’s 5A medium (Procell). A2780 cells were cultured in DEME (Gibco Life Technologies, NY, USA). All the medium was supplemented with 10% fetal bovine serum (FBS). And cells were incubated in 5% CO2 at 37°C.

Lentiviral vectors expressing small hairpin RNA (shRNA) targeting ACSM3 were named Lv-shRNA1-ACSM3 or Lv-shRNA2-ACSM3. The complementary cDNAs of ACSM3 were synthesized and the lentiviral overexpressed vectors pcDNA3.1 (GenScript, Nanjing, China) of ACSM3 were constructed as Lv-ACSM3. The shRNA sequences were listed as follow. shRNA1-ACSM3: CGATGTTAAGATTGTAGATGT. shRNA2-ACSM3: GCTTGTACAGAATGATATAAC. The Lv-shRNA1-ACSM3 or the Lv-shRNA2-ACSM3 were infected into OV-90 cells. The Lv-ACSM3 was infected into A2780 or SK-OV-3 cells. The overexpressed ITG β1 (Integrin β1) vectors were transfected into A2780 cells by Lipofectamine 3000 (Invitrogen, Carlsbad, California, USA) according to the manufacturer’s instructions.



Western Blot

Total protein was extracted from infected cells or tumors, respectively. The protein concentration was measured by BCA Protein Assay Kit (Solarbio, Shanghai, China). 20 μL protein samples were resolved by 12% SDS-PAGE and transferred onto PVDF membranes (Millipore, Billerica, MA, USA). Protein bands were incubated with primary antibodies at 4°C overnight after being blocked with 5% skim milk. Then, membranes were incubated with HRP labeled secondary antibodies (Solarbio; 1:3000) at 37°C for an hour. Protein probes were imaged with an ECL reagent (Solarbio). The primary antibodies were ACSM3 (Proteintech. Wuhan, China; 1:500), Integrin β1 (Proteintech; 1:500), E-cadherin (ABclonal, Shanghai, China; 1:1000), cyclin D1 (ABclonal; 1:500), p-AKT (ABclonal; 1:500), AKT (ABclonal; 1:1000), Vimentin (ABclonal; 1:500), c-Myc (ABclonal; 1:500), and GAPDH (Proteintech; 1:10000).



Cell Counting Kit-8 Assay (CCK-8 assay)

The ability of cell proliferation was detected by CCK-8 assay. Infected cells (4×103 per well) were plated into 96-well plates and were cultured for 0 h, 24 h, 48 h, 72 h, and 96 h. Then, a 10 μL CCK-8 kit (Keygen Biotech, Jiangsu, China) was added to each well and incubated for two hours. The OD value was measured at 450 nm.



Cell Cycle Analysis

Nuclear DNA content was evaluated by fluorescence-activated cell sorting. Infected cells were deprived of FBS and were rinsed with phosphate buffer saline (PBS) three times. Cells were maintained in pre-cooling 70% ethanol at 4°C for 2 h and rinsed with PBS. After being resuspended, cells were incubated with propidium iodide (50 μL/mL; Beyotime, Shanghai, China) and RNAase (0.1 mg/mL; Beyotime, Shanghai, China) at 37°C for half an hour protecting from the light. The nuclear DNA content was measured by performing a NovoCyte flow cytometer (ACEA Biosciences, Hangzhou, China).



Wound Healing Assay

Equal numbers of OV-90, A2780, and SK-OV-3 cells were plated into 6-well plates after being infected for 24 h, respectively. A wound was achieved by 200 μL pipette tips in each well after cells were cultured for 24 h. Cells were rinsed by the medium without serum. The distance between cells was photographed at 0 h or 24 h, respectively.



Transwell Assay

After being infected for 24 h, cells were collected and applied to top chambers of transwell inserts (Corning Incorporated, NY, USA) with a non-serum medium. 900 μL medium with 10% FBS was added into lower chambers and the systems were maintained for 24 h. Cells were further stained with 0.5% crystal violet (Amresco, Shanghai, China). The number of migrated cells in lower chambers was quantified and revealing the invasion ability of cells.



Tumor Xenograft Model

Six-week-old BALB/c nude mice (Beijing HFK Bioscience, Beijing, China) were cared and manipulated according to the agreement approved by Shengjing Hospital of China Medical University. Infected cells (OV-90 or A2780 cells) in the exponential phase were subcutaneously injected into the armpit. After a week, the tumor diameter was measured every three days and calculated for the tumor volume. Mice were sacrificed on the 23rd after being injected. And the tumors were further used for immunohistochemistry staining.



Immunohistochemistry

Paraffin-embedded sections of tumors were dewaxed in xylene and then rehydrated in gradient alcohol. Then, sections were further maintained in 3% hydrogen peroxide for 15 min to quench the activity of endogenous peroxidase. Sections were incubated with goat serum (Solarbio) for a quarter of an hour at room temperature and then incubated with primary antibodies at 4°C overnight. After rinsed by PBS for three times, these sections were incubated with HRP labeled IgG antibodies (Thermo Scientific, Pittsburgh, PA, USA; 1:500) at 37°C for an hour. Followed by DAB color reaction (Solarbio), sections were stained with hematoxylin (Solarbio) and imaged by microscope (Olympus, Tokyo, Japan). The primary antibodies were ACSM3 (Proteintech; 1:50) and Integrin β1 (Proteintech; 1:50).



Statistical Analysis

All statistics were analyzed by using GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, USA). Data were presented as means and standard deviation from at least triple independent experiments. One-way ANOVA was used to evaluate statistical differences in multiple groups except for the results of CCK-8 assay and tumor volume (two-way ANOVA). p<0.05 was considered statistically significant.




Results


The Expression of ACSM3 and Its Co-relation of the Overall Survival of Ovarian Cancer

We used Gene Expression Profiling Interactive Analysis (GEPIA; http://gepia.cancer-pku.cn/) to assess the relationship between ACSM3 expression level and overall survival in ovarian cancers by using The Cancer Genome Atlas database. The results showed that ACSM3 was markedly low expressed in ovarian cancer tissues than normal tissues (Figure 1A) Survival analysis revealed that the low expression level of ACSM3 was related with poorer overall survival than high mRNA expression of ACSM3 in 424 ovarian cancer patients, suggesting the prognostic significance of ACSM3. (Figure 1B). We determined the protein expression of ACSM3 in ovarian epithelial cells and ovarian cancer cells: OV-90, SK-OV-3, OVCAR-3, and A2780 cells. ACSM3 was highly expressed in OV-90 cells and was low expressed in A2780 and SK-OV-3 cells (Figure 1C). Then, we artificially regulated the expression of ACSM3 in OV-90, A2780, and SK-OV-3 cells. Western bolt demonstrated that the knockdown of ACSM3 in OV-90 cells and the overexpression of ACSM3 in A2780 or SK-OV-3 cells were successful (Figures 1D, E). It could be seen that the expression of ACSM3 was downregulated in OV-90 cells with a highly expressed baseline of ACSM3 and was upregulated in SK-OV-3 and A2780 cells with a reduced baseline expression of ACSM3 (Figures 1D, E).




Figure 1 | The expression of ACSM3 and its co-relation of the overall survival of ovarian cancer. (A) Boxplot of ACSM3 in ovarian cancer. TPM, transcripts per kilobase of exon model per million mapped reads. (B) Overall survival time between patients with high and low ACSM3 expression. Dotted lines indicated the 95% confidence interval. HR, hazard ratio. (C) Relative protein expression of ACSM3 in ovarian epithelial cells and ovarian cancer cells: OV-90, SK-OV-3, OVCAR-3, and A2780 cells. (D) Relative protein expression of ACSM3 in Lv-shRNA-ACSM3 infected OV-90 cells (E) Relative protein expression of ACSM3 in Lv-ACSM3 infected A2780 or SK-OV-3 cells. Measurement data were expressed as mean ± SD of three independent experiments. ^^p < 0.01 versus ovarian epithelial cells; *p < 0.05, **p < 0.01 versus Lv-shRNA-NC; ##p < 0.01 versus Lv-Vector.





Effects of ACSM3 on the Proliferation of Ovarian Cancer Cells

CCK-8 assay and clone formation assay were performed to measure the ability of cell proliferation in ovarian cancer cells. The results of the CCK-8 assay showed that the knockdown of ACSM3 promoted the growth of OV-90 cells significantly, and the overexpression of ACSM3 markedly inhibited the ability of cell proliferation in A2780 or SK-OV-3 cells (Figures 2A–C). Clone formation assay demonstrated that the clone forming ability of OV-90 cells was elevated following ACSM3 knockdown, while the clone forming ability of A2780 or SK-OV-3 cells was decreased by the up-regulation of ACSM3 (Figures 2D–F). To investigate the effects of ACSM3 on cell cycle arrest, cellular DNA content was detected by flow cytometry in OV-90, A2780, or SK-OV-3 cells. The results showed that the cells in the G1 phase were reduced accompanied by the elevation of cells in the S phase in OV-90 cells induced by the interference of ACSM3 (Figure 2G). And the cells in the G1 phase were enhanced with an attenuation of cells in the S phase and G2 phase in A2780 or SK-OV-3 cells infected with overexpressed ACSM3 (Figures 2H, I). These results indicated ACSM3 repressed the proliferation ability of ovarian cancer cells.




Figure 2 | Effects of ACSM3 on the proliferation of ovarian cancer cells. OV-90 cells were infected with ACSM3 shRNAs. A2780 or SK-OV-3 cells were infected with overexpressed ACSM3 vectors. (A–C) OV-90, A2780, or SK-OV-3 cells were subjected to CCK-8 assay. (D–F) The number of colonies. (G–I) Cell cycle arrest was detected by the flow cytometer. Measurement data were expressed as mean ± SD of three independent experiments. *p < 0.05, **p < 0.01 versus Lv-shRNA-NC; #P < 0.05, ##P < 0.01 versus Lv-Vector.





Effects of ACSM3 on Migration and Invasion of Ovarian Cancer Cells

The ability of cell migration and invasion was evaluated by the wound healing assay and the transwell assay. The results of the wound healing assay verified that cell migration ability was enhanced in OV-90 cells induced by the interference of ACSM3, while cell migration ability was weakened in A2780 or SK-OV-3 cells infected with Lv-ACSM3 (Figures 3A-C). The results of the transwell assay showed that infected with ACSM3 shRNAs increased the invasion ability of OV-90 cells, while the overexpression of ACSM3 decreased the invasion ability of A2780 cells or SK-OV-3 cells (Figures 3D-F). These data suggested that ACSM3 decreased the migration and invasion abilities of ovarian cancer cells.




Figure 3 | Effects of ACSM3 on migration and invasion of ovarian cancer cells. OV-90 cells were infected with Lv-shRNA-ACSM3. A2780 or SK-OV-3 cells were infected with Lv-ACSM3. (A-C) Cell migration ability was measured by wound healing assay. Scale bar represented 200 μm (D-F) The ability of cell invasion was detected by transwell assay. Scale bar represented 100 μm. Measurement data were expressed as mean ± SD of three independent experiments. *p < 0.05, **p < 0.01 versus Lv-shRNA-NC; #P < 0.05, ##P < 0.01 versus Lv-Vector.





Effects of ACSM3 on the Integrin β1/AKT Signaling Pathway in Ovarian Cancer

To further explore the mechanism of the effects caused by ACSM3, the expression of key proteins (Integrin β1, p-AKT, and AKT) in the Integrin β1/AKT signaling pathway was evaluated. Western blot demonstrated that the knockdown of ACSM3 promoted the expression of Integrin β1 and p-AKT in OV-90 cells, leading to the up-regulation of cyclin D1, c-Myc, Vimentin, and the down-regulation of E-cadherin (Figure 4A). The overexpression of ACSM3 attenuated the expression of Integrin β1 and p-AKT in A2780 cells, causing the low expression of cyclin D1, c-Myc, Vimentin, and the high expression of E-cadherin (Figure 4B). Our results suggested the possibility that ACSM3 attenuated the expression of cell proliferation or metastasis-related proteins by the inhibition of the Integrin β1/AKT signaling pathway in ovarian cancer.




Figure 4 | Effects of ACSM3 on the Integrin β1/AKT signaling pathway in ovarian cancer. (A) The protein expression of Integrin β1, p-AKT, AKT, cyclin D1, c-Myc, Vimentin, and E-cadherin in OV-90 cells following ACSM3 knockdown. (B) The protein expression of Integrin β1, p-AKT, AKT, cyclin D1, c-Myc, Vimentin, and E-cadherin in A2780 cells following ACSM3 overexpression. Measurement data were expressed as mean ± SD of three independent experiments. **P < 0.01 versus Lv-shRNA-NC; ##P < 0.01 versus Lv-Vector.





Effects of ITG β1 (Integrin β1) on ACSM3 Up-regulated Ovarian Cancer Cells

To further investigate the effects of Integrin β1 on ACSM3 up-regulated ovarian cancer cells, ITG β1 (Integrin β1) overexpressed plasmids were constructed and transfected to A2780 cells. Western blot proved that the construction and transfection of overexpressed plasmids were successful in A2780 cells (Figure 5A). The results of the CCK-8 assay revealed that the up-regulated expression of ACSM3 reduced the growth of A2780 cells. Conversely, the overexpression of ITG β1 (Integrin β1) reversed the alleviation of cell proliferation ability (Figure 5B). ACSM3 overexpression-induced suppression of cell migration activity was abolished by the overexpression of ITG β1 (Integrin β1) (Figures 5C, D). Moreover, the overexpression of ITG β1 (Integrin β1) reversed the alleviated cell invasion ability in A2780 cells infected with Lv-ACSM3 (Figures 5E, F). Then, we evaluated the effects of overexpressed ITG β1 (Integrin β1) on the Integrin β1/AKT signaling pathway. ACSM3 overexpression-induced low expression of p-AKT was reversed by the overexpression of ITG β1 (Integrin β1), causing the up-regulation of the low expression of cyclin D1, c-Myc, Vimentin and the down-regulation of high expression of E-cadherin (Figure 5G). These data confirmed that the overexpressed ITG β1 (Integrin β1) could reverse the malignant process caused by the up-regulated ACSM3 in ovarian cancer.




Figure 5 | Effects of overexpressed ITG β1 (Integrin β1) on ACSM3 up-regulated ovarian cancer cells. (A) The protein expression of Integrin β1. (B) ACSM3 up-regulated A2780 cells were transfected by ITG β1 (Integrin β1) overexpression vector and were subjected to CCK-8 assay. (C, D) Relative wound width (Scale bar represented 200 μm). (E, F) Invasion ability. Scale bar represented 100 μm. (G) Relative protein expression of p-AKT, AKT, cyclin D1, c-Myc, Vimentin, and E-cadherin. Measurement data were expressed as mean ± SD of three independent experiments. $$p < 0.01 versus NC; &p < 0.05, &&p < 0.01 versus Lv-Vector+NC; @p < 0.05, @@p < 0.01 versus Lv-ACSM+NC.





Effects of ACSM3 on the Growth of Ovarian Cancer Tumor In Vivo

To confirm the effects of ACSM3 on the growth of ovarian cancer tumor in vivo, a xenograft tumor model was built with OV-90 cells infected with Lv-shRNA1-ACSM3 or A2780 cells infected with Lv-ACSM3. Compared to Lv-Vector, the overexpression of ACSM3 significantly ameliorated the average tumor volume (Figures 6A, B). However, compared to Lv-shRNA-NC, ACSM3 interference markedly increased the average tumor volume (Figures 6A, B). Then, we verified the expression of ACSM3 and Integrin β1 by performing immunohistochemistry. The results indicated that the expression of ACSM3 was reduced, while the expression of Integrin β1 was enhanced in tumors derived from the Lv-shRNA1-ACSM3-infected OV-90 cells model (Figure 6C). The expression of ACSM3 was increased, while the expression of Integrin β1 was alleviated in tumors derived from the Lv-Vectors-infected A2780 cells model (Figure 6C). We further proved the association between ACSM3 and Integrin β1/AKT signaling pathway. The protein expression of p-AKT was elevated in tumors derived from the Lv-shRNA1-ACSM3-infected OV-90 cells model, causing the up-regulation of c-Myc and Vimentin (Figure 6D). The protein expression of p-AKT was weakened in tumors derived from the Lv-Vectors-infected A2780 cells model, leading to the attenuated expression of c-Myc and Vimentin (Figure 6E). The results suggested that ACSM3 inhibited the growth of ovarian cancer tumors in vivo via the abrogation of the Integrin β1/AKT signaling axis.




Figure 6 | Effects of ACSM3 on the growth of ovarian cancer tumor in vivo. A xenograft tumor model was built with OV-90 cells infected with Lv-shRNA1-ACSM3 or A2780 cells infected with Lv-ACSM3. (A, B) The volume of xenograft tumors. (C) The expression of ACSM3 and Integrin β1 was measured by immunohistochemistry. Scale bar represented 50 μm. (D, E) Relative protein expression of p-AKT, AKT, c-Myc, Vimentin, and E-cadherin. Measurement data were expressed as mean ± SD of six independent experiments. **p < 0.01 versus Lv-shRNA-NC; #p < 0.05, ##p < 0.01 versus Lv-Vector.






Discussion

In this study, we found that the expression of ACSM3 was down-regulated in ovarian cancer by bioinformatics analysis, and the patients with low expression of ACSM3 showed poor overall survival. We artificially regulated the expression of ACSM3 to evaluate the effects on ovarian cancer progression. Our data revealed that the overexpression of ACSM3 inhibited cell proliferation, migration, and invasion in ovarian cancer mediated by the suppression of the Integrin β1/AKT signaling pathway in vitro. While the knockdown of ACSM3 enhanced the ovarian cancer progression via the activity of the Integrin β1/AKT signaling axis. Moreover, ACSM3 overexpression-induced suppression of cell migration and invasion activities were abolished by the overexpression of ITG β1 (Integrin β1) in vitro. Then, we found that the overexpression of ACSM3 ameliorated the growth of ovarian cancer xenograft tumors in vivo. Conversely, ACSM3 interference facilitated the growth of tumors in ovarian cancer.

Studies have shown that the dysregulated expression of acyl-CoA synthetases family subunits exists in many diseases. Acyl-CoA synthetase long-chain family member 4 (ACSL4) is overexpressed in breast and prostate cancer (13). Very long-chain Acyl-CoA synthetase homology 3 (ACSVL3) is seen as a biomarker for targeted therapy in lung cancer (14). Gopal et al (15) found that ACSM3 was low expressed in hepatocellular carcinoma and activated the WNT/AKT signaling axis. ACSM3 was reported to have a down-regulated expression in cutaneous melanoma and Duchenne muscular dystrophy (8, 16). However, there have been no studies on the expression of ACSM3 in ovarian cancer. In this work, we found that the expression of ACSM3 was down-regulated in ovarian cancer tissues than normal tissues. Furthermore, ACSM3 has been reported to co-related with poor prognosis in malignant melanoma and liver cancer (7, 8). The survival analysis from the public database showed that the low level of ACSM3 is significantly correlated with the poor overall survival of ovarian cancer, thus, we have reasons to speculate that the ACSM3 is related to the clinic malignancy grade of ovarian cancer. We will attach much importance to this part of the research, and further investigation will be conducted.

In high-grade serous ovarian carcinomas, tumors proliferate rapidly and disseminate early, as well as have an aggressive duration of disease (17). Thus, the inhibition of metastasis is the point for alleviating the disease course of ovarian cancer and for further treatment. Ruan et al (7) reported that the loss of ACSM3 elevated the metastasis in liver cancer. Zhu et al (8) have proven that the ACSM3 overexpression decreased the proliferation, invasion, and colony formation in malignant melanoma in vitro. In this research, we artificially regulated the expression of ACSM3 to determine the effects it on the progression of ovarian cancer in vitro or in vivo. The results revealed that the overexpression of ACSM3 significantly decreased the abilities of ovarian cell proliferation, migration, and invasion in vitro, and weakened the growth of ovarian cancer tumors in vivo.

Furthermore, we determined the mechanism that ACSM3 acted as an antioncogene in ovarian cancer. The up-regulated expression of ITG β1 (Integrin β1) has been proven to be linked with ovarian cancer progressions such as cell proliferation, metastasis, and invasion (18, 19). AKT is known as a vital part of the cell cycle, cell survival, and apoptosis, and is positively associated with Integrin β1 (20). Studies revealed that the high expression of E-cadherin and the low expression of Vimentin cause epithelial differentiation, which is essential for tumor metastasis and invasion (21). The gain of cyclin D1 and c-Myc are associated with cell proliferation and malignant transformation (22). Zhang et al (23) reported that the loss of the Integrin β1/FAK/AKT signaling axis caused the down-regulation of cyclin D1 and collagen in hepatic fibrosis rats. Riggio et al. (24) pointed out that the AKT1 enhanced cell proliferation via the up-regulated cyclin D1 and S6, and then suppressed the cell migration and invasion via the down-regulated Integrin β1 and FAK. Bartolomé et al. (25) demonstrated that integrin signal specifically activated AKT and JNK mediated by vascular-endothelial (VE)-cadherin, which was associated with metastatic dissemination in melanoma. Here, we found that the overexpressed ACSM3 blocked the expression of Integrin β1 and p-AKT, leading to the down-regulation of cyclin D1, c-Myc, Vimentin and the up-regulation of E-cadherin in ovarian cancer cells. These results indicated that up-regulated ACSM3 inhibited the cell proliferation, migration, and invasion via the Integrin β1/AKT signaling pathway in ovarian cancer. Moreover, the ACSM3 overexpression-induced suppression of cell migration and invasion activities were abolished by the overexpression of ITG β1 (Integrin β1).



Conclusion

ACSM3 was low expressed in ovarian cancer tissues. The overexpression of ACSM3 inhibits the malignant phenotypes via the Integrin β1/AKT signaling axis in ovarian cancer. Furthermore, ACSM3 could be a potential therapeutic target in ovarian cancer.
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Aim

To retrospectively investigate the pre-operative clinical factors and ultrasonographic features that influence the accuracy of the intraoperative frozen section (IFS) of ovarian tumors.



Patients and methods

Women with ovarian tumors that underwent IFS in one tertiary medical center were recruited from January 2010 to December 2018. Demographic and clinical data of these women were retrieved from medical records in the hospital’s centralized database.



Results

A total of 903 ovarian tumors were enrolled, including 237 (26.2%) benign, 150 (16.6%) borderline tumor, and 516 (57.2%) malignant. The overall accuracy of IFS among all specimens was 89.9%. The sensitivities of IFS in diagnosing borderline tumors (82.0%) and malignant tumors (88.2%) were lower than in diagnosing benign tumors (98.7%, p <0.001, Z-test). The specificity of diagnosing malignant tumors (99.7%) was significantly higher than that of diagnosing benign tumors (94.7%, p <0.001, Z-test). The group with discordant IFS and final paraffin pathology (FPP) had younger age (47.2 ± 14.0 vs. 51.5 ± 11.8 years, p = 0.013, Mann–Whitney U test), and higher percentage of early-stage disease (85.2% vs. 65.1%, p = 0.001, chi-square test) and mucinous (39.3% vs. 3.3%) and endometrioid histologic types (34.4% vs. 20.2%) than the concordant group (all by chi-square test). Menopause (OR 0.34, 95% CI 0.15–0.76, p = 0.009), multicystic tumor in ultrasound (OR 2.14, 95% CI 1.14–4.01, p = 0.018), and ascites existence (OR 0.33, 95% CI 0.14–0.82, p = 0.016) were factors related to the discordant IFS by multivariate analysis.



Conclusions

IFS has good accuracy in the diagnosis of ovarian tumors. We recommend more frozen tissue sampling for sonographic multicystic tumors in premenopausal women to improve the accuracy of IFS.





Keywords: ovarian tumor, ovarian cancer, intraoperative frozen pathology, paraffin pathology, discordancy of diagnosis 



Introduction

Ovarian tumors are common gynecologic problems occurring in females of all ages. In the United States, it is estimated that there is a 5 to 10% lifetime risk for women undergoing surgery for a suspected ovarian neoplasm (1, 2). Among ovarian tumors, those that are benign account for the majority (around 60%), followed by the 20–30% that are malignant and <10% that are borderline tumor (3). The incidence of ovarian cancer has increased over the last 30 years in Taiwan, with the latest incidence being 1,521 per 100,000 women (4). The histological distribution of malignant tumors in Taiwan differs from that in Western countries, with fewer serous type and more clear cell type tumors (4).

The components of benign ovarian tumors are variable and include epithelial, germ cell, and sex-cord stromal tumors; endometrioma; ovarian abscesses; and functional ovarian cysts. Borderline tumors account for a minor proportion of ovarian tumors. They mainly originate from epithelial cells (5). Malignant ovarian tumors include epithelial, germ cell, and sex-cord stromal tumors, and the other rare histologic types such as sarcoma (6). In current clinical management, the surgical treatment of benign tumors includes tumor excision (cystectomy) or oophorectomy (7). For the management of borderline tumors, surgical approaches including hysterectomy, bilateral salpingo-oophorectomy, omentectomy, and pelvic and para-aortic lymphadenectomy are recommended. A fertility-sparing approach is a common alternative, particularly for those who desire to preserve fertility (5). However, for the management of ovarian cancer, surgery usually involves hysterectomy, bilateral salpingo-oophorectomy, omentectomy, and pelvic and para-aortic lymphadenectomy (8). Because the treatment strategies and prognoses are much different for benign, borderline, and malignant ovarian tumors, accurate diagnosis is important.

Ovarian tumors often represent a diagnostic challenge, first because of the vague symptoms and presentation (8). There are some clinical tools that help to differentiate the nature of ovarian tumors before surgery, including serum tumor markers and imaging studies such as ultrasonography, computer-assisted tomography (CAT), magnetic resonance imaging (MRI), and positron emission tomography (PET) (8). CA-125 is a non-specific tumor marker but is the most commonly used marker in ovarian tumors, CA-125 is not useful in differentiating ovarian benign or malignant tumors, due to its low sensitivity and specificity. Its levels can increase due to other kinds of malignancies (e.g. breast, lung, colon, and pancreatic cancer) and benign diseases (e.g. endometriosis, pelvic inflammatory disease, and ovarian cysts) (8).

Gynecologic ultrasound plays an important role in the initial evaluation of an ovarian tumor. Ultrasound relies on morphologic features to distinguish between benign and malignant lesions. Some predictive models to differentiate ovarian benign and malignant tumors have been developed (7). The risk-of-malignancy index is one such scoring system currently recommended by many national guidelines (9). Another model, the International Ovarian Tumor Analysis (IOTA) simple ultrasound-based rules (“simple rules”) has also shown good accuracy (10). However, these tools have their limitations, such as operator-dependent performance (11). The IOTA rules have high sensitivity and specificity according to expert subjective impressions, but worse accuracy when assessed using objective, calculated tools (12).

Needle aspiration and image-guided core biopsy are widely used for a variety of the other non-ovarian tumors, such as breast cancer, without adverse impact on prognosis (13). However, needle aspiration or core biopsy is less common clinical practice in the diagnosis of ovarian tumors, because these two procedures pose the risk of spillage and possible upstaging of malignant lesions (13, 14).

The more specific the extent of operation performed, the more benefit the patient receives, with less morbidity. In addition to the pre-operative imaging study and tumor markers, intraoperative frozen section (IFS) as diagnostic tool can aid procedural decision-making. IFS has been developed for more than 100 years and was first demonstrated by Wilson (15). It has become routine practice in the treatment of complex ovarian tumors during surgery. The good accuracy of IFS, from 90 to 99%, has been proven in many studies (16–18). Although IFS can provide very important and helpful information for clinical practice during surgery, it still does not provide exactly the same results as the final paraffin pathology. Only a limited number of studies have evaluated clinical preoperative characteristics and imaging features as factors influencing the accuracy of IFS.

Here we aimed to retrospectively investigate the concordance between IFS and final paraffin pathology (FPP) and factors that might influence discordancy between them. We propose pre-operative clinical factors and ultrasonographic features that can be used to predict the risk of discordancy of IFS and FPP in order to improve the accuracy of the IFS of ovarian tumors.



Materials and Methods


Patient Population and Data Collection

Women with adnexal (ovarian) tumors that underwent intraoperative frozen section (IFS) in one tertiary medical center were recruited from January 2010 to December 2018. This study protocol was approved by the Institutional Review Board of the hospital. Demographic and clinical data of these women were retrieved from medical records in the hospital’s centralized database. These data included the age at diagnosis, parity, menopausal status, co-morbidity, operative method, level of pre-operative tumor markers, and pre-operative ultrasound characters, International Federation of Obstetrics and Gynecologic stage, tumor histology and grade, type of surgery, and types and cycles of chemotherapy. Tumor markers including CA-125 (IU/ml), CA19-9 (IU/ml), CEA (ng/ml), and alpha-fetal protein (αFP) (ng/ml) from sera were also assayed and recorded before surgery. A transvaginal and/or transabdominal ultrasound was also performed before surgery. The selection of ultrasound characters was according to the IOTA rules (10).

Patients whose specimens for the final pathology analysis were not of ovarian origin were excluded. The FPP of all ovarian tumors was also retrieved. The tumors were classified histologically according the World Health Organization (WHO) classification of ovarian neoplasms in 2009, 2014 and 2020 (19–22), and the stage of each malignant tumor was based on the FIGO (International Federation of Gynecology and Obstetrics) staging system (21). Each ovarian tumor of this study would be classified into one of three categories—benign, borderline or malignant according to WHO ovarian tumor classification (22). The malignant tumors included epithelial tumors, sex-cord stromal tumors, germ cell tumors or other rare malignancies. The borderline tumors included different histologic types of epithelial borderline tumors. The benign lesions included all benign tumors and other non-tumor lesions such as corpus luteum cyst.

The specimens for IFS were analyzed by the pathologist in the laboratory in an unfixed state right after the surgeon removed them from the patients. At least two sections of all specimens were designated for frozen pathology analysis by the pathologist. The IFS of these ovarian tumors only reported benign, borderline, or malignant tumors without definite histologic type. The reports of paraffin pathology included benign, borderline, and malignant tumors together with their respective histologic type. We defined the concordant result when the reports of IFS and FPP were the same (benign, borderline or malignancy). Otherwise was defined as discordant result.



Statistical Analysis

Using standard statistical formulas, we calculated the overall accuracy, sensitivity, and specificity with the 95% confidence interval (CI) between IFS and FPP. These were calculated for the three categories—benign, borderline, and malignant. If the results of IFS and final paraffin pathology were the same, they were defined as concordant, and otherwise as discordant. The proportional Z test, one-way ANOVA, chi-square test, Kruskal–Wallis test, and Mann–Whitney U test were used for statistical analysis. The factors contributing to discordancy between IFS and FPP among the malignant tumors were further analyzed by univariate and multivariate Cox logistic regression analysis. A p value less than 0.05 was regarded as statistically significant. Statistical analyses were all performed using SPSS 22.0 for Windows (IBM, Armonk, New York, NY).




Results


Patients’ Characteristics From Intraoperative Frozen Section

A total of 903 patients were enrolled. The basic characteristics of the 903 women with ovarian tumors that underwent frozen pathology are shown in Table 1. The mean age was 49.5 ± 13.4 years old (range 7–88). There were 464 (51.4%) women menopause. The majority of the women (97.3%) underwent laparotomy. The median pre-operative CA-125 value of the 903 women was 94.9 IU/ml (32.5–423.7, 25th–75th percentiles).


Table 1 | Basic characteristics of the 903 women with ovarian tumors that underwent frozen pathology.





Ovarian Malignant Tumors Accounted for the Majority of Intraoperative Frozen Pathology Diagnoses

There were 237 (26.2%) benign ovarian tumors, 150 (16.6%) ovarian borderline tumors, and 516 (57.2%) ovarian malignant tumors. As shown in Table 2, 699 (77.4%) of 903 tumors were of epithelial origin, followed by 66 (7.0%) sex-cord stromal tumors and 51 (5.6%) germ cell tumors. Endometrioma, tubo-ovarian abscess, hemorrhagic cyst, and corpus luteum accounted for 8.4% (n = 76) of the 903 tumors. There were two specimens that the IFS failed to classify into benign, borderline, or malignant. We classified these two cases as undetermined.


Table 2 | Final paraffin pathologic characteristics of the 903 ovarian tumors.



As shown in Table 2, there were 19 (37.3%) malignant germ cell tumors; 21 (31.2%) ovarian malignant sex-cord stromal tumors, including 19 granulosa cell tumors; two Sertoli–Leydig cell tumors; and 466 (65.6%) epithelial ovarian tumors. Among the malignant ovarian tumors, 69.8% (127/181) were serous, 18.1% (39/215) were mucinous, 98.3% (113/115) were endometrioid, and 99.4% (166/167) had clear cell histology of epithelial origin.



Intraoperative Frozen Section Had Better Sensitivity for Benign Ovarian Tumors and Higher Specificity for Malignant Ovarian Tumors

We further evaluated the accuracy of IFS. Table 3 shows the comparison of IFS and FPP of all 903 ovarian tumors. There were 812 concordant and 89 discordant pairs. The overall accuracy of IFS among all specimens was 89.9%. Two cases were not determined as benign, borderline, or malignant via IFS; one was a benign mature teratoma and one was a malignant clear cell carcinoma.


Table 3 | Comparison of the intraoperative frozen pathology and final paraffin pathology of the 903 ovarian tumors.



All results regarding the accuracy, sensitivity, and specificity of IFS are shown in Table 4. The diagnostic accuracy, sensitivity, and specificity were 95.8, 98.7, and 94.7%, respectively, for benign ovarian tumors. The diagnostic accuracy, sensitivity, and specificity of IFS were 91.1, 82.0, and 93.0% for ovarian borderline tumors. The diagnostic accuracy, sensitivity, and specificity of frozen sections were 93.1, 88.2, and 99.7% for malignancy. The sensitivities in diagnosing borderline tumors and malignant tumors were significantly lower than in diagnosing benign tumors. In contrast, the specificity of IFS in diagnosing malignant tumors was significantly higher than in diagnosing benign tumors.


Table 4 | The diagnostic performance of intraoperative frozen pathology.





The Group With Discordant IFS and FPP Differed From the Concordant Group in Their Clinical and Histopathologic Characteristics

We further analyzed the clinical and histopathological characteristics of concordant and discordant IFS and FPP in 516 malignant tumors. As shown in Table 5, the discordant group had younger age (47.2 ± 14.0 vs. 51.5 ± 11.8 years, p = 0.013, Mann–Whitney U test), a lower percentage of menopause (31.1% vs. 56.9%, p <0.001, chi-square test), and a higher percentage of early-stage tumors (85.2% vs. 65.1%, p = 0.001, chi-square test) than the concordant group. In addition, the discordant and concordant groups had different percentages of various histological types (p <0.001, Mann–Whitney U test). The discordant group had a higher percentage of mucinous (39.3% vs. 3.3%) and endometrioid (34.4% vs. 20.2%) types, as well as lower percentages of serous (6.6% vs. 27%) and clear cell (6.6% vs. 35.6%) types as compared with the concordant group. More than 50% (24/39) of the mucinous malignant tumors could not be correctly diagnosed by IFS, and a relatively high percentage (18.6%) of endometrioid malignant tumors were not correctly diagnosed by IFS. In contrast, only 3.1% (4/127) of serous and 2.4% of (4/166) clear cell malignant tumors were not diagnosed using IFS. The other factors, including parity, pre-operative tumor markers, CA-125, and tumor size did not differ between these two groups.


Table 5 | Patient demographics and clinical and histopathological characteristics of concordant and discordant intraoperative frozen and final paraffin pathologies of 516 women and their malignant ovarian tumors.



Our results indicate that early-stage tumors in young pre-menopausal women, as well as mucinous and endometrioid malignant ovarian tumors, had higher incidences of discordancy between IFS and FPP.



Factors Contributing to the Discordancy of IFS and FPP of Malignant Ovarian Tumors Identified by Use of a Cox Logistic Regression Analysis

Finally, we evaluated factors that could influence the discordance of IFS and FPP diagnoses of malignant ovarian tumors, using Cox logistic regression analysis. As shown in Table 6, menopause (OR 0.36, 95% CI 0.20–0.63, p <0.001), multicystic tumor on ultrasound (OR 2.27, 95% CI 1.22–4.23, p = 0.010), and ascites (OR 0.39, 95% CI 0.16–0.94, p = 0.032) were factors related to the discordant IFS by univariate analysis. These three factors were also identified as independent factors related to the discordant IFS in multivariate regression analysis (menopause, OR 0.34 95% CI 0.15–0.76, p = 0.009; multicystic lesion on ultrasound, OR 2.14, 95% CI 1.14–4.01, p = 0.018; ascites, OR 0.33, 95% CI 0.14–0.82, p = 0.016).


Table 6 | Logistic regression analysis of clinical factors for discordancy between intra-operative frozen and final paraffin pathologies of 516 ovarian malignant tumors.



Our results indicate that menopause and the existence of ascites were two associated factors for correct IFS diagnosis, whereas a multicystic lesion detected by ultrasound was a risk factor for wrong diagnosis from IFS.




Discussion

Tumor markers and imaging studies are two preoperative assessment tools used to evaluate the nature of ovarian tumors. However, tumor markers can be elevated in many clinical situations, including benign and malignant conditions, and this results in lower specificity. Imaging studies include sonography, computer-assisted tomography, magnetic resonance imaging, and positron emission tomography. Gynecologic ultrasound helps differentiate ovarian tumors according to their morphology and echogenicity. Color Doppler ultrasound can provide more information with which to detect malignant tumors, by measuring intra-tumoral blood flow (10). Ultrasound is personnel dependent, and it is difficult to distinguish borderline tumors from malignant tumors even with the help of color Doppler ultrasound (23). The other imaging tools have good predictive rates in cancer staging but can be of limited use in differentiating the origins of ovarian tumors, especially in early stages (24). Most important is that these tools do not provide an exact diagnosis of benign, borderline, or malignant tumors, because of their macroscopic view. However, the microscopic view provided by IFS can offer a more concrete diagnosis and evidence that together aid the surgeon in planning the rest of the operation.

Surgeons depend on the results of intraoperative frozen pathology for decision making in dealing with ovarian neoplasia. Making a correct diagnosis of an ovarian tumor before surgery remains problematic. Ovarian tumors, unlike other malignancies, are seldom diagnosed via needle or punch biopsy, for several reasons. The greatest concern about ovarian tumor biopsy is that this procedure may result in tumor leakage or rupture, with subsequent intraperitoneal spreading of cancer cells if the tumor is malignant (13). Uncertain diagnoses can lead to the assumption of ovarian malignancy and thus create a risk of unnecessary surgery that can harm patients. Inadequate primary surgery can lead to a second operation and subsequent delay in treatment. Intraoperative frozen pathology improves decision making and management during the operation, avoiding unnecessary or delayed surgery (25). There are several indications for IFS including the tissue type, benign or malignant nature of the tissue, type of malignancy, determination of surgical margins, positivity of lymph nodes, and presence of malignant implants and/or metastases in other tissues or organ (26).

IFS showed excellent sensitivity and specificity in diagnosing ovarian malignancy. Many studies have evaluated the performance of IFS in single institutes, as in our study (16, 17, 27–29). The sensitivity in diagnosing malignant ovarian tumors ranged from 76 to 96%, with almost 100% specificity in diagnosing malignant tumors (16–18, 27). The meta-analysis by Cochrane Reviews revealed that IFS for the diagnosis of early-stage ovarian cancer has an average sensitivity of 90.0% (95% CI 87.6 to 92.0%) and specificity of 99.5% (95% CI 99.2 to 99.7%) (29). The diagnostic performance of this study was comparable to those of prior studies (16–18).

Histologic type was a confounding factor influencing the accuracy of IFS (28, 30). IFS is relatively inaccurate in diagnosing mucinous and borderline tumors (18). The sensitivity and specificity of IFS for borderline tumors were the lowest compared with those for benign and malignant ovarian tumors. The highest discordancy occurred when the IFS diagnosis was borderline tumors while the paraffin pathology indicated malignancy. The reported diagnostic performance of IFS for borderline tumors varies from study to study, with generally poor performance (31). The lowest accuracy and sensitivity of IFS in the diagnosis of borderline tumors was in the misdiagnosis of malignant tumors as borderline tumors. One of the reasons for this was the pathologist’s conservative attitude in reporting the IFS results. For borderline tumor, we also compared pre-operative clinical factors between the concordant and discordant groups of the borderline tumor, but none differed significantly between these two groups (data not shown).

Cancer stage was another factor that influenced the accuracy of IFS. There were more early-stage malignancies misdiagnosed by IFS than advanced staged malignancies. Clinical manifestations such as extra-ovarian spreading and intra-abdominal metastasis can provide more information for pathologists in the diagnosis of IFS (32). Early-stage malignancies and borderline tumors share gross morphological features. In this survey, more than 80% of the malignancies having discordant IFS and paraffin pathology were early-stage tumors. More malignant mucinous tumors in early stages were also found a confounding factor that influenced the IFS diagnosis.

Age was another confounding factor of the accuracy of IFS. The group with discordant IFS and FPP had younger age and lower percentage of menopause than the group with concordant results. Multivariate analysis identified menopausal status as an independent confounding factor affecting the discordancy of IFS and FPP. This was not revealed by prior IFS studies (16, 17, 33). Our explanation is that several correlations were noted between menopausal status and cancer stage or histologic type. There were 72.3% pre-menopausal patients with early-stage ovarian malignancy, in contrast to 63.1% menopausal patients (p = 0.03, chi-square test).

Preoperative clinical manifestation and sonographic features can help improve the accuracy of diagnosis using IFS. Our study also focused on clinical characteristics of ovarian tumors with discordancy of IFS and PPF has met an unmet clinical need. Prior studies have not identified any clinical or imaging features as risk factors for discordant IFS and paraffin pathology results (16, 17, 33). A multicystic lesion by preoperative sonography is an independent risk factor for IFS discrepancy in malignant tumors. We recommend increasing the number of sections examined in IFS when diagnosing multicystic tumors, in order to avoid and lower the rate of discordant IFS and FPP. Cimic et al. have also recommended using cytology to improve the accuracy of IFS (34). The presence of ascites by sonography reduced the risk of discordant IFS and FPP diagnoses of malignant ovarian tumors in this study. Ascites always occurred in advanced disease, so the presence of ascites in pre-operative sonography became an associated factor for the accuracy of IFP.

There were three cases in which the IFS showed more advanced results than the FPP. Two were cases in which IFS revealed mucinous borderline tumors while their FPP diagnosis was mucinous benign cystadenoma. These two cases had histologic features of borderline tumor in the IFS samplings. However, these features of borderline tumor accounted for less than 10% of the whole tumor area in paraffin sections (20). Thus, the pathologist changed the diagnosis of borderline tumor to benign cystadenoma. The IFS of the third case first revealed low-grade serous carcinoma and the FPP was changed to micropapillary serous borderline tumor, also called non-invasive low-grade serous carcinoma (20, 35). The low-grade serous carcinoma and micropapillary serous borderline tumor belong to the same spectrum of ovarian tumors, and it is difficult to differentiate them by IFS.

This study has several advantages. First, the pathologists’ experience and individual performance can influence the accuracy of IFS. Here, more than 90% of the IFS was reported by three well-experienced gynecologic pathologists in order to lower the individual bias of IFS. The diagnostic performance was comparable with that of prior studies (16, 18, 29). Second, our study provided a relatively large case number for analysis. Only one prior study recruited over 1,000 patients, and the other studies have analyzed fewer than 500 patients (18, 29). Moreover, we identified three pre-operative features—menopause, multicystic tumor, and ascites by ultrasonography—that help to reduce the discordancy between IFS and FPP.



Conclusion

Our study demonstrated that IFS has good accuracy in distinguishing among benign, borderline, and malignant ovarian tumors. The discordancy of IFS was higher in younger, pre-menopausal patients, and for early-stage ovarian malignancies, especially the mucinous histologic type. Multicystic tumor in sonography was an independent risk factor of discordancy of IFS for malignant tumors. In contrast, menopause and ascites detected by sonography protected against discordancy. We recommend examining more frozen tissue samples for sonographic multicystic tumors in premenopausal women in order to avoid the wrong IFS diagnosis and to minimize the inappropriate surgical treatment of women with ovarian tumors.
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Objective

To evaluate the value of serum Human epididymis protein 4 (HE4) for predicting the resistance of ovarian cancer (OS) to platinum chemotherapy.



Method

We searched the MEDLINE (PubMed), EMBASE, Cochrane Central, Web of Science, SCOPUS, and CNKI databases and screened all studies evaluating serum HE4 for predicting OC resistance to treatment with platinum. Two researchers independently evaluated the quality of all eligible original studies using QUADAS-2. RevMan 5.4 was used to compile the quality evaluation form. We also performed a meta-analysis with STATA15.1, and Deek’s funnel plots were used to detect any publication bias.



Results

Eight studies were included in the final meta-analysis. Our results showed that the sensitivity and specificity of preoperative serum HE4 in predicting the resistance of OC to platinum chemotherapy was 80% and 67%, respectively. The diagnostic odds ratio was 8, and the AUC was 0.78 (95% CI: 0.75-0.82), whereas the pooled sensitivity and specificity of serum HE4 after the third-cycle of chemotherapies for predicting chemoresistance in OC was 86% and 85%, respectively, with a diagnostic odds ratio of 33 and AUC = 0.92 (95% CI: 0.89 – 0.94).



Conclusion

HE4 may be an effective predictor of platinum-based chemotherapeutic resistance of OC. Serum HE4 levels after the third chemotherapy cycle may be indicative for clinical practice. Further research is needed to validate the significance of HE4 in the long-term management of OC.



Systematic Review Registration

https://www.crd.york.ac.uk/prospero/, PROSPERO (CRD42021220099).
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Introduction

As the leading cause of gynecologic tumor-related mortality worldwide, ovarian cancer (OC) proves fatal for 18000 of the 290000 women annually diagnosed with the disease (1). Due to its lack of typical clinical symptoms, 80% of the patients present with advanced stages of the disease at the time of first diagnosis (2). Currently, primary debulking surgery combined with platinum-based chemotherapy is the standard treatment for advanced OC. However, 80% of patients with advanced OC eventually relapse and develop resistance to treatment with platinum, which is unfortunately characteristic of a poor prognosis (3). Patients with disease progression during first-line treatment or within six months of the end of chemotherapy completion are considered platinum-resistant (4), requiring second-line chemotherapy. In this group of patients this problem causes a considerable delay in the potential use of more effective therapies (5). Despite the progress in diagnosis and treatment of these patients, in advanced OC the five-year survival rate remains at 30%.

Therefore, finding novel markers is of great clinical significance to provide accurate identification of OC patients that are platinum-resistant. These OC patients could then be switched sooner to a more effective therapeutic regimen that would extend their overall survival. Previous studies have shown that the size of residual lesions and chemotherapy response are the most critical indicators that affect the prognosis of patients with OC. Despite this, there is currently no effective indicator to predict the patient’s response to chemotherapy. While studies have shown CA125’s ability to predict the recurrence of OC (6), there is currently no conclusive result that can be used to predict sensitivity to chemotherapy.

Human epididymis protein 4 (HE4) is mainly expressed in the reproductive and respiratory tracts and is overexpressed in OC (7, 8). Recently, HE4 has drawn attention as a promising marker in the early detection and prognosis of OC (9, 10). Some studies indicate a potential predictive effect of HE4 in the response of OC to chemotherapy. However, according to these studies these results remains controversial.

To date, there have been no studies that comprehensively explain the applicability of HE4 to the response of OC to platinum-based chemotherapy. Therefore, this research aims to systematically review all eligible published studies to determine whether the HE4 might serve as a biomarker of the response to treatment of patients with OC and treated with platinum-based chemotherapy.



Materials and Methods


Search Strategy

Two reviewers were assigned primary responsibility for the literature search in the MEDLINE (PubMed), EMBASE, Cochrane Central, Web of Science, SCOPUS, and CNKI databases between January 1949 and February 2021. In addition, each reviewer re-assessed the relevance of the studies found for inclusion in the present study. We used the terms “ovarian neoplasms”[MeSH Terms] OR “ovarian neoplasms” [All Fields] OR “ovary cancer” [All Fields]) OR “OCs” [All Fields]) OR “cancer of ovary” [All Fields]) OR “cancer of the ovary” [All Fields]) OR “ovary neoplasm” [All Fields]) OR “ovarian tumor.” These previously mentioned terms were combined with AND (“human epididymis secretory protein 4” [All Fields] OR “human epididymis protein 4” [All Fields]) OR “HE4” [All Fields]) OR “WFDC2” [All Fields]. The reference lists of all primary studies that qualified for inclusion in our study were reviewed to identify any additional relevant studies for inclusion in the present study.Our registration number is: CRD42021220099.



Study Selection and Eligibility Criteria

The inclusion criteria comprised of the following conditions: (1) Histologically confirmed OC; (2) treatment with a platinum-based chemotherapy regimen; (3) evaluation of the association between HE4 and chemotherapy outcome; and (4) published in English or Chinese. The exclusion criteria included: (1) an inability to access the full text of a study. According to these criteria, a total of eight studies were selected. Figure 1 is a flow chart of the process used to select studies that were eligible for inclusion in our study.




Figure 1 | Flow chart of the literature search and selection process in the MEDLINE (PubMed), EMBASE, Cochrane Central, Web of Science, SCOPUS, and CNKI.





Quality Assessment

In our evaluation, we utilized the software Quality Assessment of the Diagnostic Accuracy Studies 2 (QUADAS-2) and RevMan 5.4. STATA15.1 software was used to perform quality assessments of the eligible studies (11). The QUADAS-2 contained 14 items, with each key domain containing two sections: risk of bias, and applicability. We also considered the risk of bias to be low if the answer to all signaling questions within a domain was ‘yes.’ If any answer was ‘no,’ it indicated that potential bias was possible. Concerns about applicability were judged as ‘low,’ ‘high,’ or ‘unclear.’



Statistical Analysis

All statistical analyses were implemented using STATA15.1. The I2 test and Q test software were used to assess the heterogeneity of the study, and an I2 > 50% was used as an indication of the presence of heterogeneity. We used bivariate regression models to calculate pooled sensitivity; specificity; positive and negative likelihood ratios (PLRs and NLRs); diagnostic odds ratio (DOR); and their respective 95% confidence intervals (CIs). The diagnostic value of the experiment was reflected by calculating the area under the summary receiver operator characteristic curve (SROC, AUC). An age of 50 years and the cut-off value of HE4 were used for subgrouping the patients for analysis, and publication bias was assessed using Deek’s funnel plots.




Results


Characteristics of Eligible Literatures

A flow chart of the literature screening process is shown in Figure 1. Initially, 2952 articles were retrieved from the databases, and 1124 duplicates were removed. Then, we excluded 648 articles unrelated to OC, and 955 articles did not evaluate the relationship between HE4 and the response to treatment wityh chemotherapy; subsequently, 211 abstracts, letters, reviews, and systematic reviews were excluded from our study. We then retrieved the full text of 14 articles for further evaluation of their eligibility for inclusion in our study. The results showed that there were five studies from which the outcome data could not be extracted. The studies documented in two articles were based on almost the same set of patients. Eventually, we quantitatively analyzed the eight articles that met the requirements for inclusion in our study (12–19). The relevant characteristics of these eight articles are summarized in Table 1. In our study we analyzed eight studies published from 2012 to 2020, and involved a total of 705 patients with OC. The results of the quality evaluation diagram are shown in Figures 2, 3. All eight eligible studies obtained moderately high scores in the QUADAS-2 quality assessment, which indicated that the meta-analysis would be credibility. Retrospective studies often have some bias with regards to the selection of patients. Using a certain cut-off value of HE4 also affected the index test, but these effects on the results of this study were not significant.


Table 1 | The general characteristics of the 8 included studies.






Figure 2 | The tabular presentation of QUADS-2 results.






Figure 3 | The graphical of QUADAS-2 results.





Heterogeneity Test

The STATA15.1 software was used for testing the heterogeneity. The results showed that the I2 of preoperative serum HE4 was 74 when predicting OC resistance to platinum chemotherapy and that the heterogeneity due to the threshold effect was 0.04. Similarly, the I2 of serum HE4 after the third round of chemotherapy in predicting OC resistance to platinum was 49, and the heterogeneity caused by the threshold effect was 0. Since each original study and the merge did not fall on the same line in the DOR Forest plot, we synthesized the statistics from all of the original studies.



Meta Analysis

The results of the preoperative serum HE4 meta-analysis at predicting the resistance of OC to platinum chemotherapy are summarized in Table 2. The results suggest that the combined sensitivity and specificity were 80% and 67%, respectively, while the diagnostic odds ratio was 8. Some sensitivity and specificity forest plots are provided in Figure 4. The SROC curve is shown in Figure 5 and has an AUC = 0.78 (95%CIs:0.75-0.82).


Table 2 | The combined predictive value of preoperative serum HE4 in 8 included studies.






Figure 4 | Forest Plots of paired sensitivity and specificity for HE4 after third chemotherapy.






Figure 5 | The SROC curve of preoperative serum HE4.



We obtained a pretest probability of 0.3 and a posttest probability of 0.51 by plotting the Fagan plot. The details of serum HE4 and the meta-analysis after the third round of chemotherapy, at predicting chemoresistance by OC are shown in Table 3. The pooled sensitivity and specificity was 86% and 85%, respectively, and the diagnostic odds ratio was 33. Some Forest plots for sensitivity and specificity are presented in Figure 6. The SROC curve is shown in Figure 7 and has an AUC = 0.92 (95%CIs:0.89-0.94). The Fagan plot indicates a pretest probability of 0.42 and a posttest probability of 0.80. The above results suggest that serum HE4 after the third round of chemotherapy, may have a higher predictive value for OC resistance to platinum chemotherapy.


Table 3 | The combined predictive value of serum HE4 after third chemotherapy in 5 included studies.






Figure 6 | Forest Plots of paired sensitivity and specificity for preoperative serum HE4.






Figure 7 | The SROC curve of serum HE4 after third chemotherapy.



We performed a meta-regression analysis on the eight studies based on the cut-off value of HE4 and the mean age. Finally, in the exploration of the predictive value of preoperative HE4 (Table 4), the P values were greater than 0.05 with the exception of the P-value for sensitivity of the cut-off subgroup, which was equal to 0.05, while the P-value of the cut-off subgroup was < 0.001 in the joint model. Similarly, in the meta-analysis of the predictive value of serum HE4 after the third round of chemotherapy (Table 5), the P-value of the cut-off value was less than 0.05 in the joint model analysis only. The P value of the remaining subgroups were greater than 0.05, indicating that the difference in the cut-off value may have caused heterogeneity in this study.


Table 4 | meta-regression of preoperative HE4.




Table 5 | meta-regression of HE4 after third chemotherapy.





Sensitivity Analysis and Publication Bias

After removing the studies with quite different results, the meta-analysis was performed again, and the results had no visibly effect. This suggests that the results of this study are credible. We detected publication bias by Deek’s funnel plot, and no publication bias was found as shown in the Figure 8.




Figure 8 | Deek’s funnel plot.






Discussion

To date, eight studies have investigated HE4’s prognostic value in predicting platinum-based chemosensitivity of OC. However, since the role of HE4 was inconsistent and inconclusive, we reviewed the published articles to evaluate the possibility of the clinical application of HE4 in OC. To the best of our knowledge, this article is the first systematic review that discusses the relationship between HE4 and platinum-based chemotherapy sensitivity in OC. Previous studies have demonstrated HE4’s important role in the diagnosis and prediction of the prognosis of OC and this has been consistently proven in guiding clinical practice and prolong the survival of patients. In the past decade, breakthroughs have been made in surgical methods for treating OC and further drug research, and the 5-year survival rate has improved.

However, platinum chemotherapy resistance is still a complex problem to overcome in the long-term management of OC. Although CA125 may be effective in monitoring the response of OC to treatement, its sensitivity and specificity require substantial improvement. This therefore, underscores the practical significance of exploring other more effective serological markers. Currently, HE4 is considered a promising tumor marker. Previous studies have suggested that HE4 levels are elevated earlier than CA125 levels as the disease progresses (21, 22).

Overall, this systematic review and meta-analysis contains eight eligible studies involving 705 OC patients, and the data from these studies are summarized in Table 1. Thus far, a variety of studies have revealed that HE4 expression is generally different in the platinum-resistant and the platinum-sensitive group. In addition, they indicated that its predicted efficacy is on par with that of CA125 or possibly better. Studies have shown that serum CA125 levels before treatment, at follow-up, and after three rounds of chemotherapy have lower predictive ability for the efficacy of platinum-based chemotherapy on OC than serum HE4 (16–18). Meanwhile, other studies showed no significant difference in CA125 in the resistant control group (12, 19). These results suggest that CA125 may be more advantageous in diagnosing OC, whereas HE4 is a more sensitive predictor of OC resistance to platinum.HE4 promises to be an effective marker for predicting the sensitivity of platinum-based chemotherapy for OC, providing a direction for future clinical research. In this study, we used meta-analysis to examine the value of serum HE4 in predicting OC resistance to platinum chemotherapy. Given the large difference between preoperative serum HE4 and postoperative serum HE4 expression, we initially explored the predictive value of serum HE4 at the different stages independently.

The results of the heterogeneity test revealed no significant heterogeneity in this study. In fact, the I2 test of serum HE4 after the third round of chemotherapy in predicting OC chemoresistance was 49, and the heterogeneity caused by the threshold effect was 0, and there was no indicated publication bias according to Deek’s funnel plot. These results showed the reliability of this study’s result. After a comprehensive analysis, the pooled sensitivity and specificity were 80% and 67%, respectively, and the positive likelihood ratio was 2.4, the negative likelihood ratio was 0.29, and the AUC was 0.78. It demonstrated that preoperative serum HE4 might be a better indicator for predicting OC resistance to platinum chemotherapy. In comparison, the results of the serum HE4 levels after the third round of chemotherapy were more satisfactory. The pooled sensitivity and specificity were 86% and 85%, respectively, while the positive predictive value was 5.5, the negative predictive value was 0.17, and the AUC was 0.92. The higher sensitivity and specificity are indicative of the relation between HE4 and OC sensitivity to platinum-based chemotherapy.

The abovementioned factors suggest that the predictive significance of HE4 was better after the third round of chemotherapy. Angioli et al. showed that after the third chemotherapy cycle HE4 was closely associated with platinum-based chemotherapy responses (12). This value was considered a strong predictor of the initial outcome of treatment. The researchers used serum HE4 values before the first round of chemotherapy and after the third round of chemotherapy to establish a predictive model. They observed a substantial (47%) decrease in HE4 between the first and third rounds of chemotherapy. They used this as a cut-off value to risk-stratify patients and divided them into platinum-resistant high-risk or low-risk groups. Since the HE4 value after the third chemotherapy cycle could be used to screen patients with platinum-based chemotherapeutic resistance, it is possible to prolong patient survival time for those receiving second-line chemotherapy drugs, earlier.

Additionally, Angioli (12) and Sun et al. (23) indicated that after the third chemotherapy cycle, that serum HE4 is closely related to OC resistance to platinum chemotherapy. Cannistra et al.’s study (24) and the AURELIA test (25) suggest that single drug or combined bevacizumab chemotherapy has a particular effect on patients with platinum-resistant OC. Furthermore, Yosuke Tarumi (26) attained long-term survival after 32 cycles of bevacizumab and 30 months of observation in the treatment of platinum-resistant OC and without disease progression. As the primary ovarian maintenance treatment process, PARP inhibitors are primarily targeted therapies in platinum resistance OC with improvement to survival (27–29). The eight studies included in the present study, suggested the role of HE4 in predicting chemoresistance in OC and emphasized the significance of serum HE4 after the third cycle of chemotherapy to predicting chemosensitivity. If further research provides further support that third cycles of chemotherapy after serum HE4 expression can predict OC platinum resistance, these patients can preemptively choose second-line chemotherapy drugs or targeted drugs nine months in advance, which provides new hope for patients with OC.

Studies have shown that HE4 is highly expressed in gynecological tumors and pancreatic cancer. Li et al. (30) reported that HE4 overexpression in endometrial cancer cells promoted cell proliferation, stromal infiltration, and other malignant behaviors of cancer cells. HE4 overexpression promotes the proliferation of CAPAN-1 pancreatic cells and significantly reduces the cells’ paclitaxel sensitivity (31). Ribeiro et al. (32) indicated that overexpression of HE4 resulted in increased resistance of the SKOV3 and OVCAR8 OC cell lines to cisplatin and paclitaxel, and that HE4 knockout could partially reverse resistance. Similarly, Lee’s (33) study confirmed that He4-overexpressing cells activate the AKT and ERK pathways through the growth signaling pathway of the epidermal growth factor cell, which resulted in a dose-dependent decrease in cisplatin activity. In an OC mouse model, HE4 overexpression promoted the growth of a transplanted tumor and the chemotherapeutic cisplatin resistance (4).

Currently, there are many methods for detecting serum HE4. However, due to different detection principles of various detection methods, the accuracy of detection results also differs slightly. HE4 EIA is a method for the quantitative determination of serum HE4 content by enzyme-linked immunosorbent assay with a detection range of 15-900 pmol/l. Specimens may be held at 2-8°C for up to 3 days before testing, and the total coefficient of variation (CV) of the precision determined by HE4 EIA is <15%. Electrochemiluminescence immunoassay (ECLIA) has a total CV of detection precision of <5%. It combines luminescence technology, the immune response, and computer technology, with the advantages of high detection accuracy and a high degree of automation. While the link enzyme-immunosorbent assay (ELISA) has the advantages of easy operation and low cost, it frequently causes result deviation and produces lower stability and repeatability than ECLIA. Most of the studies included in this review used ECLIA with high precision, while only one study used ELISA.

Age is an important factor that affects serum HE4 levels. There are conspicuous differences in serum HE4 levels among different age groups, which gradually increases with age and significantly increases after 60 years of age. When comparing postmenopausal and premenopausal women, researchers found that serum HE4 levels were significantly increased in postmenopausal women. However, further comparison of premenopausal women aged 40 years and older and postmenopausal women under 60 years revealed no statistically significant difference in serum HE4 levels (34). This suggested that age may be more important for the effect of HE4 levels. However, Cheng et al. (35) concluded that both age and menopausal status are important factors that affect HE4 levels. The difference in the conclusions between the two studies may be because they used different definitions of menopausal status. The former defined age under 45 as premenopausal women and lacked samples in the age range of 46 to 54 years, while the latter described more than one year of amenorrhea as the menopausal status. A Korean study involving 1809 healthy people showed that HE4 levels gradually increased in people over 50 years of age; these levels seemed to be influenced by age rather than menopausal status (36). Conversely, Tian demonstrated that age was not an independent factor using a multivariate analysis (37). The populations involved in this systematic review were around the age of 50 years, the largest mean age was 64 years, and the youngest was 48 years, with possible age-related differences. In this study, the age of 50 was used as the cut-off value for analysis. The results showed that the effect of age on the heterogeneity of the results was not statistically significant. This is likely due to the small sample size of the analysis and should be confirmed by future studies with larger sample sizes.

Previous studies have shown that HE4 levels generally occur below 140 pmol/l in evidently healthy Western women, while about 98% of all women have HE4 levels below this value. Using the 95th percentile as the cut-off point, Moore analyzed 1101 normal human blood samples and found that the normal cut-off value was 114.8 pmol/l for all women, 89.1 pmol/l for premenopausal women, and 125.6 pmol/l for postmenopausal women (34). Preoperative HE4 or HE4 during chemotherapy can be selected when applying HE4 to predict platinum chemosensitivity in OC. This makes the choice of cut-off value different from the HE4 cut-off value for the diagnosis of OC.

However, there is no clear guideline for specifying the cut-off value of HE4 when predicting chemosensitivity and the definition of the HE4 cut-off value is inconsistent among all included studies, ranging from 70pmol/L to 715.7 pmol/L. In this study, serum HE4 in both the preoperative group and the group after the third cycle of chemotherapy were analyzed at a cut-off value of 140 pmol/l. The preoperative group showed that the heterogeneity of the study results might be derived from the threshold value. However, the threshold in the group after the third chemotherapy cycle did not affect the results. Due to the difference in the cut-off values selected by various original studies, the heterogeneity caused by the threshold effect is large. Therefore, it is vital to establish a standard HE4 cut-off value which may require further research to obtain more meaningful results.

This study has several limitations. Notably, the number of eligible studies included was relatively small. In addition, most of the included studies were retrospective. Larger prospective clinical studies are needed to confirm the significance of HE4 in OC chemoresistance and provide evidence for its application in clinical practice.



Conclusion

According to a review of previous research, HE4 may be an effective predictor of OC resistance to treatment with platinum-based chemotherapy. After the third cycle of chemotherapy, serum HE4 levels may be indicative in clinical practice. Although the FDA has approved the use of HE4 in the follow-up of OC, there is still a lack of standardized guidelines for clinical application. Considerably more studies are needed to verify the significance of HE4 in the long-term management of OC.
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Objectives

Though it is known to all that PARP inhibitors (PARPis) are effective when used as maintenance alone for women with recurrent ovarian cancer (ROC), little is known about whether using them in combination with other drugs would contribute to a better efficacy. We performed a systematic review and meta-analysis to explore the efficacy and safety of PARPi combination therapy compared with monotherapy.



Materials and Methods

We searched for randomized controlled trials (RCTs) that offered the date we needed in PubMed, Embase, Cochrane, and major conference. Data extraction and processing were completed by three investigators to compare OS, PFS, and ORR both in intervention and in control subset. Then, we calculated the pooled RR and 95% CI of all-grade and high-grade adverse effects to study its safety. And we evaluated the within-study heterogeneity by using subgroup and sensitivity analysis.



Results and Conclusion

A total of three eligible RCTs covering 343 women were included. In PFS analysis, PARP inhibitor (PARPi) combination therapy can significantly improve PFS for women with ROC when compared with the controls (HR: 0.46, 95% CI: 0.35 to 0.59), especially for those with mutated BRCA (HR: 0.29, 95% CI: 0.19 to 0.45). And in OS analysis, combination therapy is not inferior to monotherapy (HR: 0.90, 95% CI: 0.50 to 1.61). As for ORR, the effectiveness of combination therapy and monotherapy was almost the same (RR: 1.04, 95% CI: 0.82 to 1.31). Additionally, combination therapy seldom causes more adverse events, both in all-grade and in high grade.



Systematic Review Registration

https://www.crd.york.ac.uk/PROSPERO/, International Prospective Register of Systematic Reviews (PROSPERO) (identifier, CRD42018109933).





Keywords: PARP inhibitor, combination therapy, monotherapy, efficacy, safety, meta-analysis



Introduction

Ovarian cancer (OC), with poor prognosis, is one of the most prevalent gynecologic malignancies. Each year, about 295,414 people are diagnosed with OC all over the world, and 184,799 patients die due to this disease with the 1-year mortality rate up to 63% (1). To remove the tumor and make a definite diagnosis and staging, surgical treatment is the first choice for early OC. While cytoreductive surgery combined with platinum-based chemotherapy is usually used for advanced OC (2), despite short-time effect, there are still about 70% of patients suffering from the recurrence after first-line treatment (3), which seriously affects one’s survival time (4).

If the disease recurs 6 months or longer after first-line treatment, further platinum-based therapy and debulking surgery are widely used at first relapse. Moreover, chemotherapy will produce chemotherapy-related side effects in patients, and those patients will consequently become treatment-resistant, succumbing to disease (5). Therefore, since cumulative myelosuppression, neurotoxicity, and allergy to platinum-based therapy can be limiting factors in patients receiving multiple lines of treatment (6), new effective therapeutic strategies are needed.

After various trials for the need of other treatment methods, an active therapeutic target for combination treatment was found to be the DNA damage response pathway, such as Poly(ADP-ribose) polymerase (PARP). PARP inhibitor (PARPi) has been proven to cause DNA damage via catalytic inhibition of the PARP enzyme and trapping of DNA-PARP complexes, which results in synthetic lethality in cells deficient in homologous recombination repair, and consequently strengthen the use of killing tumor cells (7, 8). This process is called “PARP trapping.” The six available PARPis in the clinic are the olaparib, rucaparib, niraparib, talazoparib, pamiparib, and veliparib, among which the olaparib, rucaparib, and niraparib have been approved by the US Food and Drug Administration (FDA) and/or the European Medicines Agency (EMA).

Nowadays, many patients with platinum-sensitive, recurrent OC (ROC) benefit from PARPi maintenance therapy for this mechanism (9), but the efficacy of PARPi monotherapy is also of limited therapeutic effect for not the vast majority of women with ROC could benefit well from it, which limits its application. Given this background, we suspect that combination therapy can make up for the deficiency of monotherapy and will work in a shorter period of time compared with monotherapy, which may work by synergism.

Besides, few people choose to study the application value of PARPi combination to refine their use, and combination therapy might be prone to adverse events versus monotherapy. So we plan to perform a systematic review and meta-analysis to compare the validity, superiority, and drug safety of combination therapy with monotherapy based on the results of survival analysis, overall response rate (ORR), safety, and the screening of the most suitable population.



Methods


Search Strategy

Three investigators independently retrieved all the related studies in the databases including PubMed, Cochrane, and Embase for the most update randomized controlled trials (RCTs) until November 25, 2020, to explore PARPi combination therapy for ROC compared with monotherapy on its clinical benefit and risk (Supplementary Method 1). Moreover, we obtained the data sources from the abstract and presentations recorded in some annual meeting, symposium, or congress such as ASCO, ESMO, ESGO, and so on to ensure that the relevant minutes were not overlooked. Only the most complete and cutting-edge trials were included when duplicate publications were identified.



Selection Criteria

Our meta-analysis had been registered at International Prospective Register of Systematic Reviews (number: CRD42018109933) and is supposed to meet the requirement of Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA). Studies meeting all of the following criteria were included: (1) Randomized controlled phase II or III trials in women who were histologically or cytologically diagnosed with OC before and had relapsed after initial cure; (2) In intervention group, women were treated with PARPi in combination with chemotherapy, other targeted agents, or immune-oncology agents and so on; (3) Patients were treated with control regimen including chemotherapy, other targeted agents, or immune-oncology agents and so on in monotherapy; (4) Studies own data available for hazard ratio (HR) and 95% credible interval (CI) of progression‐free survival (PFS) or overall survival (OS). In the meantime, articles were directly eliminated in the following cases: (1) Case report, review, meta-analysis, or only laboratory research; (2) Only in the form of meeting abstracts without available data for analysis; (3) Clinical study that was not based on the RCTs; (4) Studies that were phase I or retrospective.

Three independent investigators looked through each article by their titles and abstracts to pick up potentially relevant articles meeting the predefined inclusion criteria. Then, they carefully read the full text of the remaining articles, which were included from previous screening, to select the suitable ones. All disagreements about selection between investigators were discussed and resolved by all investigators.



Risk of Methodological Bias Assessment

Two investigators independently evaluated the risk of bias in included studies and assessed it as low, unclear, or high risk of bias 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 biases.



Data Extraction

Three investigators independently extracted the individual data and recorded them in a standard form. The following information, which was valid and complete, was acquired from each included study on the basis of eligibility criteria by following under PRISMA: (1) Study baseline characteristics: first author, publication time, masking, line, pathology, follow-up, phase, regimen, and group; (2) Study population: number in each arm, median age, age range; (3) Study outcomes: HR with 95% CI for OS and PFS. We also calculated HR with 95% CIs for ORR and relative risk (RR) with 95% CI for safety analysis built on the data obtained from all included studies. We also reviewed each clinical trial’s supplement.



Statistical Analysis

All data were expressed as the combination of HR or RR and 95% CI, and P<0.05 was considered statistically significant. STATA 15 was used to perform statistical analyses including pooling the data and producing the forest plots. I² test was used to assess the between-study heterogeneity, which estimated the percentage of total variability across all studies. The data would be calculated through a random‐effects model once the test showed I² > 50% or P < 0.10. Besides, I² regarded an estimated value applied three fixed knots at 25, 50, and 75% as an indicator of mild, moderate, and high heterogeneity. Otherwise, we used a fixed‐effects model to pool effect size. In order to deeply explore the heterogeneity and its potential influence, we also performed subgroup analysis. Sensitivity analysis, which examined the robustness of included trials to different aspects, was performed by step-wise removal of single study.




Results


Identification and Selection

Our search strategy initially obtained a total of 889 articles from online databases and other manual sources, of which 190 publications were excluded for duplications. And by screening title and abstract only, 560 articles were excluded for one of the following reasons after meticulous inspection of articles: Not RCTs, Not about ROC, Conference reports, Systematic reviews and Meta-analysis, Case report, Abstract articles review, Single-arm study. After that, we continued to screen the remaining 39 potentially eligible by full text. Three RCTs met the inclusion criteria and were left for further analysis. The selection progress of the included studies is shown in Figure 1.




Figure 1 | Articles retrieved and assessed for eligibility. After screening process, three RCT articles met the including criteria and were included in ultimate analysis.





Characteristics of Included Studies and Patients

Providing available date of PFS and OS for survival, all trials were performed in open-label, phase II setting. These three RCTs assessed one trial with olaparib plus chemotherapy (10), one trial with olaparib and cediranib (11), and one trial with niraparib in combination with bevacizumab (12). There were totally 343 women enrolled for the analysis. The median follow-up ranged from 20.9 to 50.9 months. The main characteristics and results in each trial are listed in Table 1.


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





Assessment of Methodological Bias

The random sequence was generated by using an interactive voice or web response system in all trials. Except for Oza 2015, the remaining trials provided the detailed information about the allocation concealment. None of the trials provided detailed information about the blinding of the participants and personnel. Every trial has low risk detection and attrition bias. Selective reporting only existed in one trial (Liu 2019) for the failure of completely reporting the endpoints originally decided, while other trials offered complete date. And there is no obvious other bias. The assessment methodological bias is shown in Supplement Figures 1, 2.



Efficacy


Progression‐Free Survival

In PFS analysis, compared with control groups, the pooled HR was 0.46 with 95% CI of 0.35 to 0.59 in the intervention group (Figure 2A), which revealed a significantly survival benefit for PFS. In terms of heterogeneity, no heterogeneity was observed (I2 = 0.0%, P = 0.468).




Figure 2 | Forest plot of the meta-analysis estimating the hazard ratios and 95% CI of progression-free survival (A) and overall survival (B) for patients assigned to intervention treatment, compared with those assigned to control treatment.





Overall Survival

Compared with control groups, the pooled HR was 0.90 with 95% CI of 0.50 to 1.61 in the intervention group in OS analysis (Figure 2B). There was almost no difference between PARPi combination therapy and monotherapy in OS. Moreover, there existed obviously high heterogeneity (I2 = 66.3%, P = 0.085).



Objective Response Rate

ORR analysis was undertaken both in those women (Figure 3). The two RCTs’ provided specific data indicated that PARPi combination therapy didn’t show an ORR advantage over control therapy (RR 1.04; 95% CI 0.82 to 1.31). And no heterogeneity was observed (I2 = 0.0%, P = 0.548).




Figure 3 | Forest plot of the meta-analysis estimating the relative risk and 95% CI of overall survival for patients assigned to intervention treatment, compared with those assigned to control treatment.






BRCA Status Analysis

In order to explore the proper application of PARPi combination therapy, we performed a subgroup analysis concerning HRs in terms of BRCA status. Subgroup analysis showed that BRCA status plays an important role in PFS (Figure 4A) and OS (Figure 4B) analysis. There was an evident trend to favor PARPi combination therapy over monotherapy in BRCA-mutated women (HR: 0.29, 95% CI: 0.19 to 0.45), while there was no significant difference in women with wild-type or unknown BRCA status (HR: 0.69, 95% CI: 0.46 to 1.04). Meanwhile, the results show that BRCA-mutated women were about the same with BRCA wild-type or unknown women in OS analysis (HR: 0.69, 95% CI: 0.25 to 1.93 vs HR: 0.73, 95% CI: 0.41 to 1.29).




Figure 4 | Forest plot of the meta-analysis of subgroup analysis estimating pooled hazard ratios and 95% CI of progression-free survival (A) and overall survival (B) for patients assigned to intervention treatment, compared with those assigned to control treatment concerning BRCA status.





Safety

The RRs of common all-grade and high-grade immune-related AEs are listed in Table 2. As for all-grade immune-related AEs, the combination therapy of PARPi and other drugs was relevant with a significantly higher risk of myalgia (RR: 1.67, 95% CI: 1.04 to 2.67), headache (RR: 3.44, 95% CI: 2.05 to 5.27), and diarrhea (RR: 2.85, 95% CI: 1.95 to 4.17). In addition, the risk of thrombocytopenia, anemia, neutropenia, abdominal pain, vomiting, nausea, fatigue was not powered by statistical analysis. Thus, we subsequently performed an analysis to explore the high-grade immune-related AEs in order to identify the danger from the combination therapy. Ultimately, we found it more toxic than control therapy in fatigue (RR: 2.34, 95% CI: 1.12 to 4.89) and diarrhea (RR: 8.32, 95% CI: 1.60 to 43.21). However, the conclusion that combination was more likely to have side effects than control therapy can’t be drawn from remaining immune-related AEs, including thrombocytopenia, anemia, neutropenia, abdominal pain, vomiting, nausea, myalgia, and headache.


Table 2 | Common treatment-related adverse events in this meta-analysis.





Sensitivity Analysis

To estimate the influence of single study on overall results of meta-analysis, we conducted sensitivity analysis as presented in Supplementary Figure 3; the analysis showed that the pooled results were not significantly changed after deleting each trial, which confirmed the rationality and reliability of our meta-analysis.




Discussion

To the best of our knowledge, this is the first meta-analysis that compared the efficacy and safety of PARPis in combination with monotherapy in platinum-sensitive ROC patients. In a previous meta-analysis performed by Tomao and colleagues (13), they only compared the efficacy of PARPi monotherapy, while another meta-analysis (14) didn’t stratify results by performing subgroup analysis in different categories: monotherapy and combination therapy, which leads to the loss of the opportunity to better assess the efficacy of PAPRi combination compared with monotherapy. After the three studies included are analyzed, our meta-analysis with pooled results revealed that PARPi combination therapy had a superior PFS to monotherapy in ITT and mutated BRCA population with unsubstantially increased AEs, while OS and ORR couldn’t show benefit from PARP inhibitor combination therapy due to insufficient data.

Clinically proven, the response of patients with ROC is being reduced in the wake of each subsequent line of therapy, especially within platinum-resistant setting. The platinum-based chemotherapy has been recognized as the current standard for ROC with the highest treatment efficacy. And nowadays, neoadjuvant chemotherapy (NACT) is also popularly chosen to be applied in clinical therapy. NACT followed by interval debulking surgery (IDS) and adjuvant chemotherapy (NACT-IDS) and PARPi combination therapy are both popular among the treatment options for ROC. It has been proven that people who carry germline mutations in BRCA1 or BRCA2 genes (15) are more likely to respond to PARPi and chemotherapy combinations. There are also clinical data showing the gene named RAD51 (16) is associated with prolonged OS in people with OC receiving NACT-IDS. The gene status could be a useful key to identify patients more likely to benefit from NACT-IDS or PARPi combinations. And the choice of treatment plan may also be related to the patient’s physical condition and tolerance to therapy. However, precise patient selection criteria to guide therapeutic decisions and the consensus about how to best select them are currently lacking.

The treatment options for patients with ROC described in the ASCO in 2019 said single PARPi or combined with an antiangiogenic agent have confirmed efficacy in prolonging survival time, particularly in progression and recurrence. Thus, there is a recognition that we may benefit more from “getting rid of chemotherapy” than platinum-based chemotherapy. As regards to “get rid of chemotherapy,” previously, Ledermann and colleagues reported results from a randomized phase II study in which simple Olaparib used as maintenance therapy was relevant with an improvement in PFS in patients who suffered platinum-sensitive ROC. On the basis of these findings, the Chinese Medical Association Gynecologic Oncology Branch has developed guidelines to standardize the use of PARPis but focused mainly on first-line maintenance and subsequent therapy as several clinical trials are carried out, such as Study10/19/42, Ariel2/3, NOVA, SOLO-1/2, Quadra, etc. Besides, PARPi monotherapy that relies on the synthetic lethality might be less effective based on single-target mainly because tumorigenesis is a multistep, multistage process related to multiple genes. Therefore, the growing emphasis on combined strategies involving PARPis might place more responsibility on the treatment of ROC patients, and currently being researched. Most significantly, it is in dire need of urgent investigation to explore additional tumorigenic pathways that are expected to increase the efficacy of PARP inhibition.

Moreover, putting the full lifetime of women and disease into consideration, it is of vital importance to draw close attention to the “cost-benefit ratio,” and we should weigh the survival benefits and satisfactory safety when using PARPis in combination. Thus, questions as follows remain to be answered.

Firstly, it’s indispensable to define optimal regimens of drugs of PARPi combination therapy including the exact dosage and combination-type PARPis (niraparib (17), olaparib (18), and rucaparib (19) have been approved by the FDA for platinum-sensitive ROC with exact dose and maintenance during time). But there are no exact guidelines for the use of PARPis in combination therapy for women with ROC. PARPis can be used in combination with chemotherapy, targeted agents, or immune-oncology agents in recent clinical trials. PARPi combinations with chemotherapy (cyclophosphamide, carboplatin, paclitaxel) have been tried in many trials. In a phase II trial that combined carboplatin plus paclitaxel with olaparib, the PFS and OS benefits occurred despite the lower carboplatin dose in the olaparib plus chemotherapy group (20). It indicated olaparib might provide an additive effect or potentiate the cytotoxic effect of the lower carboplatin dose. What’s more, olaparib has been the most extensively tested one with satisfactory results (18). Olaparib has been approved at 300 mg twice daily by FDA, but the dosage of it was up to 400 mg twice daily in various trials (21). Though no significant survival benefits difference was shown between different dosages (22), the incidence of AEs showed a dose-response relationship, for their RR increased with the increase of dosage due to overlapping toxicities (23). But we still need an in-depth study of other drugs for further utilization. As for targeted agents, PARPi combinations with vascular endothelial growth factor (VEGF)-targeted agents are also frequently studied. It was proven that inhibiting VEGF factor (VEGFF) would lead to increased DNA damage and, thereby, increase susceptibility to the effects of PARP inhibition. A phase II study (11) confirmed combination cediranib/olaparib significantly improved PFS and OS compared with olaparib monotherapy. In NSGO-AVANOVA2/ENGOT-ov24 (24), niraparib plus bevacizumab significantly improved PFS versus niraparib. The results of immune checkpoint blockade (CPB) monotherapy in OC was rather disappointing (25), while PARPi was found to be capable of enhancing the efficacy of CPB agents via coordinating activation of robust local and systemic antitumor immune responses and improving ORR as well (7), which render them a favorable partner to immune CPB. Though PARPis in various combinations with immune CPB including anti-PD-1 (nivolumab, pembrolizumab) or PD-L1 (durvalumab, atezolizumab, avelumab) or CTLA-4 (ipilimumab, tremelimumab) antibodies are being evaluated, clinical trials of combination PARPi and anti-PD-1/PD-L1 get the most encouraging results (26). In the MEDIOLA trial (27), patients were treated with olaparib plus durvalumab and demonstrated partial response (PR) in 17 (53%) and complete response (CR) in 6 (19%). And in the phase I/II TOPACIO trial (28), niraparib and pembrolizumab were used with PR in only 8 (13%) and CR in 3 (5%). And considering data gained from PARPis trials, the efficacy and the tolerance of PARP inhibition decrease with increasing chemotherapy lines, which indicates that earlier utilization of PARPis in ROC treatment may be more beneficial (29). Moreover, apart from the drugs mentioned above, the combination of PARPis with additional drugs that inhibit homologous recombination (HR) has also been proposed. A phase I trial evaluated the combination of olaparib plus alpelisib (30) in patients with OC, which is a PI3K-inhibitor. The demonstrated ORR was 36%, and the patients were mostly platinum-resistant. Another trial (NCT02208375) also evaluated two different olaparib-containing PI3K combinations with ROC. They are mTOR inhibitor vistusertib (AZD2014) and AKT inhibitor capivasertib (AZD 5363). The ORR of the AZD2014 arm was 20%. Since the purpose of the combined application is to reduce overlapping toxicities and ensure clinical efficacy, we should also pay more attention to the differences in clinical efficacy and safety induced by the changes of drug dosage, use cycle, and taking mode. As was shown in a trial, they compared the efficacy and safety of dose modification of olaparib and found that 300 mg b.i.d. tablet was statistically superior to the 200 mg b.i.d. tablet in terms of PFS with unsubstantially increased AEs (31).

What’s more, with a focus on PFS, our meta-analysis confirmed that women with BRCA mutations benefited most, while women with wild-type or unknown BRCA status got no statistically significant result. But two recent meta-analysis showed that PARPis benefited OC patients regardless of their BRCA mutational status (13, 32). It indicated that the inhibition of PARP by PARPi can effectively cause cell death via “synthetic lethality,” especially for BRCA-mutated tumor cell because of BRCA gene’s (33) and PARP’s (8, 34, 35) having much to do with DNA repair, which can explain BRCA-mutated women’s better prognosis. But albeit with minor efficacy, wild-type/unknown BRCA status women can still respond to conventional maintenance strategies due to PARPi (36). We have summarized in a table the ongoing combination trials of PARPis (Table 3), and we hope the following trials could provide more available date to highlight the value of combination.


Table 3 | Overview of ongoing clinical trials of PARPis in combinations in recurrent ovarian cancer therapy.



In terms of safety, by these findings, PARPi combination was relevant with a higher risk of fatigue and diarrhea for high-grade immune-related AEs. Fatigue is probably the most common symptom associated with PARPi treatment. Taking into consideration that PARPi is not only targeted at tumor cells, inhibition of PARP may also contribute to deregulation of normal cells, which may account for PARPi-related fatigue (14). Besides, gastrointestinal epithelial cells also belong to rapidly proliferating cells, whose capacity will be inhibited significantly by PARPi, and may consequently result in diarrhea (37). Dose modification and symptomatic treatment are usually involved to relieve this symptom (38).

Besides, PARPis are also associated with hypercholesterolemia and hypertransaminasemia. It has been found that rucaparib could raise cholesterol levels, but serious AEs of grade 3 or 4 of them are rare (31). So regular monitoring of liver enzymes is suggested when PARPis are used (39). Moreover, PARPis can elevate creatinine concentrations. Swisher et al. reported elevations in creatinine after the usage of rucaparib (40). Elevation in creatinine was also reported within the first few weeks following initiation of rucaparib treatment. That may be caused by the inhibition of some transporters. Rucaparib has been reported to inhibit kidney transporter proteins MATE1 and MATE2-K, which affect the secretion of creatinine consequently (41), while veliparib can also inhibit transporters MATE1 expressed in the liver and transporters OCT2, MATE1, and MATE2-K expressed in the kidney (40).

There are also reports of elevation of aminotransferases ALT and AST in patients treated with niraparib, while olaparib is better tolerated (42). Those AEs are supposed to be associated with myelosuppression (43), and the changes of the types of inhibitors and doses will influence this process (44), because each PARPi has separate chemical structure with diverse off-target effects and vary in different clinical AEs (45).

Differences in the aspects of chemical structure, preclinical potency, and applied doses account for the differences of PARPis (45). As for the chemical structure, they differ in size and rigidity. For example, with two racemic centers, the most rigid and biggest one is talazoparib (46), which has potent trapping activity against PARP1 and PARP2. And the smallest drug is veliparib with molecular mass of 244 (44). That may account for the ranking that talazoparib is the most potent one in trapping PARP while veliparib is the least (47). As for applied doses, different PARPis has been investigated at different doses. For instance, daily dose of talazoparib is only 1 mg, as compared to 300 mg or greater for the remaining PARPis (45), which is influenced by the tolerability of drug use. When it comes to the use of PARPi combinations, myelosuppression is the most noteworthy clinical AE for sometimes it is particularly serious and can be fatal, of which the most common AE is hematological toxicities. The hematological toxicities of niraparib are mainly grade 3 and 4 (48). And there is evidence that platelets and baseline bodyweight are important in dose modifications in patients. Those whose platelet count is less than 15 × 104 cells ml or baseline bodyweight is less than 77 kg may better start with a starting dose of 200 mg daily instead of 300 mg daily, for they are at higher risk of grade 3 or 4 thrombocytopenia. Therefore, people who are taking PARPis should be have detailed blood tests and regular monitoring of blood toxicity performed.

Thus, some matters should be considered to prevent and relieve those symptoms. Firstly, we should assess women’s physical condition and evaluate their tolerability of PARPis based on baseline date before therapy (49). After predicting women at high risk, we should provide regular rigorous monitoring to ensure their safety. Last but not the least, we should resolve side effects in time according to types and severity of individual adverse reactions (50). Referring to the ASCO guidelines (51), based on tolerability and severity, dose modifications and the change of circle in the use management should be taken into consideration.

The strength of our study is that our paper is the first meta-analysis that compared the efficacy and safety of PARPis in combination with monotherapy in platinum-sensitive ROC patients with the result that PARPi combination therapy had a superior PFS to monotherapy in ITT and BRCA-mutated population with unsubstantially increased AEs.

Nonetheless, these results mentioned above must be interpreted with caution, and a great many limitations should be borne in mind. First, the final results might be estimated with a low level of credibility, because data extraction was performed in accordance to study-level evidence rather than individual patient. Secondly, we only included three eligible RCTs covering 343 patients; it is therefore subject to bias and confounding that may have rendered our pooled estimates influenced. Thirdly, given that OS of the study (Mirza 2019) is unavailable and that the included studies are less than three, we failed to delve into subgroup analysis and thus we couldn’t identify the patients who could benefit from PARPis. Besides, since the topic of our paper is PARPi, it is important and vital for us to focus on the BRCA gene, but we didn’t do well in explaining the BRCA gene because of the limited number of trials and insufficiency of survival outcomes so that we fail to figure out whether there is a relationship between the BRCA mutation status and OS. Additionally, not all survival outcomes in our included studies came to quite an ultimate goal. Accordingly, we are unable to obtain a reliable conclusion of pooled OS and ORR because of the high heterogeneity and low robustness in data, for the small sample size and few included studies. Moreover, in the absence of relevant data of AEs based on certain biomarkers like PARP and VEGF inhibitors, we weren’t able to explore the safety profile in terms of BRCA or other potential biomarkers to make clear a specific population who can gain most from PARPi combination therapy. And we do not comment on the situation of dose interruption/delay or discontinuation due to different systemic adverse reactions or conditions and when the medication can be resumed after symptomatic treatment in safety section, which is very important in these studies of monotherapy versus combination therapy.



Conclusion

In general, the data offered by this systematic review and meta-analysis suggested that PARPis likely play a role in the treatment of ROC. In general, PFS appears to be improved in women with ROC. Specifically speaking, BRCA-mutated women received a better PFS benefit in ROC with PARPi combination therapy compared with monotherapy. And our meta-analysis with pooled results also revealed that unsubstantially increased AEs didn’t hinder people benefiting from combination therapy. But in order to find out the better and more efficacious therapy methods regarding optimal drug combinations, appropriate dose of drugs, and patient selection for PARPis, more data are expected from ongoing clinical trials, and the use of PARPis should be encouraged within these studies.
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Objective

To investigate whether systematic lymph node dissection can confer clinical benefits in patients with apparent early-stage low-grade epithelial ovarian cancer.



Methods

Patients with apparent early-stage low-grade epithelial ovarian cancer seen at Peking Union Medical College Hospital from January 1, 2005, to December 31, 2015, were retrospectively enrolled. Patients with other histological types and those who did not receive necessary adjuvant chemotherapy were excluded. Data collection and long-term follow-up were performed. According to the removed lymph node number, three groups based on surgical methods were used: abnormal lymph node resection, pelvic lymphadenectomy, and systematic lymph node dissection to control surgical quality. Their effects on prognosis were analyzed in pathological subgroups.



Results

A total of 196 patients were enrolled; 30.1% of patients had serous, 42.3% of patients had mucinous, and 27.6% of patients had endometrioid carcinoma, of which 51 (26.0%), 96 (49.0), and 49 (25.0%) patients were treated with the above surgical methods, respectively. The occult lymph node metastasis rate was 14 (7.1%), and only five (2.6%) of apparent early-stage patients were upstaged due to lymph node metastasis alone. Systematic lymph node dissection did not benefit progression-free survival or disease-specific overall survival of apparent early-stage low-grade mucinous and endometrioid epithelial ovarian cancer but prolonged progression-free survival of apparent early-stage low-grade serous patients (OR, 0.231, 95% CI, 0.080, 0.668, p = 0.007).



Conclusions

Systematic lymph node dissection may be abolished in patients with apparent early-stage low-grade mucinous and endometrioid epithelial ovarian cancer but may be considered for apparent early-stage low-grade serous patients.





Keywords: epithelial ovarian cancer, low grade, lymph nodes, metastasis, lymph node dissection



Introduction

Ovarian cancer is the most lethal tumor of all gynecological malignancies, approximately 90% of which are epithelial ovarian cancer (EOC) (1). Complete staging surgery and necessary adjuvant chemotherapy are the standard treatments for EOC patients according to the National Comprehensive Cancer Network (NCCN) guidelines (2). Systematic lymph node dissection (SLND) is an essential procedure that has been a part of complete staging procedures since 1988, including pelvic and para-aortic lymphadenectomy (2, 3). In early-stage EOC, SLND helps doctors acquire a sufficient number of lymph nodes (LNs) to identify occult LN metastases and guide adjuvant chemotherapy decisions by accurate staging (4, 5).

However, the low LN metastatic rate and upstaging rate in apparent early-stage low-grade EOC (LGEOC) reported in few studies challenge the necessity of SLND (6, 7). Nevertheless, those studies had intrinsic limitations: uncontrolled surgery quality, non-parallel prognostic factors, and partially missing clinical and prognostic data. As a result, the role of SLND in apparent early-stage LGEOC is still unclear. Low incidence increases the difficulty of studying LGEOC, but its unique features compared with high-grade EOC (HGEOC) have increased the urgency and necessity of studying its clinical characteristics and establishing an individualized treatment (8–11).

This study aims to determine the LN metastatic patterns of apparent early-stage LGEOC patients, including patients with low-grade serous ovarian cancer (LG-SOC), low-grade mucinous ovarian cancer (LG-MOC), and low-grade endometrioid ovarian cancer (LG-EOC), and to explore the survival benefit of SLND on them. The primary endpoint is disease-specific overall survival (OS), and the secondary endpoint is progression-free survival (PFS).



Materials and Methods


Patients

The inclusion criteria were as follows: 1) diagnosed with LGEOC—LG-SOC, LG-MOC, or LG-EOC; 2) presented apparent early-stage disease; and 3) underwent staging surgery. Literature reported that all International Federation of Gynaecology and Obstetrics (FIGO) grade 1 and some FIGO grade 2 patients might belong to low grade according to the two-tier grading criteria (12), so two independent pathologists reclassified the primary lesion pathological sections of those patients into low and high grades in terms of the two-tier grading criteria (Figure 1). An apparent early stage was defined as a tumor localized to the bilateral adnexa (ovaries and fallopian tubes) and uterus on preoperative imaging and intraoperative exploration, similar to FIGO I–IIA stage (13). The exclusion criteria were as follows: 1) ovarian mixed pathology, double primary sites (ovary and uterus), and other gynecological malignancies; 2) no available medical record information; and 3) did not receive necessary adjuvant treatment based on clinical guidelines (2).




Figure 1 | The flowchart of patients’ inclusion and exclusion.





Clinical Data Collection and Organization

This retrospective single-center study was conducted at the Department of Obstetrics and Gynecology, Peking Union Medical College Hospital, between January 1, 2005, and December 31, 2015, and approved by the Institutional Review Board. Medical history, surgical and pathological data, and postoperative treatment and follow-up data were collected continuously once a patient met the inclusion criteria and lacked the exclusion criteria. The general physical condition was assessed with the American Society of Anesthesiologists (ASA) classification (14). Pathologically explicit FIGO stages I to IIa were defined as early stage. The LN dissection methods were classified into three categories to control quality (5, 7, 15–19):

	Group 1: no LN dissection or LN sampling—removal of none or a few LNs (less than ten pelvic LNs)

	Group 2: pelvic lymphadenectomy—removal of more than 10 pelvic LNs

	Group 3: SLND—removal of more than 10 pelvic LNs and five para-aortic LNs



All LN excision numbers were confirmed by pathology.



Follow-Up

PFS was defined as the time between the date of diagnosis and the date of the first recurrence, the last follow-up, or death, whichever occurred first; while OS was the interval period from the date of diagnosis to the date of disease-specific death or last follow-up. Follow-up was conducted by consulting clinic records or telephone contact, and the cutoff date was between December 2020 and January 2021.



Statistical Analysis

The measurement data were analyzed by ANOVA or a non-parametric test (Mann–Whitney U test), and the chi-square test was used to analyze hierarchical data. Patients lost to follow-up were excluded from the survival analysis. The reverse Kaplan–Meier method was used to calculate the median follow-up time; and 5- or 10-year PFS rates and OS rates were estimated according to the Kaplan–Meier curves. The log-rank test and Kaplan–Meier test were adopted as univariate analysis methods for identifying risk factors for PFS and OS, and those variables with p-values less than 0.2 were enrolled in the multivariate Cox regression analysis to identify independent risk factors. All p-values were two-sided, and differences were considered statistically significant with p ≤ 0.05 and when the 95% confidence interval (CI) did not cross 1. All statistical analyses were conducted with IBM SPSS Statistics 20 (IBM, Armonk, NY, USA).




Results


The Clinical Features of Low-Grade Epithelial Ovarian Cancer

In over 3,272 EOC patients, 263 (8.04%) were diagnosed with LGEOC (217 had FIGO-G1 disease and 46 had FIGO-G2 disease). One hundred ninety-six patients were eventually included in the study (Figure 1), of which 59 (30.1%) had LG-SOC, 83 (42.3%) had LG-MOC, and 54 (27.6%) had LG-EOC. Their clinical features are depicted in Table 1: more than half of patients were younger than 40 years at diagnosis and had a history of borderline ovarian tumor (BOT). The CA125 level varied remarkably, ranging from 0.32 to 65,065 U/ml. Recurrence occurred in 24.6% of patients, and disease-specific death occurred in 14.3% of patients. The 5-year survival rate was 88.0% (95% CI, 82.1%, 93.9%), and the 10-year survival rate was 74% (95% CI, 62.2%, 85.8%). Notably, 33 apparent early patients were classified as advanced patients due to postoperative pathology.


Table 1 | Clinical information of apparent early-stage patients with different LN resection methods.





Different Lymph Node Dissection Modes and Lymph Node Metastasis Status

The three groups recruited 51, 96, and 49 patients, and all indexes but pathological type were balanced among them (Table 1). The number of LNs removed by different surgical methods and the LN metastatic status are described in Table 2. Fourteen patients (7.1%) had occult LN metastasis, including contralateral metastasis, bilateral metastasis, and skip metastasis that only had para-aortic LN metastasis and no pelvic LN metastasis. The most common metastatic site was iliac LNs (13/14, 92.9%), followed by para-aortic LNs (4/14, 28.6%), while only one patient had common iliac LN metastases (p < 0.001). LG-SOC had a significantly higher LN involvement rate than LG-MOC and LG-EOC (18.6% vs. 1.2% and 3.7%, p < 0.001).


Table 2 | LN removed number, LN+ detection rate, and upstaging only due to LN metastasis among three LN dissection groups in all subgroups and pathological subgroups.





The Effect of Lymph Node Dissection Mode on the Lymph Node Metastasis Detection and Upstaging Rates

Although a significantly higher number of pelvic and para-aortic LNs were removed from SLND than from other patients, no significant differences in the LN metastasis detection rate were observed between patients with any pathological subtype (Table 2). Moreover, only five (2.6%) patients were upstaged due to LN metastasis alone, and the rate of upstaging to stage IIIA1 was not affected by LN resection method (Table 2). Although the rate of upstaging in LG-SOC was higher than that in LG-MOC and LG-EOC, the differences were not statistically significant (5.1% vs. 1.2% and 1.9%, p = 0.452).



The Effect of Lymph Node Dissection Mode on Survival

Overall, 10.7% of patients (21/196) were lost to follow-up and were excluded from the survival analysis, and the median follow-up time was 7.1 years (95% CI, 6.3, 7.5). The PFS of LG-SOC patients was significantly shorter than that of LG-MOC and LG-EOC patients, but there was no significant difference in OS among the groups: the 5-year survival rate was 82%, 89%, and 93% for LG-SOC, LG-MOC, and LG-EOC, respectively (Figure 2).




Figure 2 | The influence of pathological types on PFS and OS. (A) The influence of pathological types on PFS. (B) The influence of pathological types on OS. The log-rank test was performed between any two pathological types, and a p-value of less than 0.05 was considered statistically significant. PFS, progression-free survival; OS, overall survival.



Considering that the population distribution of the three surgical groups was significantly different in terms of pathological type, we divided patients into pathological subgroups for prognosis analysis. To balance prognostic risk factors, univariate analysis was performed first (Appendixes 1–3), followed by Cox multivariate regression analysis (Appendix 4).

In LG-SOC patients, the CA125 level, mode of LN resection, tumor size, tumor stage, and LN metastasis were considered in the Cox regression analysis of PFS; and mode of LN resection (odds ratio (OR), 0.231, 95% CI, 0.080, 0.668, p = 0.007) and tumor stage were identified as statistically significant factors. Lower number of LN retrieved and late stage were independent risk factors for PFS (Figure 3). The mode of LN resection was not considered in the Cox regression analysis of OS, and only higher tumor stage was an independent risk factor (Appendixes 1, 4).




Figure 3 | The analysis of independent risk factors on PFS of LG-SOC. (A) The forest figure of Cox multiple regression for PFS of LG-SOC, including items with p-values less than 0.3 in univariate analysis. Any item in which a p-value was less than 0.05 and the 95% CI for OR did not cross 1 was considered statistically significant. The p-value of the multivariate regression model was less than 0.001. (B) The survival curves of LN dissection methods on PFS after controlling other variables by the Cox test. OR, odds ratio; 95% CI, 95% confidence interval of OR; PFS, progression-free survival; LG-SOC, low-grade serous ovarian cancer; LN, lymph node.



In LG-MOC, the multiple-factor analysis identified BMI, mode of LN resection, tumor stage, and age as factors affecting OS and PFS (Appendix 2). LN dissection methods did not affect survival (PFS: OR, 0.530, 95% CI, 0.155, 1.811, p = 0.311; OS: OR, 0.684, 95% CI, 0.173, 2.694, p = 0.587), while tumor stage was the only risk factor affecting both PFS and OS (Appendix 4).

In LG-EOC, not enough items could be considered in the Cox regression analysis of PFS; the p-value of the log-rank test for LN resection mode was 0.059 (Appendix 3). Age, mode of LN resection, and tumor size were considered in the Cox regression analysis of OS, but we failed to find any significant risk factors (Appendixes 3, 4).



The Effect of Lymph Node Dissection Mode on Operation-Related Complications

The operative time, blood loss, perioperative complication incidence, and incidence of lymphocysts significantly increased as the number of LNs removed increased (Table 3).


Table 3 | Comparison of operative time, blood loss, blood transfusion, and perioperative complications among different lymph node resection methods.






Discussion

As a rare form of ovarian cancer, LGEOC has a low incidence, accounting for approximately 6%–8% of EOC cases (8–11), and has unique clinical features as compared with HGEOC: low onset age, a history of BOT, an increased proportion of early-stage patients, a low LN metastasis rate, and a favorable prognosis (5, 7–11, 18, 20–25).

Since neither preoperative imaging nor intraoperative LN observation can predict LN metastasis precisely, 20%–30% of apparent early-stage EOC patients have LN metastasis (26–29). As a result, the aim of SLND in apparent early-stage EOC is to find occult LN metastasis and guide surgical–pathological staging (4, 5). The patients who experience upstaging receive adjuvant chemotherapy, which may benefit the prognosis.

However, the significantly lower incidences of LN metastasis and upstaging in LGEOC than in HGEOC challenge the necessity of SLND in apparent early-stage patients. The LN involvement rate of LGEOC was 2.9% (7). Similarly, Nasioudis et al. (25) recognized that the LN metastasis rates of LG-SOC, LG-MOC, and LG-EOC patients were significantly lower than those of high-grade patients (9.0% vs. 14.4% and 1.7% vs. 5.1% and 1.7% vs. 8.6%, respectively). Moreover, Minig et al. (6) observed that only 2.4% of apparent stage I LGEOC was upstaged by LN involvement alone. A meta-analysis of retrospective studies reported that the proportion was only 2.9% (7). In our study, the LN involvement rate was only 7.1%, and only 2.6% of apparent early-stage LGEOC patients were upstaged by LN involvement alone. Although SLND significantly increased the LN involvement rate among early stage EOC in one randomized controlled trial (RCT) research (18), the LN dissection methods did not affect the LN+ detection rate or upstaging rate in this study. This may be due to the low rate of LN metastasis in LGEOC, considering more than half of patients included in Maggioni’s study were FIGO stage 3, and 60 patients were diagnosed as clear-cell, undifferentiated, and other pathology types. Given these findings, we believe that upstaging should not be the reason for performing SLND in apparent early-stage LGEOC patients. Notably, LG-SOC had a higher LN+ rate and upstaging rate than the other two pathological types.

Prolonging survival is the other reason for SLND, based on the hypothesis that dissection of chemotherapy-resistant metastatic LNs could improve patient prognosis (referred to as the chemotherapeutic drug sanctuary hypothesis) (30). In a multicenter retrospective study including 639 patients with apparent early-stage EOC, researchers found that pelvic and para-aortic lymphadenectomy improves disease-free survival but not OS (31). However, proof of a survival benefit of SLND in apparent early-stage LGEOC patients is still lacking. In this paper, SLND did not prolong PFS or OS among LG-EOC and LG-MOC patients, but it did significantly prolong PFS in LG-SOC patients. LGEOC patients diagnosed at younger age have longer survival and may experience multiple recurrences, so a shorter PFS means those patients may need to undergo multiline treatment in a longer time, resulting in a significant decrease in quality of life and an increase in financial burden. Although the European Society for Medical Oncology–European Society of Gynaecological Oncology (ESMO–ESGO) consensus conference recommends that SLND may be questioned in some histological subtypes (LG-SOC or mucinous carcinoma of expansile subtype) due to a low prevalence of LN metastases (33), we insist that LG-SOC patients may still need SLND in terms of PFS benefit.

Another concern of performing SLND in LGEOC patients is that SLND is a complicated surgery, so even experienced gynecological oncologists encounter various complications (7). A study reported that 26.9% of patients with SLND experienced perioperative complications, and 54.7% had postoperative complications (32). Therefore, it is necessary to balance the benefits with the risks. We observed that the operative time, blood loss, perioperative complications, and lymphocyst count were significantly increased with an increase in the LN removal scope.

This retrospective study has inherent limitations. We could not control or include all prognostic factors. In addition, the information collection had some deficiencies, such as insufficient details of LN metastatic sites, possible omissions regarding surgical complications, and incomplete Immunohistochemistry (IHC) information, making it impossible to analyze correlated issues.



Conclusion

In conclusion, SLND may be abolished in patients with apparent early-stage LG-MOC and LG-EOC since it did not significantly improve patient staging or prognosis or increase surgery risk. Patients with apparent LG-SOC may still need SLND, considering its prolongation of PFS.
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Epithelial ovarian carcinoma (EOC) is one of the most common gynecologic malignancies with a high mortality rate. Serum biomarkers and imaging approaches are insufficient in identifying EOC patients at an early stage. This study is to set up a combination of proteins from serum small extracellular vesicles (sEVs) for the diagnosis of early-stage EOC and to determine its performance. A biomarker for early-stage ovarian cancer (BESOC) cohort was used as a Chinese multi-center population-based biomarker study and registered as a Chinese Clinical Trial ChiCTR2000040136. The sEV protein levels of CA125, HE4, and C5a were measured in 299 subjects. Logistic regression was exploited to calculate the odds ratio and to create the sEV protein model for the predicted probability and subsequently receiver-operating characteristic (ROC) analysis. The combined sEV marker panel of CA125, HE4, and C5a as a sEV model obtained an area under curve (AUC) of 0.912, which was greater than the serum model (0.809), by ROC analysis to identify EOC patients from the whole cohort. With the cutoff of 0.370, the sensitivity and specificity of the sEV model were 0.80 and 0.89, which were much better performance than the serum markers (sensitivity: 0.55~0.66; specificity: 0.59~0.68) and the risk of ovarian malignancy algorithm (ROMA) index approved by the U.S. Food and Drug Administration (sensitivity: 0.65; specificity: 0.61), to identify EOC patients from patients with benign ovarian diseases or other controls. The sEV levels of CA125 significantly differed among early-stage and late-stage EOC (p < 0.001). Moreover, the AUC of ROC to identify early-stage EOC patients was 0.888. Further investigation revealed that the sEV levels of these 3 proteins significantly decreased after cytoreductive surgery (CA125, p = 0.008; HE4, p = 0.025; C5a, p = 0.044). In summary, our study showed that CA125, HE4, and C5a levels in serum sEVs can identify EOC patients at the early stage, elucidating the possibility of using a sEV model for the diagnosis of early-stage EOC.




Keywords: early diagnosis, epithelial ovarian carcinoma, multi-center population-based study, protein contents, serum, small extracellular vesicle



Introduction

Ovarian cancer is the leading gynecologic malignancy and the most common cause of gynecologic cancer death (1). Approximately 95% of primary ovarian malignancies originate from epithelial cells (2, 3). The prognosis of early-stage patients is satisfactory (the five-year survival rates of International Federation of Gynecology and Obstetrics (FIGO) stage I and II patients are 81.3% and 66.9%, respectively, and the five-year survival rates of FIGO stage III and IV patients are only 41.3% and 31.3%, respectively) (4). However, more than 60% of patients with ovarian cancer are diagnosed at advanced stages. The high mortality rate of epithelial ovarian carcinoma (EOC) can be attributed to the fact that the majority of patients are diagnosed with advanced disease (5). Therefore, an approach to identify EOC at an early, localized, and curable stage can significantly reduce mortality rate.

Unfortunately, attempts to detect EOC at an earlier stage using serum CA-125 and/or transvaginal ultrasonography (TVUS) have not been successful (6–8). Multiple studies have utilized serum CA-125 levels as a screening marker for ovarian cancer. Fifty to ninety percent of early EOC patients showed elevated CA-125 levels (9), but numerous other conditions can increase CA-125 levels (10, 11). The serum level of human epididymis protein 4 (HE4) showed higher sensitivity than CA-125 when identifying patients with ovarian cancer patients from patients with benign gynecologic disease (12). However, HE4 appears to differ due to multiple non-ovarian conditions such as pregnancy, menopause status, and rake (13–15). The secreted proteins of malignant cancer cells might be detected earlier; however, the signals of which are often masked by various proteins (e.g., albumin, immunoglobulin) in blood (16).

Small extracellular vesicles (sEVs) are bilayer membrane vesicles that contain proteins and nucleic acids, thus reflecting the contents of the cell from which these originate (17). Several studies have demonstrated the prominent roles of sEV in the progression of various cancers (18). Furthermore, sEVs can be isolated from plasma and serum to reduce the interference of other abundant plasma proteins (16). Therefore, the protein in or on top of sEVs can be a potential source of biomarkers for the detection of early-stage diseases. For example, Kalluri et al. reported that sEV covered with the proteoglycan glypican-1 may be a potential diagnostic tool for early-stage pancreatic cancer, with a sensitivity of 100% and specificity of 100% (19).

In a previous sEV proteomics study, the complement system is reported as one of the most over-expressed pathways in the sEVs of EOC patients (20). Complement component 5a (C5a), a core protein of the complement system, has been associated with the pathological status of EOC (21, 22). Having been detected in a sEV-proteomics study, we hypothesize that sEV levels of C5a may be potential utilized as a marker for EOC patients (20). In this study, we examined protein levels of sEV-derived CA125, HE4, and C5a as candidates of potential biomarkers for EOC, particularly at the early stages, in a larger and more complex Chinese cohort.



Materials and Methods


Study Design and Participants

The patients with ovarian cancer and benign ovarian disease in this study were enrolled in the Biomarker for Early Stage Ovarian Cancer (BESOC) cohort between 2016 and 2018. BESOC is a multi-center (n = 5, Tianjin Central Hospital of Gynecology Obstetrics, Fudan University Shanghai Cancer Center, the Third Affiliated Hospital of Kunming Medical University, the Third Affiliated Hospital of Guangzhou Medical University, and the First Affiliated Hospital of Chengdu Medical College) cohort (2016–2021) registered as a Chinese Clinical Trial ChiCTR2000040136 (http://www.chictr.org.cn/showproj.aspx?proj=63907) and enrolled subjects (over 20 years old) who presented an ovarian adnexal mass and went through surgery afterwards. To diversify the control group, gastric cancer or colorectal cancer patients were enrolled. The female patients with gastric cancer or colorectal cancer in this study were enrolled in the Gastrointestinal Cancer Cohort in 2017, which is a prospective, single-center (Changhai Hospital of Second Military Medical University) cohort that enrolled subjects (over 20 years old) who were diagnosed with gastrointestinal cancer. Blood samples and clinical information were collected on admission before cancer-related therapies (surgery, radiotherapy, or chemotherapy). All blood samples were collected in serum tubes and spun at 4,000 g for 10 min at 4°C to isolate the serum.

The healthy subject group consisted of age-matched healthy female volunteers (no diagnosis of any cancer, no family history of breast cancer or ovarian cancer, and ovarian-related-disease-free at least six months after sample collection), undergoing routine gynecologic examinations. The post-operation samples of 20 stage IIb or IIIc patients were collected 6 days after surgery (e.g., salpingo-oophorectomy, omentectomy, and pelvic and paraaortic lymph node dissection). All serum samples were stored at -80°C until analysis.

The selection of each subject was reviewed by two dedicated gynecologic pathologists, who were blinded to each other’s diagnosis and serum marker levels. The diagnosis and staging were decided based on the post-operation histopathology reports. Tumors were classified and divided into pathological subtypes: serous, mucinous, endometrioid, clear cell, and others. According to the FIGO classification criteria, all EOC patients were diagnosed as stage I to stage IV (23). In this study, early stages included stages I and II, and advanced stage included stages III and IV. A flowchart of this study is shown in Figure S1.



Isolation of Serum sEVs

The sEV isolation method was previously reported in detail (24) and strictly followed in this study. Briefly, 3D-EVN kit (3DMed Co., Ltd., #3DEVN3525, China Food and Drug Administration Ref. No.# SHMHMD20170019, v/v, 1:4) was added to 1 mL of serum and mixed until cloudy. The mixture was spun at 4,700 g at 4°C for 10 min. The pellet was lysed in 100 µL of a 3D-EVL lysis kit (3DMed Co., Ltd., #3DEVL0409) and used as 10-fold concentration to meet the detection range of the subsequent immunoassay.



Characterization of Serum sEVs

To characterize of the serum sEVs, western blotting (WB), nanoparticle tracking analysis (NTA), and electron microscopy (EM) were performed in this study. To carry out the EM analysis, the isolated sEVs were resuspended in PBS and fixed in 5% glutaraldehyde. After washing with PBS for 5 min, the sEVs were immobilized in 1% OsO4 in PBS and dehydrated with a series of ethanol concentrations (40%, 60%, 80%, and 96–98%). After the ethanol was evaporated, the samples were allowed to dry at ambient temperature for 24 h on Si substrate and then analyzed via EM (Hitachi High-Technologies, Tokyo, Japan) after gold-palladium sputtering. To perform the WB, the extraction of sEV proteins was done using the 3D-EVN kit (3DEVN3525; 3DMed, Shanghai, China) and sEVs were homogenized in RIPA lysis buffer with proteinase inhibitors (P0013B; Beyotime, Shanghai, China) on ice for 30 min. Then the lysed samples were centrifuged at 12,000 × g for 10 min at 4°C, and the protein concentration of the supernatant was measured using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, USA). The anti-Alix antibody (diluted 1:1000; cat. no. 2171; Cell Signaling Technology, Danvers, MA, USA), anti-CD9 antibody (diluted 1:500; cat. no.13,174; Cell Signaling Technology, Danvers, MA, USA) and anti-TSG101 polyclonal antibody (diluted 1:500; cat. no. abs115706; Absin Bioscience Inc., Shanghai, China) were used as the primary antibodies. Horseradish peroxidase-conjugated goat anti-rabbit IgG and goat anti-mouse IgG antibodies (Beyotime Biotechnology, China) were used as the secondary antibodies. The antibody binding was detected using an enhanced chemiluminescence system according to the manufacturer’s protocol (Tanon-5200 Multi; Tanon Science & Technology Co. Ltd., Shanghai, China). For the particle size and concentration of serum sEVs, a Nanosight NS 300 system (NanoSight Technology, Malvern, UK) was used. Each sample was configured with a 488-nm laser and a high-sensitivity scientific complementary metal-oxide semiconductor camera, and measurement were performed in triplicate at camera setting 13 with an acquisition time of 30 s and a detection threshold setting of 7. At least 200 completed tracks were analyzed and obtained per video. Finally, the NTA analytical software (version 2.3) was used to analyze the nanoparticle tracking data of serum sEV samples.



Human Protein Level Measurement and ROMA Calculation

The levels of CA125 II and HE4 were measured by Cobas e 602 analyzer (Roche Diagnostics) with corresponding assays (Roche Diagnostics # 11776223 for CA125 II in U/mL and # 05950929 for HE4 in pmol/L) based on standard protocols (ISO15189:2012). The level of EV C5a levels were measured with ELISA (R&D Systems #DY2037, in ng/mL). All tests were run in duplicates.

In this study, the cut-offs of serum levels of CA125, HE4, and the risk of ovarian malignancy algorithm (ROMA) were adapted for the Chinese population based on the results of the clinical trial of Tian et al. (15). The cutoff of serum CA125 II levels was 35 U/mL (15). The cutoff for serum HE4 levels was 105.10 pmol/L for the overall Chinese population, 68.96 pmol/L for the premenopausal population, and 114.90 pmol/L for the postmenopausal population (15).

Based on the clearance of Roche Diagnostics from the Food and Drug Administration (FDA 510(k) #K153607), ROMA was calculated using the following algorithms:

	Premenopausal: PI = -12.0 + 2.38 × LN(HE4) + 0.0626 × LN(CA125); and

	Postmenopausal: PI = -8.09 + 1.04 × LN(HE4) + 0.732 × LN(CA125).



Menopause was defined as 12 months without a menstrual period.

	ROMA Calculation Tool using Elecsys® assays value = Exp(PI)/(1 + exp(PI)) × 10.



The index of ROMA ≥ 1.14 and ≥ 2.99 indicates a high likelihood for the presence of epithelial ovarian cancer in premenopausal and postmenopausal women, respectively (25).



Statistical Analyses

Differences among groups (p-values) were analyzed using the Chi-square test for categorical variables, T-tests for normally distributed continuous variables, and Mann-Whitney-U-tests for continuous variables that were not normally distributed. The pre-/post operation comparison was conducted with using a paired t-test. To calculate the odds ratio (OR) and enable the direct comparison among variables, protein levels were converted into standard deviation units or z-scores using the observed value minus the mean value and divided by the standard deviation. Natural logarithm transformed values were used to reduce the effect of skewness in the distribution of protein levels. Differences with a p-value less than 0.05 were deemed statistically significant.

To assess the sensitivity and specificity of the serum sEV model, pathological diagnosis is regards as gold standard. In the EOC diagnosis: sensitivity = true positive/(true positive + false negative); specificity = true negative/(true negative + false positive); positive predictive value (PPV) = true positive/(true positive + false positive)*100%; negative predictive value (NPV) = true negative/(true negative + false negative) *100%.

Logistic regression was exploited to calculate the odds ratio and to create the sEV protein model for the predicted probability and subsequently receiver-operating characteristic (ROC) analysis. Both combined serum maker model and combined sEV protein model were built by entering the corresponding variables. All of the statistics were conducted with SPSS® (IBM®, version 24.0.0.0).




Results


Baseline Characteristics

In this study, 299 subjects were enrolled (Figure S1). In the event group, 117 patients were diagnosed as EOC without other gynecologic complications, and serous carcinoma was the most often diagnosed type (Table 1). A total of 50 (42.7%) patients were at stage I or II and 67 (57.3%) were at stage III or IV. Seventy-four patients with benign ovarian diseases, 54 apparently healthy subjects, and 54 patients with gastrointestinal cancer were used as controls. Patients in the EOC group were significantly more often taking aspirin (47% vs. 26%) within 3 months prior to sample collection.


Table 1 | Baseline characteristics of study-cohort.





Characterization of Serum sEVs

EM, WB, and NTA results to qualify the minimum information for studies of extracellular vesicles 2018 (MISEV2018) (26) are shown (Figure S2). EM analysis of representative sample showed that serum small EVs isolated in this study were bowl-shaped (Figure S2A). In addition, the sEV protein markers Alix, TSG101 and CD9 were present in the six representative samples using WB (Figure S2B). The size distribution of serum sEVs showed a main peak around ~60 nm by NTA analysis (Figure S2C).



Serum sEV and Serum Protein Levels Between the EOC and Control Groups

All of the measured protein levels in both serum sEVs and serum were significantly different between the EOC and control groups. The levels of C5a (OR 7.537, p < 0.001), CA125 (OR 27.413, p < 0.001), and HE4 (OR 69.973, p < 0.001) in the EVs were significantly higher in EOC patients compared to controls (Table 2). Although the serum level of CA125 and HE4 as well as ROMA index were also significantly higher in the EOC group (Table 2), at the corresponding cutoff points, the sensitivity of these 2 markers was 0.66 and 0.56, and specificity was 0.68 and 0.68, respectively (Table 3). Moreover, the sensitivity and specificity of the ROMA index were 0.65 and 0.61, respectively (Table 3). Notably, the odds ratios of serum sEV proteins were obviously higher than the serum markers.


Table 2 | Protein levels from serum sEV and serum between the control and EOC groups.




Table 3 | The sensitivity and specificity of serum markers and sEV model to identify the EOC patients from the whole cohort.





Serum sEV Proteins to Identify Early-Stage EOC Patients From Other Groups

After establishing that serum sEV protein levels are related to EOC, we then examined the potential of identifying early-stage patients. All of the protein levels were significantly higher in the late-stage group compared with the early-stage group (p < 0.05). However, serum CA125 levels or ROMA indices showed no difference among the early-stage, benign ovarian disease, and other cancer groups. Serum HE4 levels were significantly higher in the early-stage group than in the healthy and benign ovarian disease groups (Table 4). Serum sEV C5a levels were significantly lower in the healthy group compared to the early-stage group (p = 0.007), and almost showed a significant difference between the early-stage group and the benign ovarian disease and other cancer groups (p = 0.085 and 0.061, respectively). Meanwhile, serum sEV CA125 and HE4 levels significantly differed between the early-stage and any other group (Table 4). This implies the potential of serum sEV proteins to discriminate early-stage EOC patients from healthy subjects, benign ovarian disease patients, and other gastrointestinal cancer patients.


Table 4 | Comparison of protein levels from serum sEVs and serum in early-stage EOC patients versus healthy subjects, late-stage EOC, benign ovarian disease, and gastrointestinal cancer patients.





Serum sEV Protein Levels Differ With EOC FIGO Stage

With the observation of the difference of serum sEV proteins between early- and late-stage groups, we further examined serum sEV protein levels among EOC FIGO stages. No protein levels differed between c I and II patient groups (Table 5). Serum HE4 levels, ROMA indices, and serum sEV C5a levels were significantly higher in stage III patients compared to stage I and II patients (p < 0.001). All of the protein levels in stage IV patients significantly increased compared to other stages, except that ROMA indices, serum HE4 levels, and serum sEV C5a levels showed no difference between stage III and stage IV patients.


Table 5 | Serum protein and sEV protein levels in the EOC FIGO stages.





Diagnosis of EOC Using Serum sEV Markers

The predicted probability of combined serum sEV levels of CA125, HE4, and C5a (serum sEV model) as well as combined serum CA125 and HE4 (serum model) were used for ROC analysis. The area under curve (AUC) of ROC analysis of the serum sEV model (0.912) was greater than the serum model (0.809) (Figure 1). This indicated that the serum sEV model has better diagnosis performance compared to the combined serum model. The algorithm of serum sEV model is presented below.




Figure 1 | Receiver operating characteristic (ROC) analysis for identifying EOC using serum sEV or serum marker panel models. The serum sEV model consists of serum sEV levels of C5a, CA125, and HE4. Serum model includes serum level of CA125 and HE4 levels.







When the cutoff point was 0.370, the corresponding sensitivity was 0.80 and specificity was 0.89 (Table 3). The serum sEV model demonstrated much better diagnosis performance than serum marker alone or ROMA index.

The potential of serum sEV markers to identify early-stage EOC patients was further evaluated. The population was further narrowed down to early-stage EOC patients, healthy subjects, and benign ovarian cancer patients. With the calculated predicted probability above, the AUC of ROC to distinguish EOC patients was 0.888 (Figure S3). When the cutoff was set at 0.154, the sensitivity and specificity were 0.88 and 0.74, respectively (Table 6). The performance of the serum sEV model was better than ROMA, serum CA125, and serum HE4 at the set cutoff point. Even when the cutoff of serum sEV model remained at 0.370, the sensitivity and specificity were 0.58 and 0.68 (Table 6), respectively, which were still better than the ROMA index and serum markers.


Table 6 | The sensitivity and specificity of serum markers and sEV model to identify the early stage EOC patients from controls.





Serum sEV Protein Levels Decrease After Operation

To assess the correlation between serum sEV protein markers and tumor burden, we compared the serum sEV levels of C5a, CA125, and HE4 of 20 patient samples prior to surgery and postoperation. All three serum sEV markers significantly decreased after cytoreductive surgery (Table 7). This is suggestive of the positive correlation between tumor burden and serum sEV markers.


Table 7 | Comparison of serum sEV protein levels before and after cytoreductive surgery.






Discussion

The survival rate of EOC is closely related to the stage at diagnosis, with those diagnosed at the earlier stage with a greater chance of survival (23). In this study, we have established a model using the levels of CA125, HE4, and C5a in serum sEVs to identify EOC patients and early-stage EOC patients from subjects with benign ovarian diseases or other diseases. This novel serum sEV model has been compared with the current serum protein marker HE4 and CA125, as well as ROMA, which was approved by the U.S. FDA (510(k) Number: k103358). The results have demonstrated that serum sEV model is much better diagnosis performance than serum marker alone or ROMA index in the diagnosis of EOC patients, including early-stage EOC. This provides the possibility of the levels of serum sEV proteins for the diagnosis of early-stage EOC.

Several studies have explored the potential of serum sEV content (e.g., mRNA, miRNA, protein) as biomarkers for ovarian cancer (27, 28). These studies mainly employed ultracentrifugation to isolate serum sEVs, which may be regarded as the “gold standard” of serum sEV isolation (26). However, ultracentrifugation often involves a large volume of plasma or serum, hours of spinning in a vacuum and strict temperature control, costly equipment, and maintenance. This is thus challenging to implement for clinical utilization. On the contrary, in this study, we adapted a polyethylene glycol (PEG)-based approach to isolate serum sEVs (24), which has advantages of being high-throughput, with better reproducibility, and lower cost.

Over the years, several tests have been developed to identify malignant ovarian cancer, including serologic markers (e.g., CA125 and HE4), ultrasonography, imaging, and combined multimodalities. Transvaginal ultrasonography (TVUS) (29) and computed tomography (CT) (30) have been proven to be inefficient in screening early-stage EOC, which may further be underutilized in less developed clinical circumstances such as poor staffing and equipment availability (31). Both the Prostate, Lung, Colorectal, and Ovarian (PLCO) (32) Cancer Screening Trial and the United Kingdom Collaborative Trial of Ovarian Cancer Screening (UKCTOS) (29) showed that screening ovarian cancer in asymptomatic women using serum CA125 levels and/or TVUS has brought little benefit. Based on its cost-effectiveness and demographic coverage, biomarkers have the highest potential for the early diagnosis and screening of EOC (31).

Serum levels of CA125 and HE4 are both well-established biomarkers for ovarian cancer. So far, both markers are only intended to monitor the progress and estimate the treatment efficacy of EOC. However, the levels of these two proteins in serum sEVs showed better capability of distinguishing EOC patients from non-EOC patients. The increase in serum sEV CA125 and HE4 levels in EOC patients is coincided with the findings of previous proteomics studies (33).

The discovery of novel serological protein biomarkers mainly relies on mass spectrometry and proteomics. During the discovery phase of proteomics, the bona fide candidate markers are masked by high-abundance proteins (e.g., albumin and immunoglobulins), which account for over 99% of the total proteins. However, the percentage of these abundant proteins is significantly reduced in extracellular vesicles (16), which makes serum sEVs a potential source for biomarker discovery. In our previous study, complementary-, coagulation-, apoptosis-related pathways were discovered to be significantly overexpressed in serum sEVs of EOC patients (20).

Our results on ROMA indices are discordant to those of previous studies (34) and may be attributed to three causes. First, the Chinese population showed nearly 30% lower serum HE4 levels (overall cut-off: 105.10 pmol/L) compared to Caucasians (overall cutoff: 140.00 pmol/L) (15). In addition, neither the algorithm nor the cutoff for the ROMA index has been adjusted for the Chinese population. Second, the U.S. Food and Drug Administration (FDA) clearances of serum CA125 II (510(k) Number K143534) (35) and HE4 (510(k) Number: k112624) (36) are employed to aid the detection of residual or recurrent ovarian carcinoma and to monitor disease progression or response to therapy. ROMA (510(k) Number: k103358) (37) was approved by the US FDA for “assessing whether a premenopausal or postmenopausal woman who presents with an ovarian adnexal mass is at high or low likelihood of finding malignancy on surgery”. However, owing to lack of evidence of clinical trials on the Chinese population, this intended use has not been approved by the National Medical Products Administration. Finally, the cohort composition of the present study is different. The Roche ROMA cohort consists of approximately 80% benign ovarian diseased patients and 10% EOC (about 20% early stage and 80% late stage), but this cohort comprised approximately 40% EOC (about 40% early stage and 60% late stage) and 25% benign ovarian diseased patients (34, 37).

The mechanism of the progression of EOC remains unclear. With the concurrence of multiple foci and carcinomatosis after ovary-removal surgery (38), detection of EOC or postoperative recurrence at the early stage is challenging using non-invasive imaging tools. Although this serum sEV protein marker panel can detect EOC better at the early stages, there is still a need to establish a marker panel for early diagnosis or even as a screening tool for EOC patients. Therefore, more markers need to be discovered and validated for better marker panels not only to screen EOC but also to reveal the underlying mechanism of EOC.



Conclusion

In summary, our study disclosed that CA125, HE4, and C5a levels in serum sEVs can identify EOC at the early stage. In spite of the complexity of clinical diseases, comparison of serum protein marker alone or ROMA index using a multi-center population-based study in the Chinese population confirmed that serum sEV model has relatively high performance for the diagnosis of early-stage EOC. Further test this model in an even larger and more complex population to determine its performance and limitations is required.
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The association of several inflammation-based biomarkers [lymphocyte-to-monocyte, neutrophil-to-lymphocyte, and platelet-to-lymphocyte ratios (LMR, NLR, and PLR, respectively)] with the survival of epithelial ovarian cancer (EOC) patients has been extensively investigated in several systematic reviews and meta-analyses (MAs) of observational studies. The aim of this umbrella systematic review is to appraise all available results in published MAs that explored the association between these biomarkers and EOC outcomes. An umbrella systematic review of the current evidence for systemic inflammatory biomarkers in the peripheral blood of EOC patients was performed by searching several databases including PubMed/Medline and Web of Science. The quality of the MAs was appraised using the AMSTAR-2 tool as well as other qualitative criteria. The evidence was graded from convincing (Class I) to weak (Class IV). Our umbrella review appraised 17 MAs of retrospective studies (range: 7–16) with a number of enrolled patients ranging from 1,636 to 4,910 patients in each MA. All these MAs demonstrated that pretreatment high NLR and PLR, as well as low LMR, were independent predictors of poor overall survival and progression-free survival in EOC. Nearly all published MAs were conducted by Chinese researchers (16/17) and were redundant in their character. Another issue in these MAs is the absence of prior PROSPERO database registration as well as the earlier exclusion of the gray literature. On the other hand, Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) and Meta-analyses Of Observational Studies in Epidemiology (MOOSE)-based reporting guidelines were used in nine out of the 17 MAs. A good number of MAs have transparently provided funding acknowledgment. The AMSTAR-2-based assessment showed low quality in 11 out of the 17 reviewed MAs. This negative rating was largely due to the absence of critical domains. Finally, all evaluated MAs were rated as Class III or IV (suggestive and weak, respectively). Despite the power of MAs in increasing sampling and precision, the quality of the current non-randomized evidence on this topic is still weak.


Systematic Review Registration

PROSPERO, identifier CRD42020201493.
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Introduction

There is a remarkable trend in modern oncology to implement accurate biomarkers for predicting therapy response, prognosis, and survival of cancer patients. The advent of biomarker-based targeted agents such as poly-(ADP-ribose)-polymerase (PARP) inhibitors and immune-checkpoint blockers and several molecular signatures for patients’ prognostic stratification was successfully introduced into the management of various gynecologic cancers. A number of these drug targets and their biomarkers were discovered based on the “Hallmarks of Cancer” principles, which have deeply changed our understanding of this disease and advanced oncology toward precision medicine (1–3). Inflammation is one of these hallmarks described in epithelial ovarian cancer (EOC) (4). Remarkably, systemic inflammation is well reported to be involved in carcinogenesis by driving tumor initiation, growth, progression, and metastasis (5). A variety of inflammation-derived biomarkers were explored in solid cancers and showed predictive power for prognosis (6, 7). In EOC, an important number of circulating blood-based and inexpensive inflammatory biomarkers were recently suggested to predict outcomes. This is essentially based on pretreatment complete blood count including lymphocyte-to-monocyte, neutrophil-to-lymphocyte, and platelet-to-lymphocyte ratios (LMR, NLR, and PLR, respectively) (8–10). Their independent predictive value of survival in EOC was assessed in multiple systematic reviews and meta-analyses (MAs) to increase sample size and power. The findings of these pooled analyses demonstrated that low LMR predicts reduced overall survival (OS) and progression-free survival (PFS) (8, 11). Moreover, low LMR is associated with advanced International Federation of Gynecology and Obstetrics (FIGO) stages, malignant ascites, lymph node metastasis, chemotherapy resistance, and high levels of cancer antigen 125 (CA-125) (8, 11). Similarly, high NLR was also revealed to be associated with advanced grade and stage, bilateral tumors, and EOC risk factors as well as worse survival outcomes (10, 12). On the other hand, high PLR negatively impacts both the OS and PFS in the same setting (13, 14). This umbrella review of systematic reviews and MAs, which is a recently developed article type, was conducted to revisit and critically appraise the quality of these published MAs and provide an updated examination of the current evidence on this topic using the assessment of multiple systematic reviews (AMSTAR-2) tool (15).



Methods


Umbrella Systematic Review and Search Strategy

As recommended by international guidelines for best practice when conducting systematic reviews, this umbrella study was registered in PROSPERO’s International Prospective Register of Systematic Reviews (reg. number: CRD42020201493). This initiative is an international database of the York University (UK) aiming to prospectively register systematic reviews and MAs in various aspects of health-related outcomes to limit redundancy, reduce reporting bias, and promote transparency (16). We conducted this umbrella review by systematically searching for previously published systematic reviews and MAs in which inflammation-based biomarkers including LMR, NLR, and PLR have been described in EOC. This article type can be easily searchable on available bibliographic databases using automatic filters. First, PubMed/Medline, which covers most medical journals, were searched for relevant systematic reviews and MAs published in English from the beginning of article indexing to August 1, 2020, by using the following keywords: [(systematic review) OR meta-analysis] AND (ovarian cancer) AND (((lymphocyte-to-monocyte ratio) OR neutrophil-to-lymphocyte ratio) OR platelet-to-lymphocyte ratio). Besides, we also used cross-referencing to find other MAs in the references of selected eligible articles. Supplementary searches of the English literature were performed on the Cochrane Library, Scopus, and Web of Science databases. To cover other non-English publications and limit language bias, we searched ScienceDirect (https://www.sciencedirect.com/) and EM-Consulte (https://www.em-consulte.com/produits/traites) for French, CNKI (China National Knowledge Infrastructure) for Chinese (http://oversea.cnki.net/), and SciELO for Spanish (https://www.scielo.br/). Moreover, unpublished gray literature was explored based on the ASCO Meeting Abstracts database (https://ascopubs.org/jco/meeting). Article titles and abstracts were independently screened and reviewed before inclusion by two reviewers (KE and OA). Eligible MAs were screened for full-text and reviewed (Figure 1). In case of any disagreement, a consensus was reached after discussion between the authors.




Figure 1 | Flow diagram of article selection.





Eligibility Criteria and Data Extraction

Articles were selected in our umbrella review only if they met the following mandatory inclusion criteria: a) systematic reviews or systematic reviews with MAs of observational or interventional studies; b) the study population enrolling EOC patients only; c) in case of reviews including other solid cancers, EOC must be studied separately in a subgroup analysis based on tumor type; d) selected reviews with pooled findings on at least one of the three biomarkers studied; and finally e) articles were included if they contained prognostic extractable data on survival outcomes (OS and PFS). Other article types including original clinical studies and narrative reviews were excluded. However, they were rarely consulted to find other MAs cited in their reference lists. Conference abstracts communicated at American Society of Clinical Oncology (ASCO) meetings were also searched to find unpublished MAs. Data extraction was then conducted by two reviewers (first by KE and verified by OA). Relevant general characteristics of selected studies encompassing the following were extracted and summarized: author/year, biomarkers studied, journal, country, number of included studies and their design, patients enrollment, endpoints, pooled hazard ratio (HR) and their corresponding confidence intervals with p-values, heterogeneity (I2 metric) and related p-value, evaluation of the source of heterogeneity, p-values of publication bias tests, PROSPERO registration, use of reporting guidelines, use of Newcastle–Ottawa Scale (NOS), subgroup analysis, the search of gray literature, and finally funding. Forest plotting of overall effects based on HRs and their confidence intervals was performed using the extracted data from each MA.



Assessment of Methodological Quality in Included Meta-Analyses

The quality of the MA methodology was investigated using the AMSTAR-2 checklist (https://amstar.ca/Amstar_Checklist.php) (15). This tool is reliable for assessing the quality of systematic reviews and MAs of human observational and interventional studies. This revised instrument contains 16 items in total including seven critical questions (Q2, Q4, Q7, Q9, Q11, Q13, and Q15), and it is not intended to generate an overall score. Based on these items, the quality of the systematic reviews and MAs is categorized into high, moderate, low, or critically low (15). The AMSTAR-2-based assessment was first performed by KE and independently reviewed by OA with disagreements sorted by consensus.



Grading the Evidence

The evidence was categorized into Class I (convincing), Class II (highly suggestive), Class III (suggestive), or Class IV (weak evidence), following the previously described grading scheme (17). The criteria were modified to include the design of included studies instead of the excess of significance test because of the low power of this statistic. Moreover, the excess of significance evaluation is not currently recommended by the Cochrane guide of systematic reviews of interventions (18). The criteria for each class are described as follows: A) Class I (strong evidence): prospective design of included studies, p-value of overall effect <10−6, I2 < 50%, calculated 95% prediction interval excluding the null value, sample size >1,000 cases, and no evidence of small-study effects (publication bias using Egger test). B) Class II (highly suggestive): prospective design of included studies, p-value of overall effect <10−6, and sample size >1,000 cases. C) Class III (suggestive): retrospective design of included studies, p-value of overall effect <10−3, and sample size >1,000 cases. D) Class IV (weak evidence): retrospective design of included studies and p-value <0.05. MAs that did not report p-values of overall effects were not rated. Also, we decided to downgrade all MAs to Classes III and IV when they included evidence from retrospective studies.




Results


General Characteristics of Included Systematic Reviews and Meta-Analyses

Overall, a total number of 17 MAs were found and analyzed, encompassing nine items for NLR, six for PLR, and four for LMR (Table 1). Moreover, 15/17 eligible MAs have investigated the prognostic value of single biomarkers, and only two have incorporated two biomarkers (14, 24). The included articles were published between 2017 and 2020, and they were all MAs of retrospective studies.


Table 1 | General characteristics of included systematic reviews and meta-analyses.



In 2017, five MAs on the NLR biomarker were published. Similarly, three other redundant MAs, on the same biomarker, were published in 2018. Four other MAs on PLR and three on LMR were published in 2018 and 2019, respectively. The number of included articles in each MA ranged from 7 to 16 with a number of enrolled EOC patients between 1,636 (23) and 4,910 (30). Notably, most of the published MAs were from China (16/17), with only one found article from Canadian researchers (10).


Meta-Analyses on the Lymphocyte-to-Monocyte Ratio

In the four MAs on LMR (Table 2), OS and PFS were the endpoints used. The results of the pooled studies in all the MAs demonstrated that low LMR significantly predicted poor survival outcomes in EOC [for both OS (HR: 1.71–1.92) and PFS (HR: 1.70–1.65)] (Figure 2A). Heterogeneity was noticeable for OS (>65%, p < 5%) but minor for PFS in three studies and moderate in one MA (>45%; p = 0.09) (8). All these MAs conducted a sensitivity analysis to evaluate the source of heterogeneity. Yet only one MA used meta-regression (21). Accordingly, the final pooled HRs were stable in three studies (8, 11, 21). In the study of Lu et al., Tang et al. (31), Wang et al. (32), and Li et al. (33) were found to contribute to the observed heterogeneity. In another MA, exclusion of studies did not reduce heterogeneity and was above 50% (19). The publication bias was assessed based on Egger’s and Begg’s regression and rank correlation tests in three MAs. One MA stated the search of publication bias, but this was not evaluated (8). In addition, one MA did not conduct statistical analysis for PFS, as the conditions were not met (11). No significant findings were revealed by these two statistical methods, suggesting no publication bias for OS and PFS.


Table 2 | Outcomes, heterogeneity, and publication bias in included meta-analyses.






Figure 2 | Forest plots of pooled HRs for (A) LMR, (B) NLR, and (C) PLR. HRs, hazard ratios; LMR, lymphocyte-to-monocyte ratio; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio.





Meta-Analyses on the Neutrophil-to-Lymphocyte Ratio

All included MAs (Table 2) used OS and PFS as primary endpoints except for one study that used event-free survival (EFS) to encompass disease-free survival in addition to PFS (10). The HR of the overall effect ranged from 1.34 to 2.36 for OS and 1.523 to 1.82 for PFS, which was significant in all studies. Therefore, the pooled HR showed that high NLR at baseline was significantly associated with worse OS and PFS in EOC (Figure 2B). p-Values of the pooled overall effect were not provided in two MAs (14, 24). Substantial and significant heterogeneity was found in all MAs of OS (>60%). Similarly, MAs of PFS and EFS had also significant heterogeneity, except for one study in which heterogeneity was moderate (36%) (20). A sensitivity analysis was performed in all MAs. Besides, two studies conducted meta-regression in addition to the sensitivity analysis (10, 30). It seems that heterogeneity did not affect the final combined results considerably in most MAs. Nevertheless, when the study of Feng et al. (34) was excluded from the MA of Zhao et al. (24), the heterogeneity was reduced to 0%, with stable HR for PFS. Strangely, related data of a sensitivity analysis in one MA were not shown by the authors (25). For publication bias, both Egger’s and Begg’s statistical tests were used. Funnel plotting only was used in three studies (10, 14, 20). Publication bias was absent in five MAs (14, 20, 25, 26, 29) and detected in three others (10, 24, 30). In another MA (28), the p-values of Egger’s and Begg’s tests were discordant; and the authors stated the low probability of publication bias.



Meta-Analyses on the Platelet-to-Lymphocyte Ratio

OS and PFS were the endpoints used in all included MAs (Table 2). The HR of the overall effect ranged from 1.48 to 5.95 for OS and 1.38 to 4.86 for PFS, which was significant in all studies. Therefore, high pretreatment PLR was a negative prognostic biomarker for OS and PFS in EOC (Figure 2C). Of note, the p-values of the overall effect were not provided in two MAs (14, 24). Heterogeneity was substantial in four MAs of OS (>70%, p < 5%) (13, 14, 22, 27) and in three MAs of PFS (>80%, p < 5%) (13, 14, 27); moderate in one MA of PFS (43.4%) (23); and low/absent in three MAs (22–24) [Jiang et al., 2019: in PFS findings only (22)]. A sensitivity analysis to detect the source of heterogeneity was conducted in five MAs. None of these studies used other methods such as meta-regression for this purpose. Generally, heterogeneity did not have an excessive influence on the stability of the final pooled HRs (13, 14, 23). However, when excluding the study of Li et al. (33) from the MA of Jiang et al. (22), heterogeneity was dropped significantly for OS. PFS was not considerably affected. The publication bias was assessed based on Egger’s and Begg’s regression and rank correlation tests in two MAs (23, 24). Funnel plotting only was used in three MAs (13, 14, 27). One other MA assessed publication bias by Begg’s and Egger’s tests but included other cancer types (22). Overall, no publication bias was identified for both PFS and OS.




Critical Appraisal of Included Systematic Reviews and Meta-Analyses


General Review

Of the 17 MAs evaluated (Table 3), only one has pre-registered its protocol on the PROSPERO database (30). Moreover, this MA does not have an updated record on this database despite its publication (PROSPERO accessed as of 01-07-2020). Reporting guidelines including Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) and Meta-analyses Of Observational Studies in Epidemiology (MOOSE) were used in only nine MAs. All included items have used the NOS for assessing the quality of non-randomized studies in MAs except for the one study by Ethier et al. (10). Twelve MAs stratified their findings using a subgroup analysis. Furthermore, two research teams used a subgroup analysis by one covariate only (14, 25), and two others did not provide it (20, 24). Funding was not acknowledged in three MAs (11, 24, 26). The gray literature was searched in 10 MAs but excluded earlier in the bibliographic research process, not stated in four MAs (11, 23, 26, 29) and not specified by two other authors (21, 24). In addition, the limitations of all included MAs were provided in the discussion of each publication.


Table 3 | Qualitative assessment of appraised systematic reviews and meta-analyses.





AMSTAR-2-Based Evaluation and Evidence Grading

The findings of the methodological assessment indicated that the quality of MAs was low in 11 of the 17 analyzed MAs (Table 4). Only six MAs were rated as of moderate quality. Nearly all included MAs did not register their review protocol on the PROSPERO database or other engines (Q2). Also, none of the MAs have explained the study designs for inclusion eligibility in their MAs (Q3). Likewise, the list of excluded studies with a justification of exclusion was not provided in all MAs (Q7). Furthermore, an explicit description of the included studies in each MA was observed in only five items (Q8). The risk of bias (RoB) assessment was absent in only one MA (Q9), and the source of funding in individual studies was not provided in all MAs (Q10). However, the potential impact of RoB on the pooled results in primary studies and their interpretation/discussion was not adequately evaluated (Q12 and Q13). Regarding evidence grading (Table 5), all MAs were downgraded to Class III or IV because of the retrospective design of included reports. Three items on LMR were graded as suggestive and one as of low evidence. Three items on NLR were graded as suggestive and two as weak evidence, and the remaining were not rated. Moreover, three items on PLR were graded as suggestive and one as weak evidence, and the remaining items were not rated.


Table 4 | Critical appraisal of included meta-analyses based on AMSTAR-2 and evidence grading.




Table 5 | Evidence grading of appraised meta-analyses.







Discussion

Briefly, according to our umbrella review, pretreatment high NLR and PLR, as well as low LMR, were all demonstrated to have an independent predictive value of poor survival outcomes in EOC in all reviewed MAs. Inflammation is well documented in cancer initiation and progression (5). The systemic inflammatory response based on single or multiple biomarkers was widely investigated in a remarkable number of cancers (35). This showed actionable findings as easy-to-use and less-expensive predictive and prognostic biomarkers for cancer survival and therapy response. However, the high heterogeneity in the included studies and their poor study designs limit the extrapolation of their conclusions in clinical practice.

Systematic reviews with/or without MAs are supposed to provide improved evidence on emerging topics to support the Grading of Recommendations Assessment, Development and Evaluation (GRADE) approach for a better implementation of international guidelines. However, with the rising race of the “publish or perish” era, many of the abovementioned articles are conducted without rigorous respect to methods of conducting this type of research. The majority of our examined MAs were published by Chinese researchers. The low quality of Chinese MAs was recently exposed. Indeed, a recent qualitative appraisal of more than 560 MAs from Chinese researchers found several concerns that negatively impact the value of these papers including the RoB, imprecision, publication bias, and inconsistency (36). In addition, pressure on young Chinese researchers to publish in internationally indexed journals is also an issue affecting the quality of the published MAs (37). Remarkably, a number of our included MAs that pooled outcomes on the same topic from the same study period were published in the same year. This massive production is unnecessary and may mislead and harm the prestige of such articles in the evidence-based medicine era (38).

Our umbrella review also found that prior protocol registration on the PROSPERO database was performed in only one item, and this is an important drawback of the included MAs. Without a doubt, protocol registration is associated with an increased quality of systematic reviews of interventions (39). Moreover, this will promote transparency, reduce the potential RoB, and, importantly, avoid redundant duplications (40). The status of the only registered MA in our umbrella review was not updated. This is also a recent tendency of MAs publishing worldwide. A recent analysis of this trend showed that only a few records’ statuses were up to date (41). Therefore, more serious follow-up and evaluations by journal editors and peer reviewers are awaited.

Regarding NOS, all items assessed the quality of non-randomized studies in MAs except for one study by Ethier et al. (10). Therefore, this is a good point for the MAs on the investigated topic. The NOS requires less tailoring and skills, and it is an easy-to-use tool (42). Thus, it should be employed in all MAs of observational studies. The gray literature in the MAs was excluded earlier in the literature search or not explored at all in other cases. This source of data is of high importance to find unpublished findings in peer-reviewed journals, particularly negative studies. In fact, excluding the gray literature may lead to publication biases (43). PRISMA- and MOOSE-based reporting guidelines were used in nine out of the 17 MAs. This suboptimal adherence is widely investigated in healthcare literature (44–47). Again, the application of these recommendations should be enhanced, and action is needed by medical journals throughout more appropriate editorial policies. Notably, a subgroup analysis was undertaken in a good number of the items, which have also transparently provided funding acknowledgment. Funding sources and conflicts of interest may affect and compromise the conclusions of the MAs and their quality. Financial and non-financial reporting of conflicts of interest in MAs is still suboptimal (48–50). However, given the observational nature of the included non-industry sponsored studies in the MAs of our umbrella review, the risk of this concern is limited.

Evidence hierarchy and synthesis in clinical sciences require a critical and qualitative review of the available evidence. For appraising MAs of randomized or non-randomized studies of healthcare interventions (or both), the AMSTAR-2 tool was developed for this purpose and is extensively used (15). The findings of our assessment showed a low quality in 11 out of the 17 reviewed MAs. This negative rating is largely due to the absence of critical domains in AMSTAR-2-related results including Q2, Q4, Q7, Q9, Q11, Q13, and Q15. In fact, a clear report of the prior development the literature review methodology was insufficient. On the other hand, a limited comprehensive foundation of the literature search strategy was also noticed. In addition, excluded studies from the systematic reviews and the reasons for exclusion were also not provided. Moreover, the RoB assessment in individual included studies and the discussion of the related results were lacking in some appraised systematic reviews. The remaining items were of moderate quality and had also various key critical flaws. In addition, the retrospective design of the meta-analyzed studies is a central weakness of these MAs. The evidence grading of the MAs reviewed was suggestive or weak for all eligible Mas, which is in line with the low quality demonstrated using AMSTAR-2. Of note, we found it difficult to grade the evidence because the p-values of overall effects and their exact values were not provided in some MAs.

Tumor-promoting inflammation is an enabling characteristic that fosters other signaling hallmarks of cancer cells (1). This inflammatory pathway can contribute to cancer capabilities by providing growth factors and cytokines to the tumor stroma to sustain proliferation, angiogenesis, activation of epithelial-to-mesenchymal transition, invasion, and metastasis, as well as inhibition of cell death programs (1). In EOC, inflammation is considered as an important factor that impacts the tumorigenesis of the fallopian tubes, which were recently suggested as the principal origins of ovarian carcinogenesis (51, 52). In addition to its involvement in the early steps of EOC, inflammation has a notable role in the late process of ovarian tumorigenesis. Moreover, inflammation and its mediators in EOC participate actively in the innate and adaptive immune response to eliminate cancer cells [nicely reviewed by Savant et al. (53)]. However, escape from this ability by malignant cells during chronic inflammation promoted by other cancer hallmarks enables apoptosis and immune surveillance evasion and therefore progression of EOC. Remarkably, it was recently demonstrated that inflammation is a key contributor of ovarian cancer cell seeding (54), thus making this hallmark a hot target for further research to improve outcomes of this women’s cancer. Either primary or metastatic, the tumor microenvironment (TME) of EOC hosts an important number of immune cell types (55). These cells, mainly dendritic cells, regulatory T cells, myeloid-derived suppressor cells, and M2 macrophages, are well known to have an immunosuppressive phenotype on effective antitumor immune cells such as natural killers (NKs) and CD4 and CD8 lymphocytes (55). This immune contexture of EOC TME, particularly high-grade serous cancers, is characterized by a different enrichment of tumor-infiltrating lymphocytes (TILs) according to the density of the tumor inflammation status. The density of TILs according to this concept can divide EOC into “hot” or non-inflamed “cold” tumors (56). Contrary to cold EOC, TME in hot EOC is illustrated by high density of TILs, principally CD8 T lymphocytes, mutated breast cancer gene (BRCA) cancer cells, and also an enriched signaling of immune suppression such as programmed death-ligand 1 (PD-L1), programmed cell death 1 (PD-1), and lymphocyte activation gene 3 (LAG-3) (56). The absence of these features was suggested to be associated with platinum-resistant disease, which is an aggressive subtype of EOC and also low response to immune-checkpoint blockade (57). The impact of TILs in patients with EOC has previously been widely investigated (58). A recent MA of 19 eligible studies with more than 6,000 high-grade serous EOC patients demonstrated that TILs are potential prognostic biomarkers for PFS and OS in this setting.

Turning this hallmark into biomarkers for predicting prognosis and therapy response for better patients’ stratification seems to be promising. The exploration of peripheral immune response in predicting survival of cancer patients has been extensively studied in EOC as discussed in this umbrella systematic review. Moreover, these immune biomarkers also emerged as potential predictors of outcomes in other solid cancers beyond EOC as suggested by multiple recent systematic reviews and MAs (59–62). However, whether these inexpensive circulating biomarkers based on peripheral blood correlate well with TILs or not is an area that has provided a rich literature and rationale for future well-conducted prospective studies. The predictive value of these inflammatory biomarkers based on complete blood cell count for therapy selection at diagnosis of EOC has also been evaluated. A previous retrospective cohort by Miao et al. showed that NLR and PLR predicted platinum resistance in EOC (63). Thus, confirming the earlier finding of other reports suggests their potential in predicting worse response to first-line platinum-based chemotherapy (34, 64). Recently, two biomarker analyses of the Italian MITO 24 group confirmed these findings and found that NLR at baseline correlates with sensitivity to platinum compounds and also to the antiangiogenic drug bevacizumab (65, 66). Methodologically, the assessment of these pretreatment systemic host responses at baseline can easily be performed for patients’ selection according to the results of these reports. Again, the retrospective nature of these studies cannot allow any recommendation for their use in clinical practice. In addition, another concern is the non-linearity of NLR observed in some cancer studies; therefore, the use of this variable as continuous or dichotomous during statistical analysis is questionable (67).

Promisingly, the combination of these cellular biomarkers with inflammatory mediators such as interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-α) as well other cytokines and proteomic biomarkers may increase the accuracy for predicting outcomes in EOC. IL-6 has been shown to stimulate pro-metastatic phenotype and also resistance to chemotherapy through Janus kinase (JAK) and signal transducer and activator of transcription 3 (STAT3) pathway (68). Furthermore, IL-6 pathway was found to be associated with chemoresistance in ovarian tumors, and their therapeutic targeting seems to enhance re-sensitization (69, 70). IL-6 in the peritoneal fluids of patients with EOC was shown to have a prognostic value. In a recent report by Rodrigues et al., IL-6 showed an independent association with OS (71). When combined with TNF-α, IL-6 predicted worse survival outcomes, suggesting an interaction between these two cytokines in driving progression and resistance to chemotherapy (72). Thus, the use of multimarker-based scores encompassing these inflammatory factors may enhance the power of previously established biomarkers such as CA-125 and human epididymis protein 4 (HE4) for EOC patients’ triage. It is hoped that future studies with prospective patients’ enrollment will include prognostic and predictive scores instead of single biomarkers to enhance the precision and improve accuracy.

Targeting these inflammatory pathways by anti-inflammatory drugs in treating EOC has been studied in several interventional clinical trials. The preclinical inhibition of cyclooxygenase 2 (COX-2), which is a key enzyme in the inflammatory cascade, yielded a promising reduction of the invasion capability of OC cells (73, 74). In a phase II trial, the use of oral celecoxib, a COX-2 inhibitor, in association with carboplatin showed a well-tolerated toxicity profile with a 28.9% overall response rate (75). When combined with metronomic cyclophosphamide, celecoxib did not improve survival outcomes in recurrent EOC (76). To date, this anti-inflammatory approach did not show clinical activity in EOC. Other ongoing clinical trials using combinatorial strategies associating celecoxib and aspirin with chemotherapy, immune-checkpoint inhibitors, and antiangiogenics may provide interesting results in the future (NCT02432378, NCT00538031, and NCT02659384). The use of inflammation as a druggable target and as a biomarker for outcomes in EOC will hold a promise if future studies focus more on providing strong study designs rather than reproduced the findings of the previous real-world cohorts.

To our best knowledge, this umbrella review is the first to systematically report, compile, and appraise the current clinical evidence on the prognostic value of inflammation-based biomarkers in EOC using AMSTAR-2. As for all research, our study has some limitations. First, the MAs reviewed have serious flaws in their design and therefore their findings. Moreover, despite no significant publication bias was detected in those MAs, the probability of intentional or unintentional exclusion of studies should be mentioned. Another important weakness of these MAs is their prolific character with few included recent studies. Most of them were redundant. In addition, we did not review the quality of the individual reports, because this should be the responsibility of the authors of these MAs. And finally, we did not use the Preferred Reporting Items for Overviews of Reviews (PRIOR) checklist for reporting the findings of our umbrella review because it is still under development (77).



Conclusions and Recommendations for Future Authors

An important number of systematic reviews and MAs have been conducted to assess the prognostic value of immune-based biomarkers in peripheral blood of EOC patients. These inexpensive biomarkers are promising, but the available evidence is still of low quality. The RoB assessment using AMSTAR-2 was deficient in this appraised research. Most of the latest MAs were redundant and have several flaws in their methodology. Prospective studies are needed to increase the quality of the current evidence. Importantly, all future systematic reviews with MAs on this topic should 1) register their study protocol on PROSPERO (or other databases) before conducting this type of research; 2) include the findings of negative studies and also of non-English literature; 3) pre-plan subgroup analyses to provide stratified evidence on the studied research questions; 4) use the NOS (or other scores) to evaluate the quality of included non-randomized studies in their MAs and PRISMA (or MOOSE) to report their findings; 5) conduct a sensitivity analysis (and/or meta-regression) if heterogeneity was detected; 6) perform updated MAs only when there are sufficient new publications; and finally, 7) the journal editors should not accept redundant MAs with no new studies.
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Background

Of gynecologic malignancies, ovarian cancer is the leading cause of death, mainly due to the lack of sensitive tumor markers, which means it almost always presents at an advanced stage. Exosome Component 4 (EXOSC4) is involved in RNA degradation, but its role in epithelial ovarian cancer (EOC) is unclear.



Methods

The expression levels of EXOSC4 in EOC and normal ovarian tissue specimens were determined by immunohistochemical staining. The overall survival (OS) and progression-free survival (PFS) of patients with EOC were evaluated after patients were classified into high and low EXOSC4 expression groups, and the Cox regression model was established to identify independent predictors of patient prognosis. The effects of EXOSC4 on proliferation, colony formation, migration, and invasion were examined in the SKOV-3 and HO8910 cell lines by lentivirus-mediated shRNA knockdown. Flow cytometry was used to detect cell cycle changes. The mRNA levels of cyclin D1, CDK4, and c-myc were detected by RT-PCR. The protein expression levels of β-catenin, cyclin D1, CDK4, c-myc, vimentin, N-cadherin, and E-cadherin were assessed by western blot. Wnt/β-catenin activation was measured by TCF/LEF reporter assay.



Results

EXOSC4 was significantly elevated in EOC tissues and cell lines. High EXOSC4 expression was correlated with the International Federation of Gynecology and Obstetrics (FIGO) stage and pathological grade, and identified as an independent predictor of shorter OS and PFS. EXOSC4 knockdown suppressed proliferation, migration, and invasion in EOC cell lines. Cells were arrested at G0/G1 phase after EXOSC4 knockdown. The mRNA levels of cyclin D1, CDK4, and c-myc were decreased. β-catenin, cyclin D1, CDK4, c-myc, vimentin, and N-cadherin protein expression levels were reduced, while those of E-cadherin was increased. Wnt/β-catenin activity was suppressed after the EXOSC4 knockdown.



Conclusions

EXOSC4 is involved in EOC. Knockdown of EXOSC4 can inhibit the proliferation, migration, and invasion ability of EOC by suppressing the Wnt pathway. EXOSC4 is expected to be a novel biomarker and molecular target in EOC.
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Introduction

Ovarian cancer is among the most common gynecologic malignancies and a major cause of reproductive system cancer-related deaths in females (1). Epithelial ovarian cancer (EOC) is the primary pathological type and is diagnosed in approximately 90% of ovarian cancer cases (2). Despite significant advances in ovarian cancer treatment over recent decades, over 70% of patients are diagnosed at an advanced stage and have frequent relapses (3). Hence, efforts are required to identify key molecules involved in the pathogenesis of EOC, which could help with early detection and improve prognosis.

The eukaryotic RNA exosome is a multi-protein intracellular complex with 3’→5’ exoribonuclease activity (4). Exosomes comprise nine core subunits and are involved in a series of intracellular RNA regulatory processes (5). Exosomes catalyze mRNA turnover and mediate mRNA decay in the cytoplasm, whereas they are involved in the regulation of rRNA, snoRNA, and snRNA maturation, and facilitate degradation of incorrectly processed pre-RNA in the nucleus (6, 7); hence, exosomes may contribute to gene silencing and regulation of non-coding RNA expression (8).

Exosome Component 4 (EXOSC4, also named Rrp41), is a core subunit of the exosome and has numerous physiological and pathological functions in cells; it is required for the exosome stability and mRNA turnover in Hep-2 cells (9). Expression of EXOSC4 can efficiently suppress the growth inhibition of yeast on glucose medium (10). Further, EXOSC4 acts as an oncogene in the etiology and development of colorectal cancer (11). However, the relationship between EXOSC4 and EOC remains unclear. In the present study, the functions of EXOSC4 in EOC were explored, and we found that EXOSC4 promotes cell proliferation, migration, and invasion in EOC via the Wnt pathway.



Materials and Methods


Ethics Approval and Consent to Participate

The study was designed to adhere to the Helsinki Declaration strictly, and approved by the Ethics Committee of the Affiliated Hospital of Jiangnan University (no. LS2021001). Informed consent was obtained from each patient before surgery for the use of tissue samples.



Human EXOSC4 Data Analysis

EXOSC4 expression levels were analyzed in 426 ovarian serous cystadenocarcinomas and 88 normal ovarian tissues from The Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression (GTEx) databases using Gene Expression Profiling Interactive Analysis (GEPIA2; http://gepia2.cancer-pku.cn/#index); the log 2 fold-change cutoff was set as 1, with a p-value cutoff of 0.01.



Patients and Tissue Samples

A total of 124 ovarian tissue samples, including 104 EOC and 20 normal ovaries, were obtained from patients who underwent surgery from January 2014 to December 2016 in the Gynecology Department at the Affiliated Hospital of Jiangnan University. Patients with EOC who received neoadjuvant chemotherapy before surgery were excluded from the study. More than two senior pathologists diagnosed all the EOC tissues, according to the WHO classification of Tumors of Female Reproductive Organs (2014). Patients were followed up according to the NCCN guidelines, and their progression-free survival (PFS) and overall survival (OS) were recorded.



Immunohistochemical Staining (IHC)

Tissue specimens were fixed with 10% neutral formalin, embedded in paraffin, and sectioned at 4 μm-thick. Sections were dewaxed, hydrated, and boiled in 10 mmol/L of citrate buffer (10 mmol/L, pH 6.0) for 20 min to retrieve the antigen. Next, sections were covered with 5% BSA for 10 min and then incubated with anti-EXOSC4 primary antibody (Abcam, ab66672, diluted 1:150) at 4°C overnight. Subsequently, sections were washed twice with phosphate-buffered saline (pH 7.4) and incubated with secondary antibody for 1 h. Final staining was conducted using a DAB chromogenic reagent kit (Beyotime, Institute of Biotechnology, Shanghai, China), following the manufacturer’s instructions. Two independent pathologists conducted IHC scoring under blinded conditions. The scoring system combined the intensity of the staining (0 = absent, 1 = weak, 2 = moderate, 3 = strong) and the proportion of positive cells (0 = 0–10%, 1 = 10%–25%, 2 = 26%–50%, 3 = 51%–75%, 4 = 76%–100%); final scores (range = 0–7) were calculated by taking the total of the two scores, and interpreted as follows: 0–3, low expression; 4–7, high expression.



Ovarian Cancer Cell Lines and Cell Culture

The EOC cell lines, SKOV-3 and HO8910, were purchased from the American Type Culture Collection (Manassas, VA, USA). The human ovarian immortalized non-tumorigenic ovarian epithelial cell line, IOSE80, was purchased from MINGJING BIOLOGY, Inc. (Shanghai, China). Cells were cultured in RPM1-1640 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 100 μg/ml penicillin, and 100 μg/ml streptomycin. Cells were incubated in a 37°C, 5% CO2, saturated humidity incubator.



Construction and Transfection of Lentiviral Short Hairpin RNA (shRNA)

A lentiviral packaging plasmid, pFH-L, including a green fluorescent protein (GFP) tag, was purchased from GenePharma Co., Ltd. (Suzhou, China). The two shRNA sequences targeting the human EXOSC4 gene and the negative control (NC) sequence were as follows: shEXOSC4(S1), 5’-GGCCCTAGTGAACTGTCAATA-3’; shEXOSC4(S2), 5’-GCTGACGGCTCGGCCTACATT-3’; NC, 5’- TTCTCCGAACGTGTCACGT-3’, respectively. SKOV-3 and HO8910 cells (2 × 105 per well) were seeded in a 6-well culture plate for one day. Then, the lentiviral solution with 5 μg/ml polybrene was added, according to the manufacturer’s instructions (GenePharma, China). Twenty-four hours later, the culture medium containing lentiviral solution was replaced with a complete culture medium. After 72 h, cells were selected for stable expression of shRNA by treating with puromycin (10 μg/mL) for two weeks. The efficiency of shEXOSC4(S1) and shEXOSC4(S2) was validated by quantitative real-time PCR and western blot analyses.



Quantitative RT-PCR Assay

Total RNA was isolated from EOC cell lines using Trizol solution (Vazyme Biotech, Nanjing, China). Then, the RNA was reverse transcribed to cDNA using a cDNA Synthesis kit (RR036A, Takara Bio, Tokyo, Japan). Quantitative real-time PCR was conducted by SYBR Green PCR Master Mix (RR820A, Takara Bio, Tokyo, Japan) and performed on an Applied Biosystems ViiA 7 Dx instrument (Life Technologies Inc., Gaithersburg, MD, USA). Relative mRNA expressions were calculated using the 2-ΔΔCt method. Gene-specific primers are listed in Table 1.


Table 1 | Primers for qRT-PCR.





Western Blot Analysis

Total protein was collected from EOC cells using RIPA buffer (Beyotime, Institute of Biotechnology, Shanghai, China) and quantified with a BCA Protein Quantification Kit (Beyotime, Institute of Biotechnology, Shanghai, China). Proteins were separated by SDS-PAGE and transferred to PVDF membranes (Millipore, Billerica, USA). Membranes were blocked with 5% nonfat milk and 0.1% Tween 20 in TBS, and incubated with corresponding primary antibody (Anti-EXOSC4 (ab66672, Abcam, Cambridge, UK), Anti-CDK4 (CST, Danvers, MA, US), Anti-Cyclin D1 (CST, Danvers, MA, US), Anti-Vimentin (CST, Danvers, MA, US), Anti-E-Cadherin (CST, Danvers, MA, USA), Anti-N-Cadherin (CST, Danvers, MA, USA), Anti-β-catenin (CST, Danvers, MA, US), Anti-c-myc (CST, Danvers, MA, USA), or Anti-β-actin (AF0003, Beyotime, Shanghai, China)) at 4°C overnight. Membranes were then incubated with matched secondary antibodies (Fcmacs, Nanjing, China), followed by examination using an ECL analysis kit (Beyotime, Institute of Biotechnology, Shanghai, China) and the Bio-Rad ChemiDoc XRS Imaging System (Bio-rad Laboratories Inc., California, USA).



CCK-8 Assay

Transfected cells in the log phase of growth were seeded into 96-well plates at a density of 3 × 103 cells/well and cultured for 8, 24, 48, 72, or 96 h. After incubation with CCK-8 reagent (Dojindo, Japan) for 2 h at 37°C, the optical density of each well was measured at 450 nm using a microplate reader (Hidex, Finland).



Colony Formation Assay

Transfected cells (800 per well) were seeded in 6−well plates and incubated for ten days. Crystal violet (0.05%; Solarbio, Haidian, Beijing, China) was applied to stain the cell colonies after fixing with 4% paraformaldehyde. Clones were counted under a microscope, and samples with ≥ 50 cells were regarded as positive clones. Results are expressed as the relative rate, compared with the NC group.



Cell Cycle Assay

Cells in the log growth phase were uniformly plated into six-well plates (5 × 105 cells/well), cultured until 80% confluence, prepared into single-cell suspensions, and fixed with 70% ethanol at 4°C overnight. Then, cells were washed with phosphate-buffered saline (PBS) twice, resuspended in 800 μl propidium iodide staining solution (Beyotime, Institute of Biotechnology, Shanghai, China), and incubated at room temperature for 30 min in the dark. The cell cycle distribution was determined on the FACS caliber system (BD Biosciences, CA, USA).



Scratch Assay

Transfected cells were seeded into a 6‐well plate (density, 5 × 105 cells per well) and cultured in a quiescent medium until 90% confluence. A sterile 10‐μl pipette tip was used to scratch a constant‐diameter stripe in each dish. Cultures were washed with PBS, and the medium was replaced with RPMI-1640 culture medium containing 1% FBS. Wounded areas were photographed at 0 and 24 h, and cell migration ability was calculated as the wound healing rate.



Transwell Assay

For migration assays, transwell chambers (Corning, Inc.) with 8 μm pores were incubated in 24-well plates containing FBS-free RPMI-1640 medium at 37°C for 1 h. Cells (1 × 105/150 μl) in FBS-free medium were added to the upper transwell chambers, while 500 μl culture medium supplemented with 10% FBS was added in the bottom wells. After incubated at 37°C for 18 h, migrating cells were fixed with 4% paraformaldehyde for 30 min and stained with 0.1% crystal violet for 5 min. Images were captured under an inverted microscope, and migrated cells were counted. Invasion assays followed the same protocol as the migration assay, except that the Matrigel (BD Biosciences, San Jose, CA, USA) was coated onto the transwell chambers to form a matrix barrier.



Dual-Luciferase Reporter Assay

SKOV-3 and HO8910 cells transfected with lentivirus were seeded in 24-well plates with 60%-80% density overnight. Then, the plasmid containing LEF/TCF homologous sequences (TOP Flash) or mutation sequences (FOP Flash) and PGMR-TK Renilla vectors were transfected with Lipofectamine 2000 according to the manufacturer’s protocol. After 48 h incubation, the cells were lysed and added with Firefly luciferase reagent or Renilla luciferase reagent (Beyotime, Institute of Biotechnology, Shanghai, China). The OD values of TOP Flash (560 nm) and FOP Flash (465 nm) were measured using a microplate reader (Hidex, Finland). The TOP/FOP ratio was used to represent Wnt/β-catenin activity.



Statistical Analysis

Statistical analyses were performed using SPSS 24.0 software (IBM, Armonk, NY, USA). Image J software (National Institutes of Health, Bethesda, MD, USA) was used to analyze the grayscale intensity values of protein bands, the scratch wound area, and migratory and invasive cells. GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, USA) was used to draw figures. Each experiment was repeated at least three times. Continuous variables were compared using the student’s t test, and categorical variables were compared using the chi-square (χ2) test. OS and PFS survival curves were evaluated by the Kaplan-Meier method with the log-rank test. A Cox regression model was built to perform multivariate survival analysis of characteristics identified as significantly different by univariate analysis. P-values < 0.05 were considered statistically significant.




Results


EXOSC4 Levels Were Elevated in EOC Tissues and Cell Lines

The expression of EXOSC4 was significantly higher in EOC tissues than in normal ovarian tissues, according to the analysis of TCGA and GTEx datasets (Figure 1A). To verify this finding, we performed IHC assays using samples collected at our hospital. EXOSC4 staining was distributed in the nucleus and cytoplasm, and mainly localized in ovarian epithelial cells (Figure 1D). Further, EXOSC4 expression was significantly higher in ovarian cancer tissues than in normal ovarian tissues (Figures 1B, D; Table 2). Consistently, EXOSC4 was upregulated in the ovarian cancer cell lines, SKOV-3 and HO8910, compared with the normal ovarian cell line, IOSE80 (Figure 1C). Furthermore, the clinical significance of EXOSC4 in EOC was evaluated. As shown in Table 2, EXOSC4 expression was significantly associated with The International Federation of Gynecology and Obstetrics (FIGO) stage (Figure 1D, p = 0.047) and pathology grade (p = 0.028); however, there were no significant correlations of EXOSC4 expression with age, histological type, or residual tumor status.




Figure 1 | Elevated EXOSC4 was observed in EOC tissues and cell lines, and predicted poor outcomes. (A) EXOSC4 expression levels in EOC tissues compared with normal tissues in TCGA and GTEx datasets. (B) Comparison of EXOSC4 expression levels between EOC and normal ovarian tissues using IHC. (C) EXOSC4 expression levels in EOC cell lines (SKOV-3 and HO8910) and a human ovarian cell line (IOSE80) were detected by western blot assay, and its band quantification. (D) Representative IHC of EXOSC4 expression in normal ovarian epithelial and ovarian cancer tissue samples at different FIGO stages. Original magnification, × 100. (E) Kaplan-Meier curves for OS time in patients with EOC according to EXOSC4 levels. (F) Kaplan-Meier curves for PFS time in patients with EOC according to EXOSC4 levels. *p < 0.01, **p < 0.001.




Table 2 | Association of EXOSC4 expression levels with features of epithelial ovarian tissue.





Overexpression of EXOSC4 Predicted Poor Clinical Outcomes in EOC

Clinical information from patients with EOC was reviewed to investigate the prognostic implications of EXOSC4 expression. Patients with EOC and high EXOSC4 expression had shorter OS compared with patients with low EXOSC4 expression (Figure 1E, median OS: 30 vs. 39 months), as well as shorter PFS (Figure 1F, median PFS: 16 vs. 22 months). In addition, univariate analysis revealed that advanced FIGO stage, high pathology grade, ≥ 1 cm residual tumor after surgery, and high EXOSC4 expression predicted poorer OS and PFS in patients with EOC (Table 3). Furthermore, multivariate analysis found that high EXOSC4 level was an independent prognostic factor for patient OS and PFS (Table 4).


Table 3 | Univariate analysis to predict factors associated with PFS and OS.




Table 4 | Multivariate analysis of factors predicting PFS and OS.





EXOSC4 Expression Was Significantly Knocked Down by Lv-shRNA in EOC Cell Lines

To further study the function of EXOSC4, Lv-shRNA was transfected to knockdown EXOSC4 in EOC cell lines. The number of cells expressing GFP was observed using a fluorescence microscope, and the infection efficiency was found to be > 90% in both SKOV3 and HO-8910 cells (Figure 2A). RT-PCR and western blot analyses were performed to evaluate the mRNA and protein expression of EXOSC4 in SKOV3 and HO8910 cells following transfection in each group. Compared with the NC group, the shEXOSC4 group had decreased EXOSC4 mRNA (Figure 2B) and protein (Figures 2C, D) levels, suggesting successful inhibition of EXOSC4 in SKOV3 and HO8910 cells.




Figure 2 | Lv-shRNA mediated EXOSC4 silencing in SKOV-3 and HO8910 cell lines. (A) EXOSC4 (GFP) expression in SKOV-3 and HO8910 cells as detected by fluorescence microscope (magnification 100×). Infection efficiency was > 90%. (B) Depletion of EXOSC4 mRNA in SKOV-3 and HO8910 cell lines treated with Lv-shEXOSC4 was determined by RT-PCR. (C) EXOSC4 protein in SKOV-3 and HO8910 cell lines was detected by western blot. (D) Analysis of EXOSC4 protein levels in SKOV-3 and HO8910 cell lines by Image J software analysis. **p < 0.01.





Downregulation of EXOSC4 Inhibits Cell Proliferation and Colony Formation in EOC Cells

Growth curves generated using CCK8 assays revealed that downregulation of EXOSC4 markedly inhibited EOC cell proliferation (Figure 3A). Further, the colony-forming ability was reduced in SKOV-3 and HO8910 cells with EXOSC4 silenced (Figure 3B).




Figure 3 | Knockdown of EXOSC4 inhibits cell proliferation, and induces G0/G1 arrest in the SKOV-3 and HO8910 cell lines. (A) CCK8 assays showed that knockdown of EXOSC4 inhibited cell proliferation in SKOV-3 and HO8910 cells. (B) Clone formation ability was also reduced by EXOSC4 knockdown. (C) Cells were arrested at G0/G1 phase following EXOSC4 knockdown. (D) mRNA levels of cyclin D1 and CDK4 detected by RT-PCR. (E) Western-blot assays to determine the protein levels of cyclin D1 and CDK4, and its band quantification. *p < 0.05, **p < 0.01, ***p < 0.001.





Knockdown of EXOSC4 Induced G0/G1 Arrest in EOC Cells

Flow cytometry was conducted to measure cell cycle distribution after knockdown of EXOSC4 and revealed that a substantial proportion of cells were arrested at the G0/G1 phase compared with the NC group, resulting in a sharp decline in the proportion of cells in the S phase (Figure 3C). These data are consistent with a potential role for EXOSC4 in the positive regulation of ovarian cancer cell proliferation. RT-PCR and western blot analysis showed that the expression levels of cyclin D1 and CDK4 were markedly decreased in response to EXOSC4 knockdown (Figures 3D, E).



Repression of EXOSC4 Suppresses Migration and Invasion of EOC Cells

The effect of EXOSC4 knockdown on EOC cell migration and invasion was evaluated by scratch and transwell assays. As shown in Figure 4, the cell-free regions in the wound-healing area of EXOSC4 knockdown group cells were markedly wider than those in the NC group (Figure 4A). Further, transwell assays showed that migration and invasion cells from the upper chamber were significantly decreased in both SKOV-3 and HO8910 cell lines following EXOSC4 knockdown (Figures 4B, C). Epithelial-mesenchymal transition (EMT)-related proteins were next detected by western blot. It was found that knockdown of EXOSC4 significantly increased E-cadherin, but reduced N-cadherin and vimentin, expression levels in SKOV-3 and HO8910 cells, compared with NC group cells (Figure 4D). These results indicate that EXOSC4 may mediate EMT initiation and progression in EOC.




Figure 4 | EXOSC4 knockdown inhibits the migration and invasion of SKOV-3 and HO8910 cell lines. (A) Migration ability after EXOSC4 knockdown in SKOV-3 and HO8910 cells were assessed using the scratch assay (magnification 100×), and migration rate was calculated. (B, C) Transwell assay to test invasion and migration ability. The number of invasion and migration SKOV-3 cells and HO8910 cells were counted; magnification 200×. (D) Western-blot assays to determine the protein levels of E-cad, N-cad, and vimentin, and its band quantification. *p < 0.05, **p < 0.01, ***p < 0.001.





Suppression of EXOSC4 Impaired Wnt Signaling Pathway Activity in EOC Cells

EXOSC4 has been identified previously as a upstream factor of Wnt pathway by bioinformatics analysis (11). To determine the mechanism by which EXOSC4 suppression inhibited EOC cell proliferation, migration, and invasion, we analyzed changes in the Wnt signaling pathway. Since cyclin D1 and vimentin were downregulated after EXOSC4 knockdown, we next analyzed levels of β-catenin and c-myc expression in EOC cells, and found they were also significantly inhibited (Figures 5A, B). The TCF/LEF luciferase reporter assay also revealed that the Wnt/β-catenin activity was suppressed after EXOSC4 knockdown (Figure 5C). These results suggested that the Wnt pathway may participate in EXOSC4-induced proliferation, migration, and invasion of EOC cells.




Figure 5 | Knockdown of EXOSC4 suppressed the Wnt signaling pathway. (A) mRNA levels of c-myc were detected using RT-PCR in SKOV-3 and HO8910 cells. (B) Western-blot assays to determine the protein levels of c-myc and β-catenin, and its band quantification. (C) The relative luciferase activity of TCF/LEF after EXOSC4 knockdown in SKOV-3 and HO8910 cells. **p < 0.01, ***p < 0.001.






Discussion

EOC is the most lethal gynecological malignancy worldwide (1). Most patients are diagnosed with EOC at an advanced stage and have poor prognosis (12). Therefore, we searched for novel targets for early detection and effective treatment of EOC. As a component of the human exosome complex, EXOSC4 is related to exosome stability and participates in RNA degradation (9, 13). Aberrant EXOSC4 expression is associated with several pathologies, including childhood obesity (14) and sepsis (15). Moreover, downregulation of EXOSC4 has been proven to have anticancer effects in colorectal (11), liver (16), and breast (17) cancers; however, the function and mechanism of EXOSC4 in EOC are unknown.

In this study, we demonstrated that EXOSC4 is overexpressed in EOC tissues and cell lines. Further, EXOSC4 expression was associated with FIGO stage and pathology grade, and our data reveal that EOC patients with high EXOSC4 expression had significantly shorter OS and PFS than those with low expression, similar to the findings of the bioinformatic analysis in mantle cell lymphoma (18). Moreover, high EXOSC4 levels were identified as an independent prognostic factor predicting OS and PFS. These results suggest that EXOSC4 may act as an oncogene in EOC.

To investigate the biological properties of EXOSC4 in EOC, we knocked down EXOSC4 expression in SKOV3 and HO8910 cell lines and found that it resulted in suppression of cell proliferation, and arrest of cell cycle progression at G0/G1 phase. Further, downregulation of EXOSC4 decreased cyclin D1 and CDK4 expression levels in EOC cells. These findings are consistent with the results of Pan et al. in the study of colorectal cancer (11). Deregulation of the G1/G1 phase is a critical process in abnormal cancer cell proliferation (19), and dysregulation of cell cycle-related proteins is frequently observed. For example, cyclin D1 is upregulated in approximately 18% of serous epithelial ovarian cancer, and its upregulation is associated with a more aggressive phenotype and dismal prognosis (20). Moreover, overexpression of CDK4 is found in approximately 15% of patients with EOC (21). Thus, agents targeting G0/G1 phase-related proteins, such as cyclin D1 and CDKs, are promising treatment targets in EOC (22, 23).

Downregulation of EXOSC4 can inhibit cancer cell migration and invasion (11, 16); however, the mechanism has not been adequately studied. Here, we demonstrated that knockdown of EXOSC4 significantly inhibits the migration and invasion of EOC cells. Expression of EMT-related proteins, including E-cadherin, N-cadherin, and vimentin, was also considerably altered. There are multiple steps involved in EOC metastasis, and EMT plays a vital role in progression (24). Bioinformatics analysis revealed that EXOSC4 is mainly related to the MAPK, p53, and Wnt pathways, which are closely related to EMT and tumor metastasis (11, 15). These results indicate that EXOSC4 may promote cell migration and invasion by activating EMT-related pathways.

Previous studies have demonstrated that the Wnt signaling pathway contributes to rapid cell proliferation, distal metastasis, multidrug resistance, and recurrence of ovarian cancer (25). It is established that Wnt-mediated receptor activation can transmit signals along different pathways, which can be roughly divided into β-catenin-dependent and β-catenin-independent signaling (26). The canonical β-catenin-dependent pathway plays a crucial role in EOC carcinogenesis, and the downstream transcription factors and proteins in this pathway have been explored (27). Dysregulation of Wnt/β‐catenin can induce EMT in ovarian cancer, which is characterized by decreased expression of the epithelial marker, E‐cadherin, and increased levels of mesenchymal markers, such as vimentin (28). Suppression of the Wnt/β-catenin pathway should always be considered when developing alternative therapies for ovarian cancer (29). For example, XAV939 and ICG‐001, two Wnt/β-catenin inhibitors with different modes of action, reduced ovarian cancer cell proliferation by suppressing the expression of cyclin D1 and c-myc (30). In this study, inhibition of EXOSC4 significantly decreased the expression levels of β-catenin, cyclin D1, vimentin, and c-myc, as well as the transcriptional activity of LEF/TCF, indicating that the Wnt/β-catenin pathway may participate in EXOSC4-induced EOC progression. Hence, our data expand understanding of the role of Wnt/β-catenin signaling pathway in EOC progression. Nevertheless, the detailed mechanism involved remains to be determined by further study.

Our study provides evidence that overexpression of EXOSC4 may promote EOC cell proliferation, migration, and invasion via the Wnt pathway; however, further studies should be performed to fully explore the mechanisms underlying the function of EXOSC4 in EOC. As STX2 drives cell proliferation through upregulating EXOSC4 in colorectal cancer (31), identifying specific sites in the upstream region of the EXOSC4 gene is warranted. Verification of the protein-protein interaction network in RPS6KA5–EXOSC4 and EXOSC4–EXOSC5 determined in previous work also warrants further attention (15). Moreover, the EXOSC4 function in EOC requires in vivo exploration in the future.



Conclusion

In conclusion, EXOSC4 is upregulated in EOC cell lines and tissues, and its overexpression may be an adverse prognostic factor in patients with EOC. Knockdown of EXOSC4 may inhibit EOC cell proliferation, migration, and invasion by suppressing the Wnt pathway. Our data suggest that EXOSC4 is a potential diagnostic marker in EOC and that downregulation of EXOSC4 using therapeutic agents may be valuable for EOC treatment.
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Background

The tumor immune microenvironment (TIME) has been recognized to be an imperative factor facilitating the acquisition of many cancer-related hallmarks and is a critical target for targeted biological therapy. This research intended to construct a risk score model premised on TIME-associated genes for prediction of survival and identification of potential drugs for ovarian cancer (OC) patients.



Methods and Results

The stromal and immune scores were computed utilizing the ESTIMATE algorithm in OC patient samples from The Cancer Genome Atlas (TCGA) database. Weighted gene co-expression network and differentially expressed genes analyses were utilized to detect stromal-and immune-related genes. The Least Absolute Shrinkage and Selection Operator (LASSO)-Cox regression was utilized for additional gene selection. The genes that were selected were utilized as the input for a stepwise regression to construct a TIME-related risk score (TIMErisk), which was then validated in Gene Expression Omnibus (GEO) database. For the evaluation of the protein expression levels of TIME regulators, the Human Protein Atlas (HPA) dataset was utilized, and for their biological functions, the TIMER and CIBERSORT algorithm, immunoreactivity, and Immune Cell Abundance Identifier (ImmuCellAI) were used. Possible OC medications were forecasted utilizing the Genomics of Drug Sensitivity in Cancer (GDSC) database and connectivity map (CMap). TIMErisk was developed based on ALPK2, CPA3, PTGER3, CTHRC1, PLA2G2D, CXCL11, and ZNF683. High TIMErisk was recognized as a poor factor for survival in the GEO and TCGA databases; subgroup analysis with FIGO stage, grade, lymphatic and venous invasion, debulking, and tumor site also indicated similar results. Functional immune cells corresponded to more incisive immune reactions, including secretion of chemokines and interleukins, natural killer cell cytotoxicity, TNF signaling pathway, and infiltration of activated NK cells, eosinophils, and neutrophils in patients with low TIMErisk. Several small molecular medications which may enhance the prognosis of patients in the TIMErisk subgroup were identified. Lastly, an enhanced predictive performance nomogram was constructed by compounding TIMErisk with the FIGO stage and debulking.



Conclusion

These findings may offer a valuable indicator for clinical stratification management and personalized therapeutic options for OC patients and may be a foundation for future mechanistic research of their association.
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Introduction

Globally, human ovarian cancer (OC) is associated with the highest lethality among the gynecological malignancies; the mortality accounts for approximately 5% of all female cancer-related deaths (1). Patients with epithelial OC (EOC), the main histological type, are commonly diagnosed at the late clinical stage due to the lack of symptoms at an early stage associated with the lack of an effectual diagnostic marker. While great progress in EOC treatment has been made due to the advances in surgery, chemotherapy, radiotherapy, immunotherapy, and targeted therapy, progression-free survival (PFS) and overall survival (OS) show modest improvements among patients. One of the primary explanations is the absence of effectual predictive markers for prognosis. Recently, an increasing body of evidence shows gene expression signature assays to estimate survival among tumor patients (2–4). Thus, the identification and development of new immune-related predictive markers which can predict patient prognosis more accurately and outline individualized treatment plans may have high clinical value.

The tumor immune microenvironment (TIME) has been known to be an important factor facilitating the acquisition of many cancer-related hallmarks. Successful peritoneal metastasis which entails the co-evolution of stromal and cancer cells has been recognized as the key cause for high risk of recurrence and mortality (5–7). In OC, several studies have shown the importance of TIME-related dysregulated and molecular signaling pathways as compared to the genomic factors; these can influence the patient’s survival probability, for example, there was a significant correlation between high lymphocyte infiltration and the survival time (8), the high immune scoring subtype with the upregulated tumor-infiltrating immune cells had a high BRCA1 mutation, high expression of immune checkpoints, and optimal survival prognosis (9, 10). In addition, mature DCs, M1 macrophages, natural killer (NK) cells, αβ T cells and γδ T cells can directly inhibit tumor growth or increase the susceptibility to checkpoint inhibitor therapies for OC (11, 12). Importantly, infiltration of CD4+ and CD8+ T cells into the tumor has been associated with improved overall and progression-free survival in OC patients (13).The TIME necessary for primary and metastatic outgrowth produces a target-rich niche for the development of auspicious anti-cancer agents. Although immune checkpoint inhibitors such as anti-PD-ligand 1 (anti-PD-L1), and anti-programmed death-1 (anti-PD-1) have been examined in phase III randomized controlled trials in OC patients (14), a perfect TIME related molecular biomarker to assess the susceptibility of drugs and prognosis of EOC, remains unknown. In this research, seven TIME-related genes were identified and a TIME-related risk model for prediction of survival and therapeutic responses in OC patients was constructed. The analysis workflow was shown in Figure 1.




Figure 1 | The workflow of the study.





Materials and Methods


Data Source and Evaluation of Stromal and Immune Scores

Gene expression data for patients with normal ovary and OC patients and their corresponding follow-up data were downloaded from GTEx (https://www.gtexportal.org/) and TCGA databases (https://portal.gdc.cancer.gov/). TCGA database was utilized to examine the possible TIME- and prognosis-related genes and premised on it the TIMErisk was then evaluated. An aggregate of 375 OC patients from TCGA, median age was 59 years (30 to 87), were randomly categorized into two cohorts in the ratio of 7:3 utilizing the “caret” package in R software; these were considered to be the training and testing cohorts, in that order. The training cohort consisting of 263 samples was utilized to detect the TIME regulators and build a prognostic model. The testing set with 112 samples was utilized to evaluate the model’s performance. GSE53963 and GSE140082 cohorts were accessed from the GEO dataset (https://www.ncbi.nlm.nih.gov/geo/) and utilized for independent external validation of the model. Stromal and immune scores were computed utilizing the “estimate” package in R software premised on the ESTIMATE algorithm (15).



Analyses of Differentially Expressed Genes (DEG) and Weighted Gene Co-Expression Network (WGCNA) Based on RNA-Seq Data

The analysis of DEGs between low and high stromal and immune scores was carried out utilizing the “limma” package in R. The genes that had a false discovery rate (FDR) value (the adjusted P-value computed utilizing Benjamin–Hochberg method) <0.05 and | Log2 [Fold Change (FC)] | >2 were considered to be DEGs. WGCNA was utilized to detect the co-expressed gene modules strongly related to the stromal and immune scores. The gene modules of maximal |correlation coefficient were regarded as strong stromal and immune correlated modules. The intersection of stromal and immune correlated DEGs and strong stromal and immune-correlated gene modules was utilized as the input in the Least Absolute Shrinkage and Selection Operator (LASSO) regression analysis.



LASSO Regularization and Construction of TIMErisk Model

LASSO is a descending dimension technique for regularization which could be utilized for examining biomarkers for survival analysis in combination with the Cox model (16). The stromal- and immune-related genes obtained from both the WGCNA and DEG analyses were employed as the input for the LASSO-Cox regression to detect the hub genes. Subsequently, a stepwise multivariate Cox proportional hazard regression analysis was conducted for these genes to obtain the ideal candidates and construct a prognostic model of TIMErisk using the TCGA training set. The genes with multivariate Cox P-value <0.05 were recognized as TIME regulators in the TIMErisk model. The model was calculated by the following formula:  Xi , where “coefi” and “Xi” denote the coefficient and expression levels of each TIME regulator, in that order. Patients with EOC were categorized into low- and high-risk groups premised on the median TIMErisk score set as the risk threshold point. ROC (receiver operating characteristic) curve analysis was utilized to examine the distinctive performance of the TIMErisk model.



Analysis of Tumor Immune Characteristics and Functional Enrichment for TIMErisk

The levels of infiltrating stromal and immune cells were computed utilizing the CIBERSORT algorithm (17). Single-sample gene-set enrichment analysis (ssGSEA) was utilized to estimate the activity of particular immune reactions, which in turn was utilized to delineate the enrichment score to represent the extent of absolute enrichment in the gene set for each of the samples within a specified data set (18). The gene sets for immune reactions were gotten from the ImmPort database (http://www.immport.org). The possible enriched biological functions associated with TIMErisk were detected utilizing the gene set enrichment analysis (GSEA) technique and annotated via Kyoto encyclopedia of genes and genomes (KEGG) and gene ontology (GO) datasets. In GSEA, the FDR value < 0.05 was judged to be a statistically significant enrichment.



Construction and Validation of Nomogram Score System

To assess the independent prognostic significance, multivariate and univariate Cox regression analyses for TIMErisk and clinical variables were performed. Based on the independent prognostic significance a nomogram was built for the training set to forecast the survival of EOC patients. In the nomogram score system, each of the variables was allotted a point; total points were calculated by summation of points for each sample to predict survival. Using calibration plot, and decision curve analysis (DCA) the discriminating ability, and predictive performance of the nomogram score system were assessed. The nomogram was also employed in the testing set and the whole set to validate the results.



Prediction of Chemotherapeutic Response and Small Molecule Drugs

The chemotherapeutic response in OC patients was evaluated utilizing a public dataset, Genomics of Drug Sensitivity in Cancer (https://www.cancerrxgene.org). Estimation of the drug response was done by computing the half-maximum inhibitory concentration (IC50). Possible small molecule drugs for UCEC were forecasted utilizing the Connectivity map (CMap, https://www.broadinstitute.org/connectivity-map-cmap) comprising of genome-wide transcriptional expression data from small molecule drugs; premised on the links between genes, drugs, and diseases via the variation in gene-expression profiles potential candidates were predicted. This was premised on DEGs between low- and high-risk cohorts with | log2fold change (FC) | > 2 and FDR < 0.05.



Survival and Other Statistical Analyses

With regards to the categorical variables, Cox and KM regression analyses were utilized to compute the significant differences in the OS, which were then contrasted utilizing the log-rank test. With regards to continuous variables, Cox regression was utilized to compute the hazard ratio and significant differences in the OS. Stratified analysis was conducted to examine the survival differences among the subcategories, for instance, FIGO stage, age, grade, lymphatic and venous invasion, debulking, and tumor site. Spearman’s correlation analysis was conducted to determine the relationship between TIME regulators and immunocyte fractions and immune reaction activities. Two-tailed P-values were computed and P < 0.05 was judged to be statistically significant.




Results


Calculation of Stromal/Immune Scores and Their Relationship With Patients’ Clinical Characteristics

To evaluate the role of immune infiltration in OC oncogenesis, an aggregate of 379 OC tissues from the TCGA dataset and 188 normal ovary tissues from the GTEx dataset were included in this research and the stromal and immune scores were computed. In OC patients, the range of the stromal span from −2098.5 to 1514.7 while the range of immune scores spans from −2153.5 to 2015.3. In normal tissues, the range of immune and stromal scores span from −1714.2 to 389.1 and −698.0 to 1171.5, in that order. As shown in Figure 2A, the stromal scores were considerably elevated in the normal as opposed to the tumor tissues, whereas the immune scores were higher in tumor tissues. This indicated that stromal and immune cells played opposite roles in oncogenesis. Furthermore, the stromal and immune scores in OC tissues were evaluated. We discovered that the stromal and immune scores were higher in patients with venous and lymphatic invasion as compared to those without tumor invasion (Figure 2A). In the FIGO stage, pathological grade, and different ages, the outcomes did not indicate any statistically significant differences between the cohorts, which indicated that stromal and immune cells could have an imperative function in tumor invasion and metastases (Figures S1A–D). KM analyses illustrated that the patients who had an elevated immune and reduced stromal scores exhibited better OS as opposed to those with reduced immune and elevated stromal scores (Figures 2B, C). Moreover, the stromal and immune scores of OC patients were determined in GSE53963 and GSE140082 cohorts, and the results of survival analysis were similar to those in the TCGA database (Figures 2B, C). The heatmap of immune and stromal scores for TCGA and GEO datasets are presented in Figure 2D. The above results suggested that the stromal and immune cells have a crucial influence on the tumorigenesis and prognosis in OC.




Figure 2 | Stromal and immune scores and their relationship with patients’ clinical characteristics. (A) Differential analysis for the distribution of stromal and immune scores in tumor and normal tissues; in venous/lymphatic invasion and non- venous/lymphatic invasion in the tumor. (B) Survival analysis premised on the high- and low-immune scores in the TCGA, GSE53963, and GSE140082 databases. (C) Survival analysis premised on the high- and low-stromal scores in the TCGA, GSE53963, and GSE140082 databases. (D) Heatmap of immune, stromal, and ESTIMATE scores in TCGA, GSE53963, and GSE140082 databases.





Tumor Microenvironment Regulators Are Involved in OC

To identify the genes involved in the regulation of tumor microenvironment, the limma package in R software was utilized and a WGCNA network was constructed to identify DEGs between the high- and low-risk cohorts premised on stromal and immune scores for OC in the TCGA database. The volcano plot depicted 232 DEGs in accordance with the immune scores and 246 DEGs in accordance with the stromal scores (Figures 3A, B). In WGCNA, the soft-thresholding power was adjusted at 3 with scale independence at adjusted to 0.9 to guarantee a scale-free network (Figure S1E). An aggregate of 24584 genes was assigned to 11 modules in the immune score groups, among which 771 genes belonged to the brown module. There were also 11 modules assigned in the stromal score groups; among them, 782 genes were assigned to the blue module (Figures 3C–G). Both the blue and brown modules were significantly linked to high stromal and immune scores, respectively (blue: correlation coefficient =0.93, P < 0:001; brown: correlation coefficient =0.92, P < 0:001; Figures S1F, G). The Venn plot was constructed and it displayed the number of DEGs as well as their intersection with strong TIME-correlated gene modules in immune and stromal score cohorts. These overlapping genes were further used as the input for LASSO-Cox regression analysis (Figures 3H–L and Figures S1H, I). Five genes (PLA2G2D, CXCL11, ZNF683, TIFAB, and OLR1) were selected from among the immune-related genes (Figure 3J); 19 genes (SFRP2, CCL21, GREM1, BCHE, IGFL2, COMP, SLC35D3, ALPK2, C5orf46, CPA3, SVEP1, PTGER3, MAB21L2, CTHRC1, XIRP1, LPPR4, PTGIS, and VCAM1) were selected from among the stromal-related genes (Figure 3M). To evaluated the prognostic precision of the gene set, the ROC curve analyses for OS was performed. The OS AUC values for the 19 risk signatures from the stromal score cohort and 5 risk signatures from the immune score cohort were 0.748 and 0.682, respectively (Figures S2A, B). Therefore, these 24 genes were identified as the critical regulators involved in TIME (Figure 3N).




Figure 3 | TME regulators are involved in the periodontitis process. (A, B) DEGs between the high- and low-stromal and immune score groups. (C) Clustering dendrograms of genes premised on dissimilarity topological overlap and module colors. (D, F) Scatter plots of immune and stromal genes significantly related to module membership. (E, G) Dendrogram of consensus module eigengenes and heatmap plot of the contiguities of modules for immune- and stroma-related genes. (H, K) Venn plot shows the number of intersecting immune- and stroma-related genes from DEG analysis and WGCNA. (I, L) LASSO analysis for choosing alternate genes associated with stromal and immune scores. (J, M) The significant genes are selected from immune-related genes and immune-related genes. (N) The genes are identified as the critical regulators in TIME.





Establishment and Validation of Prognostic Signatures for Regulators of TIME

Further, the prognostic function of TIME regulators in OC patients was evaluated. An aggregate of 375 patients were categorized randomly into the TCGA training cohort (263 participants) and validation cohort (112 participants) in a ratio of 7:3 ratio. The basic features for the TCGA training and validation cohorts, such as FIGO stage, age, grade, lymphatic and venous invasion, days to the new tumor, and debulking, were not significantly different (all p > 0.05; Table S1).

To accurately identify the significant genes for predicting clinical outcome in OC patients, multivariate Cox proportional hazard regression analysis was conducted in the TCGA training cohort; seven TME regulators, ALPK2, CPA3, PTGER3, CTHRC1, PLA2G2D, CXCL11, and ZNF683, were identified (Figure 4A). Subsequently, a prognostic signature built premised on the expression levels of these TME regulators and their coefficients in the multivariate Cox proportional hazard model were computed as follows: TIMErisk= 0.145×ZNF683 expression – 0.146× ALPK2 expression – 0.146× CPA3 expression +0.174 × PTGER3 expression +0.209 × CTHRC1 expression – 0.146× PLA2G2D expression – 0.146× CXCL11 expression. In the TIMErisk equation, three TIME regulators (ZNF683, PTGER3, and CTHRC1) had a positive coefficient which suggested that they were potential risk factors and the upregulation of their expression was linked to dismal prognosis. Four TIME regulators (ALPK2, CPA3, PLA2G2D, and CXCL11) with a negative coefficient were recognized to be protective factors that indicated an improved survival owing to the upregulation of their expression. Premised on the median TIMErisk score threshold of 0.83, patients whose scores were greater compared to the median in the training cluster were categorized as the high-risk cohort, while those whose scores were equivalent to or lower compared to the median were categorized as the low-risk cohort (Table S2). OC patients in the low TIMErisk cohort exhibited improved survival results contrasted with those in the high TIMErisk cohort (P < 0.001, log-rank test; Figure 4C). For the OS survival prediction of TIMErisk, the AUC of the ROC curves in the training set was 0.747 (Figure 4B).




Figure 4 | Construction and Validation of Prognostic Signatures for TIME regulators. (A) Forest plot presents the seven genes related to TIME. (B) ROC curves analysis of TIMErisk with OS in OC patients of TCGA training, testing, and GSE53963 cohorts. (C) Kaplan-Meier curve analysis of TIMErisk with OS in OC patients of TCGA training, testing, and GSE53963 cohorts. (D) A group of risk plots for TCGA training, testing, and GSE53963 cohorts, including the heatmap of TIME regulators’ expression and the distribution of patients’ survival status.



To confirm the performance of the TIMErisk in predicting survival, we computed the TIMErisk scores for the testing cluster and the GSE53963 set; The outcomes indicated that their median TIMErisk scores were 0.941 and 0.017, respectively. Premised on the ROC curve and KM analyses (Figure 4B), patients in the low-risk cohort displayed prolonged survival as opposed to those in the high-risk cohort; AUC values were 0.702 and 0.736 in the testing and GSE53963 sets, respectively (Figure 4C). Furthermore, a set of risk plots for 3 databases, such as heatmap of TIME regulators’ expression and the spread of patients’ survival status were plotted. As depicted in Figure 4D, the expression levels of PTGER3 and CTHRC1 in the training, testing, and GSE53963 clusters increased as the TIMErisk scores increased, while the expression of CPA3, PLA2G2D, and CXCL11 reduced as the TIMErisk scores increased. Taken together, these results indicated that TIMErisk had a good efficacy for survival prediction.



Association of TIME Regulators With EOC Clinical Characteristics

To identify the role of the seven TIME regulators in OC tumorigenesis, we analyzed their expression in normal ovary and OC tissues from the GTEx and TCGA databases. As shown in Figure 5A, all TIME regulators except CPA3 and PTGER3 were overexpressed in the OC. Furthermore, the protein expression of TIME regulators was analyzed using the Human Protein Atlas (HPA) database; six of the seven TIME regulators (ALPK2, CPA3, PTGER3, CTHRC1, CXCL11, and ZNF683) were analyzed and all except CPA3 had enhanced expression in OC (Figure 5B). Interesting, it appears that PTGER3 expression is non-significant at mRNA level, while the protein expression appears significant in the tumor sections, which may be caused by the regulation of epigenetics. So, the results above suggested that the TIME regulators might have a vital function in the oncogenesis of OC.




Figure 5 | TME regulators are associated with EOC clinical characteristics. (A) Differential analysis of the mRNA expression of the seven TIME regulators between the normal ovary and OC tissues. (B) The protein expression of the seven TIME regulators in normal ovary and OC tissues using the HPA database.



To elucidate the underlying role of the TIME regulators in the development of OC, the mRNA expression levels for different clinical characteristics were analyzed in the TCGA database. As shown in Figure S3A, PTGER3 and PLA2G2D were overexpressed and thus, contributed to lymphatic and venous invasion; the aberrant expression of ALPK2, CPA, PTGER3, and PLA2G2D were closely associated with FIGO stage; PLA2G2D was related to the pathological grade, and lower expression of PLA2G2D and CXCL11 was found in patients with bilateral as compared to unilateral ovarian cancer; high expression of PTGER3 and CTHRC1 increased the difficulty in debulking, and the expression of seven TME regulators did not show any significant differences with age Furthermore, the correlation between the expression of TIME regulators and OS in OC patients was determined. As depicted in Figure S3B, patients that had an elevated expression of PLA2G2D and CXCL11 displayed longer survival, while the expression of the other five TIME regulators had no significant association with OS. The above results indicated that OC oncogenesis and development involved the participation of multiple genes; studies based on single genes may lead to bias in results. Therefore, using the significant gene set is relevant to the evaluation of the clinical prognosis of OC.



Association of TIMErisk With EOC Immune Signature

To assess the differences in features of the immune microenvironment between the high- and low-TIMErisk cohorts, infiltrating immunocytes and immune reaction gene-sets were evaluated. Infiltration of several immunocytes differed between the two groups (Figure 6A). High-TIMErisk group had higher levels of CD4 memory-activated T cells, CD4 naive T cells, M1 macrophages, resting NK cells, and resting dendritic cells; memory-activated B cells, eosinophils, activated NK cells, and neutrophils were enriched in low-TIMErisk groups. This suggested that the high TIMErisk group had a relatively different infiltration of immunocytes. Active immune reactions were higher in the low TIMErisk group. For example, antigen processing and presentation, chemokines, natural killer cell cytotoxicity, TNF family members, interleukins, and BCR signaling pathways were active in the low TIMErisk group (Figure 6B). These results suggested that the low TIMErisk group mediated an active immune response, while those in the high TIMErisk group involved active immunosuppression of OC.




Figure 6 | TIMErisk is associated with EOC immune signature. (A) The differences in abundances of each immune microenvironment infiltrating immunocyte for TIMErisk subgroup in TCGA training cohort. (B) The activity differences for each immune reaction gene-set of TIMErisk subgroup in TCGA training cohort. (C) Dot-plot demonstrates the correlation between each dysregulated immune microenvironment infiltration cell type and TIME regulators in the TCGA training cohort. (D) Dot-plot demonstrates the correlation between dysregulated immune reaction gene-set and the TIME regulators in TCGA training cohort. Data are presented as mean ± SD, ns p > 0.5. *p < 0.5; **p < 0.01; ***p < 0.001; ****p < 0.0001.



Furthermore, to investigate the biological behavior of TIME regulators in the immune microenvironment, we analyzed the correlation of TIME regulators with immune reaction gene-sets and infiltrating immunocytes. As shown in Figure 6C, the expression of TIME regulators, especially PLA2G2D, CXCL11, and ZNF683, exhibited a positive correlation with memory B cells and monocytes, and a negative correlation with M2 macrophages, CD4 memory activated T cells, CD4 naive T cells, M1 macrophages, and activated mast cells. Remarkably, the expression of TIME regulators exhibited a negative relationship with the immune reactions mediated by the members of the TNF family and positively correlated with most other immune reactions, including antigen processing and presentation, chemokines, natural killer cell cytotoxicity, and BCR signaling pathways (Figure 6D). This indicated that TIME regulators, in particular, the aberrant expression of PLA2G2D, CXCL11, and ZNF683 may play different roles in the process of immune infiltration and could lead to strong immune reactions in OC,



Assessment of Independent Prognostic Significance of TIMErisk and Clinical Stratification

To examine if TIMErisk was an independent prognostic factor of clinicopathological characteristics, we conducted multivariate and univariate Cox regression analyses utilizing the TCGA datasets for variables such as Immunescore, age, FIGO stage, grade, and debulking. The outcomes of univariate Cox regression illustrated that Immunescore, age, FIGO stage, and debulking had a significant correlation with the patients’ OS (P <0.05). Through multivariate Cox regression analysis, Immunescore, FIGO stage, and debulking were identified as the prognostic significances (P < 0.1, Figures 7A, B). Furthermore, clinical stratification for the analysis of TIMErisk prognostic performance was conducted in the TCGA database after adjusting for other clinical features such as age, FIGO stage, grade G3, lymphatic invasion, debulking, and tumor site. The outcomes illustrated that patients in the low-risk cohorts had improved survival outcomes as opposed to those in the high-risk cohorts among all clinically stratified subcategories (P < 0.05, Figure 7C). To surmise, these findings indicated that the prognostic value of TIMErisk in OC patients was independent of other clinicopathological characteristics.




Figure 7 | Independent Prognostic Significance of TIMErisk and Clinical Stratification Analysis. (A) Univariate Cox regression analysis of the TIMErisk and clinical characteristics for the independent prognostic significance in the TCGA cohort. (B) Multivariate Cox regression analysis of the TIMErisk and clinical characteristics for the independent prognostic significance in the TCGA cohort. (C) Kaplan–Meier survival curves of patients in the low- and high-risk groups within clinically stratified subcategories.





Construction and Validation of Nomogram for Survival Prediction of EOC Patients

To enhance the applicability of the model in clinical practice, we constructed a statistical nomogram model in the training cohort by combining the prognostic significances (Immunescore, FIGO stage, and debulking) using “rms” and “survival” packages in R (Figure 8A). The calibration plots depicted in Figures 8B–D displayed that the nomogram had better performance as opposed to that of an ideal model based on the training, test, and GSE53963 cohorts. Similarly, according to the decision curve (Figures 8B–D), the nomogram also showed a higher net benefit and better predictive accuracy than the FIGO stage system and FIGO stage & debulking system. Thus, these outcomes illustrated that the nomogram had improved prediction ability.




Figure 8 | Construction and Validation of a Nomogram for Survival Prediction of EOC Patients. (A) The nomogram was constructed in the training cohort for forecasting 1-, 3-, and 5-year survival of patients. (B) Calibration plots and decision curves for 3-, and 5-year survival prediction premised on the nomogram in the TCGA training cohort. (C) Calibration plots and decision curves for 3-, and 5-year survival prediction premised on the nomogram in the TCGA test cohort. (D) Calibration plots and decision curves for 3-, and 5-year survival prediction premised on the nomogram in the GSE53963 cohort.





New Therapeutic Regimens for OC

To further identify the relevant drugs for high- and low-TIMErisk patients, the GDSC database consisting of cancer cell responses to various drugs was downloaded. the IC50 of 79 drugs in 33 ovarian cancer cells was estimated. Surprisingly, we found that high- and low-TIMErisk clusters exhibited similar cytotoxicity to all drugs, including the chemotherapeutic drugs cisplatin, docetaxel, gefitinib, and the bio-targeted drug olaparib (Figure 9A). To explore new therapeutic regimens for OC, the DEGs between the high- and low- TIMErisk cohorts were identified; GO enrichment analysis illustrated that the DEGs primarily participated in the regulation of humoral immune response, immune response activating signal transduction, and adaptive immune response premised on somatic recombination of immune receptors constructed from immunoglobulin superfamily domains (Figure S4A and Table S3). In addition, GSVA enrichment analysis was utilized to assess the activation status of KEGG pathways. As opposed to the low TIMErisk cohort, patients in the elevated TIMErisk cohort exhibited a greater pathway enrichment in primary immunodeficiency, chemokine signaling, and natural killer cell-mediated cytotoxicity (Figure S4B and Table S4). Furthermore, we sought to examine potential drugs targeting the pathways of the DEGs between low- and high TIMErisk cohorts in the CMap dataset. The CMAP mode-of-action (MoA) analysis of 21 compounds illustrated that 20 MoAs were shared between these drugs (Figure 9B and Table S5). CMap database analyses showed that two drugs (vinburnine and pindolol) shared the MoA with the adrenergic receptor antagonist, Isoxicam and Sc-560 shared the MoA with cyclooxygenase inhibitor, and mianserin and pindolol shared their MoA with serotonin receptor antagonist. Patients with low TIMErisk showed greater sensitivity for protein synthesis inhibitor (puromycin) and PPAR receptor agonist (clofibrate); cyclooxygenase inhibitor (Isoxicam and Sc-560) and leukotriene receptor antagonist (tomelukast) may offer possible advantages to patients in the high TIMErisk cohort. Thus, drugs targeting the TIMErisk signature were identified and these may provide therapeutic targets for future experiments.




Figure 9 | New therapeutic regimens for OC. (A) The IC50 differences for 79 drugs between high- and low-TIMErisk clusters in TCGA database. (B) Novel candidate drugs targeting the TIME-related signature identified by CMap database analysis.






Discussion

TIME has an intensive interplay between tumor, stromal, and immune cells, and these interactions are critical for tumorigenesis and cell proliferation. Aberrant infiltration of immune and stromal cells in human tumors not only fails to restrain tumor growth but also promotes tumor escape from the host and thereby influences the patient’s prognosis (19, 20). Low-level infiltration of cytotoxic immune cells could contribute to the escape of the tumor cells from immune attack. It can increase tumor-infiltrating T cells and clear tumor cells efficiently due to their immune-active nature (21). The stroma can regulate tumor immune phenotypes, including cancer-related fibroblasts (CAFs) which suppress the antitumoral immune response due to the entry of T cells (22). OC is capable of create a highly complex and heterogenous ecosystem where anti-tumor immune cells may be hijacked to evade human immune attack (23). In this research, the stromal and immune scores for normal ovary and OC tissues were computed utilizing the ESTIMATE algorithm. We found that the normal tissues had increased stromal and reduced immune scores as opposed to the OC tissues, which suggested that the remodeled ECM and alternate immune cells could have a crucial function in OC tumorigenesis. Previous studies show that high stromal and immune scores are linked to dismal survival in gastric cancer (24), and better survival in lung adenocarcinoma (3). However, we discovered that an elevated immune score was a significant factor for dismal prognosis and an elevated stromal score was linked to good OS in OC patients. These were also validated in the GSE53963 and GSE140082 datasets. Together, this indicated that the prognostic value of stromal and immune scores may exhibit distinct values in solid tumors. Interestingly, we discovered that the elevated stromal and immune scores were correlated with the venous and lymphatic invasion, unlike previous findings where a low stromal score was a factor for dismal prognosis in OC. Venous and lymphatic invasion are independent high-risk risk factors for poor prognosis (25, 26). This suggested that the stromal and immune cells had distinct roles at different stages of OC, and thus, a more detailed study is necessary to elucidate the TIME mechanisms.

Because of the poor prognosis and high recurrence in OC, clinically useful molecular prognostic biomarkers and intensification of individualized therapy are needed for high-risk patients. Therefore, we constructed a TIMErisk signature premised on immune and stromal scores which could accurately predict OC patient prognosis using only seven genes. The genes participating in the TIMErisk model embodied a negative or positive correlation with OS. The overexpression of PTGER3, ZNF683, and CTHRC1 could increase the TIMErisk score and lead to poor prognosis, whereas high expression of ALPK2, CPA3, PLA2G2D, and CXCL11 decreased TIMErisk score and contributed to better survival. The prostaglandin E2 (PGE2) receptor, PTGER3, exerts multiple effects including invasion, epithelial cell growth, and immune regulation (27). Our findings were similar to previous results which show that abnormal PTGER3 expression is linked to the biological hallmarks of malignancies exhibiting negative clinical prognosis (27–29). The elevated PTGER3 expression was correlated with dismal survival and high-risk factors of stage, lymphatic and venous invasion, and suboptimal debulking in OC patients. ZNF683, originally Hobit for Homolog of Blimp-1 in T cells discovered in 2010, is nearly entirely expressed in effector T cells (30). A few researchers have investigated its role in tumorigenesis and tumor progression. Although ZNF683 expression was exhibited no significant relationship with the prognosis of EOC, we found overexpression of ZNF683 in the patients with lymphatic invasion, late-stage, and high grade. This suggested that ZNF683 could target the TIME signaling cascade. Increasing evidence shows the important function of ZNF683 in long-lived and quiescent effector-type CD8+ T cells and differentiation of the human NK-cell lineage (31, 32). PLA2G2D is an immune regulator that participates in the transformation of lipid balance to an anti-inflammation status and can either have a beneficial or detrimental function, contingent on the inflammation and tumor context (33, 34). CXCL11 exhibits multiple effects such as modulation of angiostatic effects, cell adhesion, regulation of cell proliferation and self-renewal, and chemotactic migration. It is a biomarker for predicting prognosis and targeted therapeutic effects (35, 36). Similar to the above studies, PLA2G2D and CXCL11 which were overexpressed in the patients at an early stage, correlated with better survival. ALPK2 is essential in cancer as it regulates the cell cycle and DNA repair genes (37). CPA3 is involved in the transactivation of the p21WAF1/CIP1 gene and histone deacetylase (38). CTHRC1 modulates macrophage polarization to M2 phenotypes by directly binding to the TGF-β receptor II and TGF-β receptor III and activating TGF-β signaling (39). Aberrant expression of ALPK2 and CTHRC1 are independent high-risk factors for poor survival in multiple tumors (40, 41). In this study, ALPK2, CPA3, and CTHRC1 were overexpressed in the patients at a late stage and associated with the debulking difficulty. Therefore, tumorigenesis and development of OC involved the participation of multiple TIME genes and the TIMErisk signature was had better relevance for the evaluation of the clinical prognosis of OC.

Interestingly, resting or naïve immune cells such as CD4 naive T cells, resting dendritic cells and resting NK cells were elevated in the patients with higher TIMErisk, whereas a large number of functional immune cells, including activated NK cells, eosinophils, and neutrophils, corresponding to more incisive immune reactions, including antigen processing and presentation, chemokines, interleukins, natural killer cell cytotoxicity, and BCR and TNF signaling pathways showed higher infiltration in the low TIMErisk patients. The findings were consistent with the conclusion that immunosuppression was the primary cause for the greater risk of malignant progression and death. Based on the above results, we speculated that the predictive model based on TIMErisk may be a reliable biomarker for cancer therapy.

Fortunately, we identified 21 compounds with 20 MoAs, including adrenergic receptor antagonists, a cyclooxygenase inhibitor, and a serotonin receptor antagonist. The PPAR receptor agonist (clofibrate) and chloride channel blocker (benzbromarone), in particular, could offer possible advantages for high-risk cohort patients. Cyclooxygenase inhibitor (Sc-560) and leukotriene receptor antagonist (tomelukast) showed greater sensitivity for patients with low TIMErisk. Clofibrate is widely used in the treatment of tumors including pancreatic cancer (42), colon cancer (43), and acute myeloid leukemia (44). For approximately 30 years, benzbromarone has been used therapeutically for chronic gout and possesses cytotoxicity for hepatocellular carcinoma, which could be suppressed by CYP3A inhibitors, Nrf2 activator, and GSH precursor (45). Wei et al (46) show that SC-560 can exert significant cytotoxicity and cisplatin or taxol supplementation in human ovarian cancer xenografts enhances the inhibition effect on angiogenesis as compared to cisplatin or taxol alone. Tomelukast is commonly used to treat asthma and related respiratory disorders (47). Although its effect on the tumor is unknown, tomelukast could target the PPARα and PPARγ to regulate carbohydrate and lipid metabolism, and exert an anti-inflammatory action (48). The aforementioned medications are untraditional anti-tumor compounds and the existing evidence about their influence on tumors particularly in OC is limited. Nevertheless, among patients in the various TIMErisk subcategories, all medications with potential advantages ought to be evaluated. In patients who might not gain any improvement from the traditional medicine alone, adjuvants can be administered.

Currently, FIGO staging is the most extensively utilized technique to examine the malignancy potential as well as the disease progression in OC. However, this technique has its drawbacks since it is mainly contingent on the distant metastasis, lymph node invasion, size, and location of the tumor. It does not consider the heterogeneity of tumor, age, and other clinical characteristics. Therefore, it is costly to construct an integrated prognostic model consisting of clinical properties and high-risk gene signatures. Our results showed that FIGO stage, debulking, and TIMErisk of the analyzed EOC samples in the TCGA training cluster were independent high-risk factors associated with poor survival. In addition, the nomogram based on the prognostic signature showed a higher net benefit and better predictive accuracy than the FIGO stage system and FIGO stage & debulking system. These results may guide the individualized treatment for OC patients.

While our model was valuable in examining prognosis and carrying out therapies for OC patients, it ought to be prospectively confirmed by large-sample clinical studies. The context of TIME, such as remodeling stroma, the status of immune cells infiltration, immunoreaction, and the molecular mechanisms mediated by TIMErisk was explored through bioinformatic analysis only. Thus, additional experimental validations are required to corroborate these findings. Additionally, we have identified several potential drug compounds for TIMErisk subgroups. Unfortunately, there is a lack of available research to confirm their efficacy in ovarian cancer. Further investigations are needed to contrast the TIMErisk scores with present biomarkers and examine the relationship between TIMErisk and the potential drugs in OC patients.



Conclusion

To summarize, our research detected a risk prognostic signature encompassing 7 genes related to TIME. The TIMErisk can forecast the OS of OC patients and indicated the situation of stroma remodeling and immune response. Candidate drugs for TIMErisk subgroups were identified. Lastly, an enhanced predictive performance nomogram by compounding TIMErisk with the FIGO stage and debulking was constructed. Ultimately, these findings could offer a valuable indicator for clinical stratification management and personalized therapeutic options for OC patients and may be a foundation for forthcoming mechanistic research projects of their association.
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Ovarian cancer (OC) is a highly heterogeneous disease with different cellular origins reported; thus, precise prognostic strategies and effective new therapies are urgently needed for patients with OC. A growing number of studies have shown that most malignancies have intensive angiogenesis and rapid growth. Therefore, angiogenesis plays an important role in the development of tumor metastasis. However, the prognostic value of angiogenesis-related genes (ARGs) in OC remains to be further elucidated. In this study, the expression data and corresponding clinical data from patients with OC and normal control samples were downloaded with UCSC XENA. A total of 1,960 differentially expressed ARGs were screened and functionally annotated through Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. Univariate Cox regression analysis was performed to identify ARGs associated with prognosis. New ARGs signatures (including ESM1, CXCL13, TPCN2, PTPRD, FOXO1, and ELK3) were constructed for the prediction of overall survival (OS) in OC based on the least absolute shrinkage and selection operator (LASSO) and multivariate Cox regression analysis. Patients were divided based on their median risk score. In the The Cancer Genome Atlas (TCGA) training dataset, the survival analysis showed that overall survival was lower in the high-risk group than that in the low-risk group (p < 0.0001). The International Cancer Genome Consortium (ICGC) database was used for validation, and the receiver operating characteristic (ROC) curves showed good performance. Univariate and multivariate Cox analyses were conducted to identify independent predictors of OS. The nomogram, including the risk score, age, stage, grade, and position, can not only show good predictive ability but also can explore the correlation analysis based on ARGs for immunogenicity, immune components, and immune phenotypes with risk score. Risk scores were correlated strongly with the type of immune infiltration. Furthermore, homologous recombination defect (HRD), NtAIscore, LOH score, LSTm score, stemness index (mRNAsi), and stromal cells were significantly correlated with risk score. The present study suggests that the novel signature constructed from six ARGs may serve as effective prognostic biomarkers for OC and contribute to clinical decision making and personalized prognostic monitoring of OC.
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Introduction

Ovarian cancer (OC) is a global problem, ranking eighth in mortality and morbidity among women. According to the data from the 2020 GLOBOCAN, an estimated 313,959 people worldwide were diagnosed with OC in 2020, accounting for 3.4% (431,288 cases) of all new cases of cancer and 4.7% (207,252 deaths) of all new deaths due to cancer (1). Moreover, due to its insidious clinical presentation and no effective screening method in the early stage, most cases (almost 75%) are diagnosed at its late stage, resulting in a poor 5-year survival rate (2). The current standard front-line treatment, including cytoreductive surgery and a combination chemotherapy, such as platinum and paclitaxel, has been performed on patients with OC, with a 5-year survival rate of OC with stage III–IV <20% (3). Therefore, to explore and establish a reliable prognostic model of OC is of great significance to guide more appropriate clinical treatment and improve the prognosis of OC.

Angiogenesis factors (AFs) are essential for tumorigenesis because of their indispensable induction in providing oxygen and delivering nutrients and metastatic conduits (4). In 1971, Folkman first proposed that the development of tumors depends on angiogenesis (5). In recent decades, numerous studies have found that AFs can induce angiogenesis, increasing the aggressiveness of tumors by promoting tumor-associated neovascularization, which are essential for the development and metastasis of tumors (6, 7). Some angiogenesis inhibitors have been recommended for treatment and approved for many cancers (8). Many studies have demonstrated that some AFs play an important role in the development of OC, such as vascular endothelial growth factor (VEGF), hypoxia-inducible factor 1 α (HIF-1α), phosphatase and tensin homolog (PTEN), and miR-205 (9–11). Thus, the expression of angiogenesis-related genes (ARGs) may be a potential target for OC.

In this study, we established the ARG risk models based on ARGs in the NCBI-Gene and MSigDB databases to predict the overall survival (OS) in OC in the Xena-OC dataset and validate it in the ICGC-OV-AU dataset. Then, we further revealed the relationship between high- and low-risk subgroups and immune infiltration with biofunctional prognosis. Overall, our data suggest that ARGs play a key role in the pathogenesis of OC, which are potential therapeutic targets and prognostic markers for OC, providing a more effective approach to prevent tumor progression and treat cancer metastasis.



Materials and Methods


Data Acquisition

The data used in this study, including the fragments per kilobase of transcript per million mapped reads (FPKM) standardized sequencing dataset and the corresponding clinical data (patients, age, and other clinical information of patients) of OC samples and non-OC samples, were all retrieved from open-source databases, such as the UCSC Xena (https://xenabrowser.net/datapages/), TCGA dataset (http://www.tcga.org), and GTEx database (https://gtexportal.org/). All the data were removed for batch effects with the “sva” package in R (https://www.rproject.org/). At last, 88 normal and 354 tumor samples were obtained. Another OC dataset from the International Cancer Genome Consortium (ICGC) data portal (https://icgc.org/) was obtained as the external verification database, including 111 tumor samples. The list of 1,960 ARGs retrieved from NCBI-Gene and MSigDB databases with the keyword “angiogenesis.”



Identification of Differentially Expressed ARGs

The “limma” package was adopted to identify the difference between ARGs in training cohort, with the cutoff criteria of |log2 fold change (FC)| >1 and an adjusted p < 0.05 [false discovery rate (FDR)] as the criteria for ARGs identification. Heatmap of differential ARGs was expressed based on R package “pheatmap,” and Volcano plots were drawn with R package “ggpubr.”



GO and KEGG Functional Enrichment Analysis of Different ARGs

To reveal the potential pathways and biological functions of ARGs, Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.kegg.jp/) analysis and Gene Ontology (GO, http://www.geneontology.org) analysis with the “clusterProfiler” package in R software were also utilized in this study. The top 20 GO terms were visualized based on R package “enrichplot,” and KEGG chord diagram were drawn by R package “GOplot.”



Identification of Signatures of Survival-Related ARGs

The prognostic ARGs were identified to determine statistical significant correlation with OS of patients with OC through the univariate Cox regression analysis by the “survival” package, with p < 0.05 as the threshold. The subsequent survival curve was plotted. The expression levels of ARGs were divided into high and low groups by median to demonstrate the prognostic differences between the subgroups. A box plot was plotted by R package “ggpubr” to assess the comparability of groups.



Construction and Validation of a Risk Model Based on ARGs

After the univariate Cox regression analysis and forest plots were established with the “forestplot” package, the prognostic ARGs associated with OC by least absolute shrinkage and selection operator (LASSO) regression and multivariate COX regression were further screened out. First, LASSO regression analysis was conducted to establish a prognostic multigene signature in the training set with the glmnet package. The dependent variable in the LASSO regression analysis was overall survival and status of patients in the TCGA cohort, and the independent variable in the LASSO regression analysis was standardized expression matrix of candidate prognostic ARGs. Then, a risk model was constructed through multivariate Cox regression analysis to distinguish the significant prognostic ARGs, with the final prognostic ARGs of patients with OC on the basis of the linear combination of regression coefficient (β) obtained from the LASSO-Cox regression model and their gene expression levels.



Building and Evaluation of the Prognostic Signatures of ARGs

First, according to the risk-scoring formula, ARGs were divided into low- and high-risk groups with the median risk score as the cutoff point. The survival time of patients was demonstrated by plotting scatter plot survival with R package “ggplot2.” Subsequently, the displayed heatmaps showed the expression profiles of the prognosis AFGs based on R package “ComplexHeatmap,” with survival curves for high- and low-risk groups plotted by R packages “survminer” and “survival.” Finally, the model was validated by receiver operating characteristic (ROC) curves plotted with R package “pROC” and “survivalROC,” and area under curve (AUC) of multiple time points was calculated to evaluate the recognition effects.

Then, the prognostic signature was verified with the same coefficients and cutoff value in the external dataset, ICGC-OV-AU; the prognostic model was presented as a risk map at the same time, covering the expression levels of the contained genes, the distribution of risk score, and the survival status of individuals.

Furthermore, the independent prognostic factor of the prognostic signature was explored through univariate and multivariate Cox analyses.

Finally, the nomograph was constructed with R packages “rms,” which assessed the survival of patients with risk score and clinical characteristics, and the subsequent ROC survival curve was plotted based on R packages “urvivalROC.”



Relationship Between Risk Model, Immunity, and Tumor Microenvironment

First, the correlation between ARG risk score and each indicator, including mutational load, homologous recombination defect (HRD), neoantigen load and chromosomal instability, and stemness index (mRNAsi), was analyzed with R package “ggpubr.” Mutational load was calculated using the R package “maftools.” The data of homologous recombination defect (HRD) and neoantigen load and chromosomal instability were obtained from the appendix of the article (PMID: 29617664). The stemness index (mRNAsi) was assessed based on expression profiles using the assessment algorithm from Tathiane M.Malta. Then, the proportion of 22 tumor-infiltrating immune cells (TIICs) in the Xene-OC samples was analyzed via the CIBERSORT algorithm (https://cibersort.stanford.edu/), and the differential expression was conducted in high- and low-risk groups by R package “ggpubr”. Moreover, immune scores of high- and low-risk groups were calculated with the package “estimate”, and plot histograms of differences in immune scores, stromal scores, and tumor purity of high- and low-risk groups with R package “ggpubr”.



Statistical Analysis

All the statistical analyses were performed with R software (version 4.0.3, http://www.r-project.org), with the visualization on the results. Kaplan–Meier method was applied to calculate the cumulative survival time and the log-rank test from the survival package to analyze the differences in survival curves. Cox proportional risk regression models were applied for univariate and multivariate analyses. p < 0.05 means the difference is statistically significant.




Results


Identification of ARGs

After comparing the different expression of ARGs between OC tissues (n = 354) and adjacent normal tissues (n = 88), 1,960 ARGs (|log2FC| > 1, adj.pvalue < 0.05) remained, including 330 upregulated and 397 downregulated genes (Figures 1A, B).




Figure 1 | Identification of differentially expressed ARGs. (A) heatmap of differential ARGs in ovarian cancer. (B) Volcano map of differential ARGs.





Functional and Pathway Enrichment Analysis of Different ARGs

GO and KEGG pathway enrichment analysis were performed to reveal biological processes, cellular components, and molecular functions of ARGs, with p < 0.05 and enrichment >2.0 as the cutoff criteria. The top 20 GO and KEGG pathway enrichment analyses were visualized in the bubble diagram ways (Figure 2). The top 3 GO_BPs (biological processes) were vascular development regulation (GO:1901342), angiogenesis regulation (GO:0045765), and amoeboidal-like cell migration (GO:0001667) (Figure 2A). The top 3 GO_CCs (cellular components) were collagen-containing extracellular matrix (GO:0062023), cell–substrate junction (GO:0030055), and focal adhesion (GO:0005925) (Figure 2B). The top 3 GO_MFs (molecular functions) were cell adhesion molecule binding (GO:0050839) (Figure 2B), signaling receptor activator activity (GO:0030546), and receptor ligand activity (GO:0048018) (Figure 2C).




Figure 2 | Enrichment analysis of ARGs. (A) Top 20 most significant biological processes in GO analysis. (B) Top 20 most significant cellular components in GO analysis. (C) Top 20 most significant molecular function in GO analysis. (D) Top 20 most significant KEGG pathways.



According to the KEGG enrichment analysis, PI3K-Akt signaling pathway played a significant role in patients with OC. In addition to proteoglycans in cancer, lipid, and atherosclerosis, focal adhesion and age-rage signaling pathway in diabetic complications were also suggested as important pathways in tumor progression (Figure 2D).



Identification of Survival-Related ARGs

Univariate Cox regression analysis showed that a total of 59 differential expressed ARGs significantly related with the survival were identified (p < 0.05), which were then divided into high and low groups by median, and six genes with the smallest P were selected to demonstrate the prognostic differences between the groups (Figure 3). As shown in Figure 3, ISG20, TPCN2, and FOXO1 were lowly expressed in OC patients, and their low expression predicted a poor prognosis, while WASF2, LIINC00665, and CXCL13 were highly expressed in OC patients, and their high expression also predicted a poor prognosis.




Figure 3 | The expression levels of prognosis-related top 6 ARGs between the normal and OC patients and Kaplan-Meier curves in the high- and low-risk groups. (A) ISG20; (B) TPCN2; (C) WASF2; (D) LIINC00665; (E) FOXO1; (F) CXCL13.





Construction and Validation of a Risk Model Based on Six ARGs

In the training set from Xena-OC, a total of 59 ARGs were screened out as prognosis-related genes through the univariate Cox regression analysis (p < 0.05). The forest map showed that most of the top 20 ARGs were risk genes (Supplementary Figure S1A), which were then further reduced in LASSO Cox regression method (Supplementary Figure S1B). Finally, the six ARGs were reserved based on the multivariate COX regression method (Supplementary Figure S1C).

Risk score = −0.23767*(expression level of ESM1)

+(−0.20947)*(expression level of CXCL13)

+0.35813*(expression level of TPCN2)

+0.30918*(expression level of PTPRD)

+0.18439*(expression level of FOXO1)

+0.24544*(expression level of ELK3)



Estimation and Validation on the Signatures of ARGs

In the Xena-OC dataset, the risk score was calculated for each patient, which were then divided into high- and low-risk groups by median (Figure 4A). As can be seen from the figure, there are significant differences in survival time, differential expression levels of AF-related gene signatures, and survival rate (Supplementary Figure 2). The scatter plot shows that each group has different survival status, with blue dots indicating survival and red dots indicating death (Figure 4B), revealing that the number of patients dying gradually decreased as the risk score decreased throughout the follow-up. We can see that there is a slight difference in the extreme region of the risk score. Heatmaps showed the distribution of six AF-related genes (Figure 4C). The survival analysis revealed that the OS rate of high-risk group was significantly shorter than that of low-risk group (p < 0.001), which shows that the risk score and survival time are significantly correlated (Figure 4D).




Figure 4 | Validation of ARG signature in the Xena-OC dataset. (A) Risk score distribution and high- and low-risk groups; (B) survival statuses in high- and low-risk groups; (C) heatmap of six AF-related genes in high- and low-risk groups; (D) time-dependent ROC curves in high- and low-risk groups.



The conclusions of this model were verified in the external ICGC dataset. In the ICGC-OV-AU dataset, the same cutoff values were calculated for the risk score of each patient. Similarly, the mortality rate was higher in the high-risk group, while the majority of patients in the low-risk group remained alive during the follow-up (Supplementary Figure S2B). Heatmaps revealed the distribution of the six AF-related genes (Supplementary Figure S2C). In the ICGC-OV-AU dataset, a total of 81 patients had survival data. According to the survival analysis, patients in the high-risk group had significantly lower OS than those in the low-risk group (Supplementary Figure S2D). Both the positive and negative groups consisted of OC patients who survived for 1, 3, and 5 years. The positive group comprised the patients whose predicted outcome was consistent with the actual outcome after model prediction, and the negative group comprised the patients whose predicted outcome was inconsistent with the actual outcome after model prediction. In this study, the accuracy and sensitivity of the model were judged by the time-dependent ROC curve with specificity as the horizontal axis and sensitivity as the vertical axis, in which the larger the AUC area, the higher the accuracy and sensitivity. As shown in the figure, ROC curves of OC samples showed that the 1-, 3-, and 5-year area under the curve (AUC) were 0.622, 0.662, and 0.705, respectively, in the model group, while those in the validation group were 0.703, 0.686, and 0.573, respectively, indicating that the performance of AF signature was very stable (Supplementary Figure S3).



Univariate and Multivariate COX Regression Analyses of Risk Score

Univariate and multivariate Cox regression analyses were performed to determine whether risk score was an independent prognostic factor, which showed that the risk score was indeed an independent prognostic factor. In the training cohort, the univariate Cox regression analysis indicated that risk score was the only independent prognostic factor of OS in OC among age, stage, grade, disease status, lymphatic invasion, position, and risk score, and the multivariate Cox regression analysis revealed that the risk score was still the only independent prognostic factor for OS in OC after adjusting for age, stage, grade, disease status, lymphatic invasion, and position (Supplementary Figure S4).



Construction of Nomogram

A visualization of column line graph was constructed according to risk score, age, stage, grade, and position (Supplementary Figure S5A). According to the standard score of each risk factor, the scores of each risk factor were obtained, with the sum of scores as the total score based on the above indicators, which could predict the 1-, 3-, and 5-year survival rates for each patient. The results of the multi-indicator ROC curve analysis combining the clinical characteristics showed that the AUCs of 1-, 3-, and 5-year survival risk score were higher than those of other clinical characteristics, which were 0.742, 0.686, and 0.658, respectively (Supplementary Figure S5B). Standard curves were adopted to assess the predictive ability of nomogram. As shown in Supplementary Figures S5C–E, the levels of 1-, 3-, and 5-year calibration curves overlapped well with the standard curve. Meanwhile, these results indicated that the risk score model has good predictive ability.



Correlation of Risk Score With Immunity

The risk score has been shown to be an independent prognostic factor for patients with OC, which were classified into high- and low-risk groups based on risk score. Then, the relationship between the high- and low-risk groups in mutational load, HRD, neoantigen load and chromosomal instability, mRNAsi, immune cells, and tumor microenvironment (TME) was investigated. As shown in Figure 5, HRD, NtAI score, LSTm score, and mRNAsi in the high- and low-risk groups was identified to be significantly varied. In the high-risk group, HRD, NtAI score, LSTm score, and mRNAsi obviously decreased. To investigate the potential mechanism between risk score and OS in patients with OC, multiple immunospectrum-related analyses were performed. The stromal scores and ESTIMATE scores differed significantly between the high- and low-risk groups.




Figure 5 | Correlations between mutation load, HRD, NtAI score, LOH score, LSTm score, mRNAsi and risk model. (A) Mutation load; (B) HRD; (C) NtAI score; (D) LOH score; (E) LSTm score; (F) mRNAi.



Then, R package “CIBERSORT” was applied to analyze the proportion of 22 immune cell types infiltrating each sample in the high- and low-risk groups, where samples with p < 0.05 were excluded to ensure the accuracy. As shown in Figure 6, there were some differences in the comparison of immune cells between the two groups of samples. Macrophages M1, plasma cells, CD8 T cells, and T follicular helper cells were higher in the low-risk group than those in the high-risk group, while macrophages M2, monocytes, and memory CD4 T cells were higher in the high-risk group than those in the low-risk group. The differences in immune cells between the low- and high-risk groups may be related to disease progression and tumor resistance to multiple treatments.




Figure 6 | Comparison of immune cell composition between the high- and low-risk groups.





Relationships Between Risk Model and Tumor Microenvironment

TME refers to the internal and external environment in which tumor occurs, grows, and metastasizes along with tumor cells, including not only tumor cells but also immune cells, stromal cells, etc.

The TME of the entire cohort was analyzed by an “estimate” package to generate the estimated, stromal, and immune cell scores. The estimated score, the sum of stromal cells and immune cell score, demonstrates the abundance of cancer cell components. Higher scores mean higher component frequency within the sample. It was found that comparing with the high-risk group, the low-risk group had significantly higher stromal score, slightly lower immune cell score, and higher estimated score. However, the difference between the two groups was not statistically significant (Supplementary Figure S6).




Discussion

OC is one of the most serious malignancies in the female reproductive system worldwide and is often diagnosed at an advanced stage, with the rising incidence in recent years, making it a huge public health challenge worldwide. According to the International Federation of Gynecology and Obstetrics (FIGO) staging system, the treatments for patients with OC usually include tumor-reducing surgery and adjuvant or neoadjuvant chemotherapy, with conventional treatment options showing substandard efficacy, high recurrence rates, and chemoresistance, which are the main reasons for the low 5-year survival rate of OC (12). As a result, searching for reliable tumor markers and exploring accurate prognostic strategies and effective new therapies are significant for the treatment and prognosis of OC. Angiogenesis is the process of generating new capillaries from pre-existing blood vessels, such as capillaries and post-capillary microvenules, regulated by angiogenic and anti-angiogenic factors. Increasing studies have shown that angiogenesis can provide sufficient oxygen and nutrients to tumor cells with a key role in the biological behavior of tumor growth, invasion, and metastasis, and its inhibition will significantly prevent the development and spread of tumor tissues. Therefore, targeted therapy with angiogenesis inhibitors has been widely accepted as a clinical treatment strategy (8). However, numerous reports have indicated that the relative drugs have not yet shown significant benefits for patients (13), partly due to incomplete understanding about the mechanisms of tumor angiogenesis. As we know, angiogenesis is a complex process triggered by many genes, and many reports have shown that AFs are the potential prognostic gene is associated with OC. The integration of these AF-associated genes is often important for understanding the process of tumor invasion; however, the potential role of AF-associated gene signatures as an effective therapeutic strategy for OC remains unclear. Therefore, it is urgent to develop a predictive model for AF-related gene signatures, which can provide new insights for the individualized treatment of OC.

In the current study, TCGA OC data were combined with GTEx normal ovarian expression profile data to systematically analyze the expression of 1960 ARGs in OC tissues and their relationship with OS. In the current study, 727 differentially expressed ARGs substantially associated with survival by univariate COX regression analysis were obtained to explore the prognostic value of ARGs. Then, a prognostic model integrating six ARGs were constructed through the LASSO regression analysis and multifactorial COX regression methods, which was validated in the ICGC dataset. Patients were divided into high- and low-risk groups based on median risk score. KM survival analysis, ROC curves, and Cox regression analyses demonstrated that the high-risk group was significantly associated with shorter OS. To translate the ARGs risk model into further clinical practice, column line plots containing prognostic features and clinicopathological staging were drawn, and risk score, age, grading, and staging were constructed to predict 1-, 3-, and 5-year survival probabilities for patients with OC. Univariate and multivariate Cox regression analyses showed that risk score was an independent predictor for OS. The prognostic model was significantly better than the widely used clinical staging and FIGO staging, and its development could improve the management of patients with OC.

Many studies have shown that angiogenesis is involved in multiple signaling pathways, affecting the development and progression of OC. KEGG pathway analysis based on ARGs showed that PI3K-Akt signaling pathway, proteoglycan in cancer, lipids, and atherosclerosis, focal adhesion, and age-rage signaling pathway in diabetic complications played a significant role in patients with OC. A further study established a relationship with six ARGs (ESM1, CXCL13, TPCN2, PTPRD, FOXO1, and ELK3) characteristics associated with a new prognostic model. ESM1 is a human endothelial cell-specific molecule synthesized by tumor endothelial cells. Studies have shown that serum ESM1 levels are associated with survival time and tumor invasion in patients with cancer. It has also been proposed that ESM1 synthesized by tumor endothelial cells may represent a good marker of angiogenesis and may even be a potential therapeutic target for angiogenesis (14). CXCL13, a B-lymphocyte chemokine, is widely involved in the pathogenesis of inflammatory and autoimmune diseases and preferentially promotes B-lymphocyte migration and chemotaxis by stimulating calcium inward flow (15). CXCL13 has been shown to control the phenotype of cancer cells in various solid tumors and to affect the migration, invasion, and growth of cancer cells (16). TPCN2, two-pore segment channel 2, is a generally expressed, lysosome-targeting ion channel contributing to the termination of autophagy (17), which can affect autophagy progression and extracellular vesicle (EV) trafficking in cancer cells (18). The protein-encoded PTPRD, a member of the protein tyrosine phosphatase (PTP) family, is a signaling molecule that regulates a variety of cellular processes, including cell growth, differentiation, mitotic cycle, and oncogenic transformation. Studies have shown that PTPRD is frequently inactivated in various malignancies and lacks induction of tumor cell metastasis (19). FoxO is a transcription factor with a common DNA binding domain that exerts positive effects mainly on genes involved in cell cycle, apoptosis regulation, and drug resistance. Studies have shown that the decrease in FoxO1 expression is associated with the resistance to conventional drugs (e.g., cisplatin) and lower efficacy of drug combinations in OC cells (20). Other studies have also found that FOXO1 protein expression correlates with recurrence-free survival and OS in patients with OC. In addition, FOXO1 expression is correlated with age, FIGO stage, abdominal recurrence, and degree of differentiation (21). ELK3 (also known as Net, SAP-2, or ERP), a member of the ETS family, can be considered as a transcription factor that binds to specific DNA sequences rich in purine GGA core sequences and regulates the expression of a variety of genes, including proto-oncogenes (22).

Although the mechanisms of angiogenesis have been the focus of research in the past, the potential relationship between angiogenesis and tumor immunity remains unclear. As we know, under normal conditions, the immune system can recognize and remove tumor cells from the TME. However, tumor cells under the supervision of the immune system can develop multiple mechanisms to evade immune killing and thus survive at various stages of antitumor immune response, and therefore, the relationship between risk score and antigen presentation and immune escape in tumors was further investigated. First, to explore the effects of ARGs on immunogenicity in patients with OC, the potential determinants of tumor immunogenicity were first discussed, including mutational load, HRD, neoantigen load and chromosomal instability, and mRNAsi with risk score (23). Our findings revealed that mutation load, HRD, NtAIscore, LOH score, LSTm score, and mRNAsi were negatively relevant to risk score. Moreover, HRD, NtAIscore, LOH score, LSTm score, and mRNAsi were significantly correlated with risk score. As a whole, the tumor immunogenicity differed significantly between the high- and low-risk score groups. The low-risk score group had relatively low immunogenicity, and the high-risk score group had relatively high immunogenicity.

Subsequently, to explore the relationship between risk score and immune components, we investigated the role of risk score in the type of immune infiltration and immune score. First is the immune cells. There are many types of immune cells, and different types of immune cells in turn play different roles in anti-tumor and tumor immune escape processes, and tumor growth, invasion, and metastasis are invariably associated with immune cells. The next is stromal cells, which are also thought to play an important role in tumor growth, disease progression, and drug resistance. Studies have found that macrophages M1, plasma cells, CD8 T cells, and T follicular helper cells were higher in the low-risk group than in the high-risk group, while macrophages M2, monocytes, and memory CD4 T cells were higher in the high-risk group than in the low-risk group. We found that stromal score was significantly higher in the high-risk group than in the low-risk group. CD8+ T lymphocytes are the main anti-tumor effector cells (24). Studies have shown that infiltration of high levels of CD8 T cells may help tumor cell regression, leading to long-term remission of the disease (25). T follicle helper (Tfh) cells are protective in non-lymphoid tumors. High levels of Tfh cell infiltration are associated with increased overall tumor survival and decreased immunosuppression (26). These findings firmly suggest that this AFs’ signature affects prognosis by interfering with immune cell infiltration in OC.

According to the currently searchable literature, this is the first relatively comprehensive study to establish an ARGs prognostic model for patients with OC and develop prognostic-related line graphs. However, some limitations should also be noted in our study. First, our study is a retrospective study based on two public datasets with relatively small samples and limited data sources; thus, a larger sample size and more ethnic data are needed for validation. Second, although our study provides evidence that the six-gene signature is a significant predictor of OC survival, the underlying mechanisms between the signature genes and OC are not sufficiently clear, and we need to validate them through further translational research experiments such as cellular studies and animal experiments to check the predictive accuracy of the model and to discover the underlying mechanisms. Third, since this is a retrospective study with high interpatient variability, the results need prospective studies to verify their clinical applicability. Fourth, post-excision surgery residual lesion status is an important prognostic factor for OC, but insufficient information on excision status in our study led us to overlook the factor.



Conclusions

In conclusion, AFs are critical for OC invasion and metastasis, which are associated with poor OS in patients with OC. In this study, the signatures of ARGs were identified for prognosis prediction in patients with OC, where a higher risk score indicates poorer prognosis. In addition, further elucidation of underlying mechanisms based on these genes can provide theoretical guidance for basic research, which may facilitate individualized treatment and clinical decision-making for patients with OC.
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Background

Cisplatin (DDP) resistance remains a key challenge in improving the clinical outcome of patients with ovarian cancer (OC). Gli2 overexpression can lead to DDP resistance in OC cells, but the specific underlying regulatory mechanism remains unclear. The membrane transporter encoding gene MDR1 positively regulates chemotherapy resistance in various cancer types. We evaluated MDR1 as a potential Gli2 downstream target and the contribution of the Gli2/MDR1 axis in promoting DDP resistance in OC cells.



Methods

To generate drug-resistant SKOV3/DDP cells, SKOV3 cells were grown for six months under continuous induction wherein the DDP concentration was steadily increased. Gli2 expression in OC cells with varying DDP sensitivities was detected using western blot. Cell counting kit-8 assays were used to assess the DDP sensitivity of SKOV3, SKOV3/DDP, A2780, and A2780/DDP cells and reversal of DDP resistance in SKOV3/DDP and A2780/DDP cells. Cell proliferation was analyzed using 5-ethynyl-2′-deoxyuridine (EdU) incorporation assays. The transcriptional regulation of MDR1 by Gli2 was determined using luciferase reporter assays. Finally, xenograft OC tumors were generated in nude mice, which were then treated with intraperitoneal DDP or phosphate-buffered saline (PBS) injections to investigate if Gli2 affected DDP resistance in OC in vivo.



Results

DDP-resistant SKOV3/DDP and A2780/DDP cells showed higher expression of Gli2 and MDR1 as compared with that in DDP-sensitive OC cells. Gli2 knockdown in SKOV3/DDP cells significantly reduced MDR1 expression, whereas it increased DNA damage, thereby sensitizing OC cells to DDP. Similar results were obtained after targeting Gli2 expression with the Gli-antagonist 61 inhibitor (GANT61) in SKOV3/DDP and A2780/DDP cells. In cells stably overexpressing Gli2, treatment with gradient concentrations of verapamil, an MDR1 inhibitor, significantly inhibited MDR1 expression. Our findings indicate that downregulation of MDR1 expression may reverse OC cell resistance to DDP. Moreover, dual-luciferase reporter gene assays confirmed that MDR1 is a direct downstream target of Gli2, with Gli2 positively regulating MDR1 expression. Finally, subcutaneous xenotransplantation in nude mice demonstrated that Gli2 plays a key role in regulating OC drug resistance.



Conclusions

We identified a mechanism by which Hedgehog-Gli signaling regulates OC chemoresistance by modulating MDR1 expression. Hence, Gli2 and MDR1 are potential biomarkers and therapeutic targets in patients with chemoresistant OC.
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Introduction

Ovarian cancer (OC) is the deadliest gynecological malignancy. For decades, cytoreductive surgery and platinum- or taxane-based combination chemotherapy have been the main treatment modalities for OC (1). Although the first response rate to first-line chemotherapy can be as high as 65–80%, drug resistance during later stages of chemotherapy leads to a high risk of recurrence, metastasis, and death (2–4). Chemoresistance is the most important clinical barrier in the treatment of OC (5). Particularly, cisplatin (DDP) resistance greatly impacts OC prognosis. Currently, platinum resistance is the primary challenge in treating OC (6, 7). Therefore, new biomarkers for early prediction of chemotherapy resistance and treatment strategies for reversing resistance are urgently needed.

In metazoans, the Hedgehog (Hh) signaling pathway is a critical regulator of embryonic development and homeostasis (8, 9). The Hh family in vertebrates consists of four main components: three secreted ligands (Sonic Hedgehog, Desert Hedgehog, and Indian Hedgehog), membrane receptor Patched (PTCH1–2), G-protein coupled transmembrane receptor Smoothened, and three glioma-associated oncogene (Gli1–3) transcription factors (10). In mammals, Gli2 is required for embryonic development (11).

Previous reports showed that the absence of Gli2 in mice can lead to embryonic death, whereas Gli1 is dispensable for the development or survival of the animals (11). Moreover, Hh signals play a critical role in chemotherapy resistance in several tumor types, including gynecologic malignancies (12–15).

Chemotherapy efficacy is frequently limited by the development of multidrug resistance (MDR) in cancer cells (16, 17). Thus, MDR is a major challenge in achieving favorable cancer treatment outcomes. Classical MDR is linked to increased expression of ATP-binding cassette transporters, which play a role in drug detoxification and protect tissues from exogenous substances (18, 19). Expression of multidrug resistance protein 1 encoding gene (MDR1, also known as ABCB1), which encodes MDR1 (also called P-glycoprotein), is one of the most important predictors of MDR to chemotherapy in several malignancies (20). During chemotherapy, tumors can acquire MDR against chemotherapy drugs by inducing the expression of MDR1 (21–24), which in turn confers drug resistance and inhibits targeted chemotherapy-induced cytotoxicity. Therefore, MDR1 activity can confer MDR in cancer cells and prevent the drug from reaching therapeutic concentrations in the target cells or organs, limiting its therapeutic effects.

Our previous studies revealed that compared with the parental strain, the Hh signaling pathway is abnormally activated, transcription factor Gli2 is abnormally expressed, and resistance to DDP is enhanced in DDP-resistant OC cells. However, the detailed molecular mechanism underlying DDP resistance remained unclear. In this study, we explored the specific mechanism underlying Gli2-mediated DDP resistance in OC. This study provides a foundation for developing strategies to improve the effectiveness of DDP chemotherapy for OC.



Materials and Methods


Reagents and Antibodies

DDP was purchased from Calbiochem (San Diego, CA, USA). The MDR1 inhibitor verapamil was purchased from Merck KGaA (Darmstadt, Germany). Gli antagonist 61 (GANT61), dimethyl sulfoxide, and polyethylenimine transfection reagent (cat. no. HY 13901, P8340 and 408727) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Lipofectamine 2000 transfection reagent, penicillin/streptomycin, RIPA buffer, and the bicinchoninic acid protein assay kit (cat. no. 11668019, 15140122, 89900 and 23225) were procured from Thermo Fisher Scientific (Waltham, MA, USA). The Cell Counting Kit-8 (CCK-8; cat. no. C6005) was purchased from Everbright USA, Inc (Redmond, WA, USA). Puromycin (cat. no. P823025) was purchased from Solarbio (Beijing, China), and doxycycline (DOX) was purchased from Sangon Biotech (Shanghai, China). The primary antibody against phosphohistone H2AX (Ser139) (cat. no. 2577) was supplied by Cell Signaling Technology (Danvers, MA, USA). Anti-Gli2, anti-MDR1, anti-Bcl2, and anti-PCNA antibodies (cat. no. 18989-1-AP, 22336-1-AP, 12789-1-AP, and 10205-2-AP) were obtained from Proteintech (Rosemont, IL, USA). EMD Millipore (Billerica, MA, USA) supplied the anti-GAPDH antibody (cat. No. MAB374). Cell-Light EdU Apollo 567 kits (cat. no. C10310-1) were purchased from Guangzhou RiboBio Co. (Guangzhou, China).



Cell Culture and Establishment of DDP-Resistant Cell Lines

The human OC cell lines SKOV3 and ES-2 were obtained from the Chinese Academy of Sciences Cell Bank (Beijing, China), whereas A2780, A2780/DDP, and HEK293T cells were obtained from the American Type Culture Collection (Manassas, VA, USA). All cell lines were maintained at 37°C in a humidified atmosphere containing 5% CO2 in Dulbecco’s Modified Eagle’s Medium (cat. no. C11995500BT; Thermo Fisher Scientific) supplemented with 10% fetal bovine serum and 10 U/mL penicillin/streptomycin. Experiments were conducted using exponentially expanding cells. To produce DDP-resistant cells (SKOV3/DDP), escalating dosages of DDP, beginning at 50 ng/mL, were added to the culture media. Briefly, after the cells were treated with DDP (three-day treatment cycles), the culture medium was replaced with fresh medium devoid of drug for the following three days or one week until the cells recovered. Following the third cycle, the DDP dose was increased to a maximum of 1 µg/mL.



Lentivirus Transfection

The specific method of lentivirus (LV) transfection is detailed in our previous study (25).



Cell Transfection

Prof. Shiwen Luo and Prof. Yong Li of the First Affiliated Hospital of Nanchang University (Nanchang, China) generously donated the pCMV6-Entry-Gli2-Myc vector carrying the human Gli2 sequence (GenBank accession no. NM_005270) and corresponding empty vector (26). The SKOV3/DDP cells were seeded into a 6-well plate and cultured until a confluence of 70–80% was reached. According to the manufacturer’s protocol, Lipofectamine 2000 was used to transfect SKOV3/DDP cells with 2 µg of either pCMV6-Entry-Gli2-Myc or empty plasmids. After 3–6 h, the culture medium was replaced, and the cells were cultured for additional 24–48 h.



Cell Viability and Chemosensitivity Assay

SKOV3/DDP, A2780/DDP, and ES-2 cells were seeded into 96-well plates (2,000 cells/100 µL medium/well). After 24 h culture, the medium was replaced with fresh medium containing varying concentrations of DDP (0–10 µg/M for SKOV3/DDP, 0–64 µg/M for A2780/DDP) and the procedure was repeated in triplicate. Untreated cells served as negative controls. After 48 h, viability was assessed using the CCK-8 assay according to the manufacturer’s instructions, and optical density was measured using an automated microplate reader. The 50% maximum inhibitory concentration (IC50), which is the concentration at which cell growth decreased by 50% compared with control cell growth, was calculated using the GraphPad Prism 7.0 software (GraphPad, Inc., San Diego, CA, USA).



Cell Proliferation Assays

Logarithmic growing cells were collected and seeded into 96-well plates (8,000 cells/well). After 48 h, the medium was replaced with fresh medium containing 50 μM 5-ethynyl-2′-deoxyuridine (EdU), and the cells were incubated at 37°C for 1 h. The cell-Light EdU experiment was conducted according to the manufacturer’s instructions. Three biological replicates of each treatment were performed, and three fields of cells were counted in each well. Images were obtained using an inverted fluorescent microscope (IX71; Olympus, Tokyo, Japan), and data were analyzed using the ImageJ software (https://imagej.nih.gov/ij/index.html; National Institutes of Health, Bethesda, MD, USA).



Western Blot (WB) Analysis

RIPA buffer and the bicinchoninic acid kit were used for total protein extraction and quantification, respectively. The samples denatured at 100°C for 10 min, and 20–100 µg of protein/sample was electrophoretically separated on a 8–12% polyacrylamide gel. The proteins were then transferred onto a nitrocellulose membrane (cat. no. IPVH00010; EMD Millipore). The membrane was blocked with 5% skimmed milk for 1 h at 4°C, and then incubated for 12–16 h at 4°C with the following primary antibodies: rabbit polyclonal anti-Gli2 (1:500 dilution), rabbit polyclonal anti-MDR1 (1:1,000 dilution), rabbit polyclonal anti-γH2AX (1:2,500 dilution), rabbit polyclonal anti-PCNA (1:5,000 dilution), rabbit polyclonal anti-Bcl2 (1:2,000 dilution), and mouse monoclonal anti-GAPDH (1:2,500 dilution). Then, the membrane was incubated with horseradish peroxidase-conjugated anti-rabbit and anti-mouse secondary antibodies at 37°C for 30 min. The protein bands were visualized by exposing the membrane to X-ray film, and the band density was analyzed using the ImageJ software. Each experiment was performed at least three times.



Dual-Luciferase Reporter Assay

The promoter region of MDR1 was identified based on data obtained from the National Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov/). Moreover, the JASPAR tool (http://motifmap.ics.uci.edu/) was used to predict the Gli2-binding site (GBS) in the MDR1 sequence. A human genomic DNA template was used to amplify the human MDR1 promoter, which was then cloned into the pGL4.20 empty vector (Promega, Madison, WI, USA). To further evaluate the functional GBS, we used a mutagenesis kit (SMK-101, Toyobo, Osaka, Japan) to introduce a point mutation in the predicted GBS. The luciferase reporter gene plasmid was successfully constructed and co-transfected into HEK293T cells as follows: Gli2 expression plasmid (0.5 μg), pGL4.20-MDR1-luci luciferase reporter gene plasmid (0.5 μg), and pRL-TK plasmid used as internal reference (0.025 μg). Studies have shown that the activation of the Bcl2 promoter in response to Hh/Gli signal transduction is predominantly mediated by Gli2 (27). Therefore, we used Bcl2 as a positive control. After 48 h, the cells were collected and analyzed according to the manufacturer’s instructions using the dual-luciferase reporter gene detection system (Promega). The luciferase activity was standardized to the respective Renilla luciferase activity (internal control). Each transfection experiment was repeated at least three times, and each sample was examined three times in duplicate.



In Vivo Ovarian Cancer Xenotransplant

All animal-related experiments were performed in accordance with the Guidelines for the Care and Use of Experimental Animals and authorized by the Nanchang University Institutional Animal Care and Use Committee and regional authorities. Nude mice (6–8 weeks old, 16–18 g; n = 10) were purchased from SLAC Laboratory Animal Co. (Hunan, China). To investigate the effect of Gli2 signaling on DDP resistance in OC in vivo, 1 × 107 SKOV3 sh- control or sh-Gli2 cells were injected into the flanks of the mice. Tumor growth began four days later. After the tumor was observed, DOX was added to the drinking water of mice at a final concentration of 2 mg/mL. The xenografted tumor size and mouse body weight were measured every two days. The tumor volume was calculated according to the following formula: 0.5 × L × W2, where L is the tumor size at the longest point and W is the tumor size at the widest point. To evaluate drug resistance in vivo, xenotransplanted mice were randomly allocated to one of two groups (n = 5 per group) to receive intraperitoneal injections of DDP (4 mg/kg) or PBS (control group) twice per week for 12 days. On day 32, the animals were euthanized with an anesthetic overdose and the tumors were resected, weighed, and stored until further analysis.



Immunohistochemical (IHC) Analysis

Tumor tissues collected from mice were fixed in 10% neutral-buffered formalin solution, dried, and embedded in paraffin blocks, which were subsequently cut into 3-μm-thick sections for IHC staining (28).



Statistical Analysis

All statistical analyses were performed using the GraphPad Prism 7.0 software. The unpaired Student’s t-test was performed for comparisons between two experimental groups, and one-way analysis of variance was used for comparisons among three or more groups. Unless otherwise specified, all data from biological triplicates were averaged, and values are presented as the means ± standard deviation. A P value of < 0.05 was considered statistically significant. The ImageJ software was used to quantify the experimental data.




Results


Gli2 Expression Is Upregulated in DDP-Resistant OC Cells

First, stepwise selection of SKOV3 cells cultured in growth media with increasing DDP concentrations was performed to establish DDP-resistant OC cells (SKOV3/DDP). The IC50 values of wild-type SKOV3 and SKOV3/DDP cells grown for approximately six months in media containing 1 µg/mL DDP were compared. Notably, a 7-fold increase in the IC50 of DDP was observed for SKOV3/DDP cells compared with that for wild-type cells (Figure 1D), confirming the successful establishment of DDP-resistant OC cells. A2780 and A2780/DDP cells are well-known paired DDP-sensitive and DDP-resistant cell lines (29). Compared with A2780 cells, A2780/DDP cells had a 5-fold increase in DDP resistance (Figure 1E). The expression of Gli2 was upregulated and the expression of MDR1 was increased in SKOV3/DDP and A2780/DDP cells, whereas the level of DNA damage-associated γH2AX was reduced (Figures 1A–C). These results suggest that dysregulated transcription factor Gli2 is involved in OC DDP resistance. Next, the cells were treated with 0.5 µg/mL DDP for 48 h and EdU proliferation experiments were performed. Compared with the parental SKOV3 and A2780 cell lines, the proliferative ability of SKOV3/DDP and A2780/DDP cells was significantly enhanced (Figures 1F–I).




Figure 1 | Gli2 is involved in ovarian cancer chemoresistance. (A–C) Western blot analysis of the expression of Gli2, MDR1 and γH2AX in SKOV3, SKOV3/DDP, A2780, and A2780/DDP cells. (D, E) Survival rates of SKOV3, SKOV3/DDP, A2780, and A2780/DDP cells after treatment with cisplatin (DDP) for 48 h detected using CCK-8 assays. (F, H) Proliferative capacity of SKOV3, SKOV3/DDP, A2780, and A2780/DDP cells after treatment with DDP for 48 h was identified using 5-ethynyl-2′-deoxyuridine (EdU) assays. (G, I) Bar chart of EdU-positive cells evaluated using the ImageJ software. ***P < 0.001.





Gli2 Knockdown Reverses DDP Resistance and Inhibits Proliferation of DDP-Resistant OC Cells

The impact of inhibiting Gli2 on OC cell DDP resistance was evaluated. SKOV3/DDP cells were transfected with Gli2 short hairpin RNAs (sh-Gli2 #1–5), which significantly downregulated Gli2 expression in SKOV3/DDP cells, particularly sh-Gli2 #3 and #5, as compared with sh-control transfected cells (Figures 2A, B). Therefore, cells transfected with sh-Gli2 #3 and #5 were selected for further analysis.




Figure 2 | Gli2 knockdown reversed cisplatin (DDP) resistance and inhibited proliferation of DDP-resistant ovarian cancer cells. (A, B) Western blot analysis of the protein expression levels of Gli2 in different groups after Gli2 knockdown in SKOV3/DDP cells. (C) Survival rate and IC50 of SKOV3/DDP cells transfected with sh-control or sh-Gli2 #3 and #5 after 48 h DDP treatment determined using CCK-8 assays. (D–G) Western blot analysis of the expression levels of MDR1 and γH2AX in SKOV3/DDP cells transfected with empty plasmid or Gli2 specific short hairpin RNA following DDP treatment (0.5 µg/mL). n.s, not significant, * P < 0.05, **P < 0.01.



The mechanism of action of DDP is well-known. DDP induces DNA damage by combining with DNA molecules to form platinum-DNA adducts, leading to cytotoxicity and initiating apoptosis. DNA damage-induced apoptosis is an important anti-tumor mechanism of various drugs (30). γH2AX is a biomarker of DNA damage. When DNA is damaged, the expression of γH2AX is increased, whereas following damage repair, its expression is downregulated. Thus, the effect of sh-Gli2 on the cytotoxic effects of DDP in SKOV3/DDP cells was assessed by analyzing γH2AX expression. Furthermore, to detect the cytotoxic effects of DDP, a CCK-8 viability assay was performed. Overall, Gli2 knockdown significantly improved the efficacy of DDP treatment. The IC50 value for DDP in SKOV3/DDP cells (Figure 2C) decreased from 5.000 µg/mL for SKOV3/DDP cells to 0.641 and 0.765 µg/mL for sh-Gli2 #5 and #3 transfected cells, respectively, suggesting that Gli2 knockdown enhanced the sensitivity of SKOV3/DDP cells to DDP. Moreover, the WB results showed that Gli2 knockdown downregulated the expression of MDR1 in SKOV3/DDP cells compared with that in control cells. Because of the increased sensitivity of cells to DDP after downregulation of Gli2 expression, which resulted in increased DNA damage, the expression of γH2AX was significantly upregulated (Figures 2D–G). Consistently, similar results were obtained when Gli2 expression was inhibited with the Hh signaling pathway inhibitor GANT61, which specifically inhibits Gli, in SKOV3/DDP and A2780/DDP cells (Figures 3A–F). Moreover, EdU analysis showed that downregulation of Gli2 markedly inhibited the proliferation of SKOV3/DDP and A2780/DDP cells (Figures 3G–J). Collectively, these data indicate that inhibition of Gli2 expression reduces DDP resistance in DDP-resistant OC cells.




Figure 3 | The Gli2 inhibitor promoted cell drug sensitivity and reduced the proliferative ability of cisplatin (DDP)-resistant ovarian cancer cells. (A–D) Western blot analysis of the protein expression levels of Gli2, MDR1, and γH2AX in SKOV3/DDP and A2780/DDP cells cultured with increasing concentrations of the Gli2 inhibitor Gli-antagonist 61 (GANT61) for 48 h. (E, F) Survival rate and IC50 of SKOV3/DDP and A2780/DDP cells after 48 h of treatment with GANT61 and DDP determined using CCK-8 assays. (G–J) Proliferation capacity was detected by EdU assay after inhibition of SKOV3/DDP and A2780/DDP cells. *P < 0.05, **P < 0.01, ***P < 0.001.





MDR1 Is Essential for DDP Resistance in OC

To further explore if MDR1 inhibition could reverse DDP resistance in OC cells, an ES-2 cell line stably overexpressing Gli2 was established (Figure 4A). Verapamil, a calcium channel-blocker and anti-arrhythmic drug, is a competitive inhibitor of MDR1 that does not directly compete for active site binding with MDR1 substrates but influences protein activity via allosteric inhibition (31–33). ES-2-LV-Gli2 cells treated with 5 μM verapamil showed a marked reversal of DDP resistance (Figure 4B), along with a 4-fold reduction in the IC50 value for DDP. Notably, after gradient addition of verapamil (0, 2, 4, 8, 16, and 20 μM) to the culture medium for combination treatment with DDP (0.5 µg/mL), the sensitivity of ES-2-LV-Gli2 cells to DDP increased with the increasing verapamil concentration compared with that in control cells. The WB results further showed that MDR1 expression was significantly downregulated and that DDP-induced DNA damage had increased (Figures 4C–E). Moreover, downregulation of MDR1 significantly inhibited ES-2-LV-Gli2 cell proliferation (Figures 4F, G). Thus, our results provided evidence that MDR1 expression is essential for DDP resistance.




Figure 4 | Reversal of cisplatin (DDP) resistance in ovarian cancer cells following treatment with MDR1 inhibitor verapamil. (A) Successful construction of stable cell line overexpressing Gli2 using lentiviral infection. (B) Survival rate and IC50 of SKOV3/DDP cells after treatment with verapamil and DDP for 48 h determined using CCK-8 assays. (C–E) Western blot analysis of the protein expression levels of MDR1 and γH2AX in cells treated with gradient concentrations of verapamil for 48h. (F–G) Downregulation of MDR1 expression significantly inhibited cell proliferation, as detected using EdU assays. n.s., not significant, *P < 0.05, **P < 0.01, ***P < 0.001.





MDR1 Is a Direct Downstream Target of Gli2

Our previous studies indicated that MDR1 is the downstream target of Gli2 (25). Moreover, the results described above also demonstrate that Gli2 positively modulates the expression of MDR1 in drug-resistant OC cells. To further explore whether Gli2 directly regulates MDR1 expression to promote DDP resistance in OC, the JASPAR tool (http://motifmap.ics.uci.edu/) was used to predict the GBS in the MDR1 sequence (Figure 5A). Seven potential Gli2-binding sites were identified within the −2,002–0 genomic region (the 5′ initiation site of MDR1 [NM_000927.5] was numbered +1) (Figure 5B). Different truncated MDR1 promoter reporter sequences were constructed for all seven putative GBS genomic sequences and cloned into the pGL4.20 plasmid to produce six luciferase reporter gene constructs, namely fragment 1 (Frag-I) and fragment 2 (Frag-II), with the latter being continuously segmented (Frag–II-1, Frag–II-2, Frag–II-1-a, and Frag–II-1-b) (Figure 5C).




Figure 5 | MDR1 is the direct downstream target of Gli2. (A) Consensus sequence of Gli2-binding sites (GBS). The size of each base in the figure indicates its conservation. The larger the base, the stronger the conservation and more important its function. (B) Within the range of -2,002 to 0 in the promoter region of MDR1 and adjacent regions (the first base at the 5′ end of the MDR1 mRNA NM_000927.5 was recorded as +1), seven candidate GBS were predicted using software analysis. They are numbered separately, and the position and sequence are indicated. The consensus sequence with GBS is underlined in red with the corresponding sequence, and the base list differing from the GBS consensus sequence is in red font. (C) Schematic illustration of the distribution of candidate GBS within the MDR1 promoter and luciferase reporter constructs Frag-I, -II, –II-1, –II-2, –II-1-a, and –II-1-b containing the indicated GBS. (D–F) Gli2 activating effects on Frag-I, -II, –II-1, –II-2, –II-1-a, and –II-1-b reporter constructs detected using a dual-luciferase assay in Gli2-transfected and control HEK293 cells. (G) Wild-type and mutant sequences of the GBS-4 locus in Frag–II-1-a. (H) Compared with the wild-type, the activation effect of Gli2 on the mutant Frag–II-1-a was significantly reduced after GBS-4 point mutation. “Mut” indicates a mutation, and the letters after it denote different GBS sites. Data are represented as the mean ± SD of three independent experiments. n = 3, *P < 0.05, **P < 0.01, ***P < 0.001.



These constructs and Gli2, as well as pRL-TK (for normalization), were co-transfected into HEK293T cells with Bcl2 or pCMV-Myc as a control. Cells were collected at 48 h after transfection, and a dual-luciferase reporter assay was performed. The relative luciferase activity was obtained by normalizing the firefly luciferase activity against the internal Renilla luciferase activity. The luciferase assay results showed that the relative luciferase activity of the MDR1 promoter increased only in specific DNA sequences (GBS-4: −875 to −867) compared with that of a promoter-less control (Figures 5D–F). We next used the point mutation method to mutate the GBS-4 sequence (Figure 5G), which significantly abolished the activation of the MDR1-Luci reporter by Gli2 (Figure 5H), revealing that MDR1 is a direct downstream target of Gli2.



Gli2 Knockdown Overcomes DDP Resistance in OC In Vivo

Next, we established a SKOV3 cell line that stably reduced Gli2 expression. Analysis of total protein lysates by WB confirmed that the Gli2 levels were reduced (Figure 6A). These cells were then transplanted into mice to test the impact of Gli2 expression on the tumorigenicity and drug resistance of SKOV3 cells in vivo. SKOV3-sh-control and SKOV3-sh-Gli2 cells were subcutaneously injected into nude mice, which were then randomly assigned for treatment with intraperitoneal injections of PBS (control group) or DDP (treated group). Tumors formed by SKOV3 cells lacking Gli2 were smaller and lighter than those formed by cells expressing normal levels of Gli2 (Figures 6B, C). Moreover, DDP treatment alone showed a limited ability to inhibit tumor growth in cells expressing normal levels of Gli2 as compared with the control group because of DDP resistance. In contrast, combining Gli2 knockdown with DDP treatment caused a marked decrease in the tumor volume and mass. Tumor xenografts developed slowly (Figure 6D) in the sh-Gli2 group compared to the sh-control group, resulting in smaller tumor xenografts (Figure 6E). Taken together, these results suggest that knocking down Gli2 can inhibit DDP resistance and enhance the therapeutic effect of DDP on OC in vivo. In accordance with the in vitro data, further detailed analysis of the tumor tissues revealed that the MDR1 and proliferating cell nuclear antigen (PCNA) protein levels were decreased, whereas the γH2AX and apoptosis protein Bcl2 levels were upregulated in the mouse tumors upon Gli2 knockdown (Figures 6F, G). These results strongly indicate that Gli2 is an important regulator of OC cell drug resistance in vivo.




Figure 6 | Gli2 knockdown trumps cisplatin (DDP) resistance in ovarian cancer in vivo. SKOV3 cells infected with sh-Control or sh-Gli2 were subcutaneously injected into nude mice. (A) Western blot analysis of the Gli2 protein expression after stable knockdown of Gli2 in SKOV3 cells. (B, C) SKOV3 cells infected with sh-Control or sh-Gli2 were subcutaneously injected into the skin of nude mice. The mice were injected intraperitoneally with 4 mg/kg DDP or phosphate-buffered saline (PBS) (control group) twice per week and photographed on day 32. Tumor volume (D) and tumor weight (E) data are shown as the mean ± SD (n = 5). (F) Following Gli2 knockdown, the expression levels of MDR1 and PCNA decreased, while those of γH2AX and Bcl2 increased in vivo. (G) Expression of Gli2, MDR1, and PCNA in SKOV3 sh-control and SKOV3 sh-Gli2 tumors determined using immunohistochemical analysis. *P < 0.05, **P < 0.01, ***P < 0.001.






Discussion

The Hh signaling system has been evolutionarily preserved (34). Several studies have shown that Hh signaling is intimately linked to the formation and progression of a variety of malignant tumors (35, 36). Despite significant advancements in the treatment of ovarian cancer, chemoresistance remains the leading cause of therapy failure and death from this disease. Some studies showed that Gli1 is linked to tumor resistance (37, 38), whereas others suggested that Gli2, rather than Gli1, may be more predictive of resistance (39). For example, Steg AD et al. found that by targeting the Hh signaling pathway, transcription factor Gli2 increased sensitivity to DDP in ovarian cancer (40). However, our findings showed that Gli2 expression is involved in DDP resistance in OC. MDR1 is a drug efflux pump that plays an important role in chemoresistance. MDR1 effluxes different chemotherapeutic drugs from tumor cells (41, 42,) and its expression is adversely linked to the prognosis of various malignancies, including OC (43). This study demonstrated that MDR1 plays a vital role in OC cell chemoresistance and that it is regulated by Gli2 (Figure 7).




Figure 7 | Schematic depiction of the role of Gli2 in cisplatin (DDP) resistance in ovarian cancer. Under normal circumstances, the Hh signaling pathway is inhibited and therefore, Gli2 cannot bind to the downstream target genes. This maintains DDP sensitivity in ovarian cancer cells and cell proliferation is inhibited. When the Hh signaling pathway is abnormally activated, Gli2 is overexpressed, enters the nucleus in the activated form of Gli2A and directly binds to the downstream target gene MDR1. This promotes DDP resistance in ovarian cancer cells, thereby significantly enhancing cell proliferation.



First, DDP resistant SKOV3/DDP cells were established by stimulation with gradient concentrations of DDP. Further analysis showed that compared with the parental strains (SKOV3 and A2780), the IC50 value of DDP-resistant SKOV3/DDP and A2780/DDP cells increased by 7- and 5-fold, respectively, and that Gli2 expression was increased. The in vitro results also showed that the sensitivity of SKOV3/DDP cells to DPP was significantly higher after transfection with Gli2-interfering plasmids or treatment with the Hh inhibitor GANT61, suggesting that Gli2 expression promotes DDP resistance in OC cells. MDR1 expression was also reduced, supporting that MDR1 expression is regulated by Gli2 in OC resistance. This is consistent with the results of Zhao et al (44). Furthermore, the findings of the current study support previously reported results (25). Studies have shown that certain chemotherapeutic drugs are more effective in tumor suppression, even in OC, when combined with verapamil (45, 46). We obtained comparable results by adding gradient concentrations of the MDR1 inhibitor verapamil to the stable Gli2-overexpressing cell line ES-2-LV-Gli2, suggesting that verapamil pretreatment effectively reversed drug resistance in a dose-dependent manner (45).

In vitro proliferation experiments by EdU showed that the proliferation ability of drug-resistant cells was significantly higher than that of the parental strains. Targeting Gli2 reduced the proliferative ability of the cells. Furthermore, the dual-luciferase assay confirmed that Gli2 regulates OC chemotherapy resistance by regulating MDR1 transcription. Moreover, we demonstrated that Gli2 knockdown can reverse the DDP resistance of OC cells in nude mice transplanted with tumor cells. Therefore, Gli2 may promote OC chemotherapy resistance by regulating MDR1 expression in vivo and in vitro.

Taken together, these results demonstrate that Gli2 promotes OC chemotherapy resistance by regulating the expression of MDR1 both in vitro and in vivo. Hence, Gli2 and MDR1 are potential novel therapeutic targets to increase the clinical efficacy of DDP in treating patients with OC. Furthermore, Gli2 and MDR1 are potential indicators for assessing DDP resistance during clinical OC treatment.
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Background

Although the effect of pseudogene ANXA2P2 on some tumors has been reported in a few literatures, the therapeutic potential and prognostic value of ANXA2P2 in ovarian serous cystadenocarcinoma (OV) have not been elucidated.



Methods

The correlation for ANXA2P2 expression patterns to prognostic characteristics, tumor immune microenvironment, immune cell infiltration level, tumor mutation burden (TMB), tumor microsatellite instability (MSI), drug sensitivity, and pathway function enrichment were investigated in pan-carcinoma via TCGA and GTEx databases. Subsequently, the role of ANXA2P2 expression levels in the pathway enrichments and prognosis prediction in OV were further explored using weighted correlation network analysis (WGCNA) analysis, gene mutation analysis, and risk-independent prognostic analysis.



Results

ANXA2P2 was frequently overexpressed in a variety of tumors compared with normal tissues. The correlation analysis for prognostic characteristics, tumor immune microenvironment, immune cell infiltration level, TMB, MSI, drug sensitivity, and pathway function enrichment revealed that ANXA2P2 expression patterns might deal a significant impact on the pathogenesis, development, and prognosis of various tumors. Then, GSVA, GSEA, WGCNA, gene mutation, and independent prognostic analysis for OV have indicated that high expression in ANXA2P2 could be mostly enriched in TNF-α signaling-via-NF-κB, epithelial-mesenchymal transition, apical junction, IL-6-JAK STAT3 signaling, etc., which were also proved to act as crucial factors on tumorigenesis, development, invasion, and metastasis. The mutation of TP53 (94%), TTN (24%), and CSMD3 (9%) in the biological process of tumor had been confirmed by relevant studies. Finally, the independent prognostic analysis demonstrated that ANXA2P2 expression in OV contributes greatly to the dependability of 3- and 5-year survival prediction.



Conclusion

In summary, our findings might provide a helpful foundation for prospective explorative researches, afford new strategies for the clinical treatment, deal prognosis prediction, and give new hope for OV patients.
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Introduction

Ovarian serous cystadenocarcinoma (OV) is one of the most common epithelial malignant tumors of the female reproductive system, accounting for about 30% of all ovarian carcinomas (1, 2). Due to strong potential for invasion and metastasis, OV usually spreads beyond the pelvis when diagnosed (3, 4), thus, the prognosis of patients with advanced OV is very poor finally (5). Therefore, it is urgently needed to reveal the relevant pathogenesis and find novel potential targets with great clinical significance for treatment and prognosis evolution of OV.

ANXA2P2 (annexin A2 pseudogene 2, also known as ANX2L2, ANX2P2, or LPC2B), is one of three pseudogenes of annexin A2 (ANXA2) that has recently been shown to be aberrantly transcribed in various tumors. It has been found that ANXA2P2 pseudogene maps to chromosome 9p13 (6). Based on previous experience and literature reports indicating that the changes of ANXA2P2 were consistent with those of ANXA2 in multiple pathophysiological processes, the function of pseudogene would better be analyzed together with its parental gene. Simultaneously, high expression of ANXA2 had been confirmed to play a pivotal role in tumor cell adhesion, proliferation, apoptosis, invasion, and metastasis (7–9). It has been found that ANXA2 could overexpress in multitumors, including ovarian cancer, breast cancer, and glioma and enhance the expression of plasminase receptor on the surface of tumor cells (10–13). ANXA2 was also involved in DNA synthesis and cell proliferation by regulating the c-myc function (14). One of the main functions of the protein encoded by the c-myc gene is to promote cell proliferation by activating relevant transcription factors (15–17). Some other studies had also suggested that ANXA2 could increase the activity of DNA polymerase and thus promote the invasive growth and metastasis of tumor cells to surrounding tissues (18–20). However, it is unclear whether its pseudogene ANXA2P2 also has the same predictive value, and its clinical significance and biological function in OV were unclear as well.

With the development of biological science and technology, the understanding of pseudogenes to public has reached a new level from “gene fossil junk genes” (21, 22). Pseudogenes were considered nonfunctional genes because of loss of protein coding ability or without expression in cells (23). However, recent studies have found that some of them might deal an important role in regulating parental genes, and even some pseudogenes could be transcribed into RNA (24, 25). Some pseudogenes are now considered a potential tumor suppressor gene or oncogene and played a crucial role in the occurrence and development of many pathophysiological processes (22, 23). Thus, in our study, we would comprehensively analyze the relevance between ANXA2P2 expression patterns and prognostic characteristics in pan-carcinoma firstly. Additionally, the association with tumor immune microenvironment, immune cell infiltration level, tumor mutation burden, or tumor microsatellite instability to ANXA2P2 would be investigated so as to preferably understand whether ANXA2P2 expression levels and patterns were relevant to immunological signature and the prognosis in various cancers secondly. Next, combined with drug sensitivity analysis, pathway function enrichment would be also performed to validate the critical role of ANXA2P2 in multitumors. Since ANXA2P2 had not been reported in OV, weighted correlation network analysis (WGCNA) analysis, gene mutation analysis, and risk independent prognostic analysis would be further performed based on ANXA2P2 expression patterns to further substantiate its effect on the immune microenvironment and prognosis assessment of OV, so as to be able to provide a novel perspective for revealing the pathogenesis and looking for novel potential targets on treatment and prognosis judgement of OV.



Materials and Methods


Data Acquisition and Related Difference Collection

The Cancer Genome Atlas Program (TCGA) database (https://portal.gdc.cancer.gov/) is currently the largest cancer gene information database, which consisted of gene transcriptome profiles, copy number variation, single nucleotide polymorphisms (SNP), and relevant clinical information. A total of 33 tumor-related data were downloaded from TCGA for subsequent analysis, including adrenocortical carcinoma (ACC), bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), lymphoid neoplasm diffuse large B-cell lymphoma (DLBC), esophageal carcinoma (ESCA), glioblastoma multiforme (GBM), head and neck squamous cell carcinoma (HNSC), kidney chromophobe (KICH), kidney renal papillary cell carcinoma (KIRP), acute myeloid leukemia (LAML), brain lower-grade glioma (LGG), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), mesothelioma (MESO), ovarian serous cystadenocarcinoma (OV), pancreatic adenocarcinoma (PAAD), pheochromocytoma and paraganglioma (PCPG), prostate adenocarcinoma (PRAD), rectum adenocarcinoma (READ), sarcoma (SARC), skin cutaneous melanoma (SKCM), stomach adenocarcinoma (STAD), testicular germ cell tumors (TGCT), thyroid carcinoma (THCA), thymoma (THYM), uterine corpus endometrial carcinoma (UCEC), uterine carcinosarcoma (USC), and uveal melanoma (UVM). Meanwhile, gene expression data of different tissues were obtained from the Genotype-Tissue Expression (GTEx) database (https://commonfund.nih.gov/GTEx). Combined with corrected TCGA and GTEx data, the expression differences of genes were then calculated in different cancers. Next, the Pearson correlation analyses were performed for pseudogene ANXA2P2 and its parental gene ANXA2 expression in pan-carcinoma. In addition, the correlation between expression and tumor stage was also investigated in various cancers.



Associated Prognostic Analysis

The overall survival (OS) and progression-free interval (PFI) data of TCGA patients were downloaded from the UCSC Xena (https://xena.ucsc.edu/) database to further explore the relationship between ANXA2P2 expression and patient prognosis. The connection between the ANXA2P2 expression and the prognosis of patients, including OS and PFI in 33 types of cancer were examined using forest plots and Kaplan-Meier curves, which were evaluated with “Survival”, “forestplot”, and “SurvMiner” package. Univariate and multivariate Cox regression analyses were performed to evaluate the prognostic value for the age, grade, and ANXA2P2 in OV.



Immune Cell Infiltration Analysis

RNA-seq data from 33 cancer patients were analyzed using the Cell-type Identification by Estimating Relative Subsets of RNA Transcripts (CIBERSORT) algorithm (26) to investigate the relative proportion of various immunocyte types and to inquire the relevance between ANXA2P2 expression and various immunocyte contents. Simultaneously, potential relationships between ANXA2P2 expression and immunomodulators (immunostimulators, immunoinhibitors, immune checkpoint, chemokines, and MHC molecules) were explored through the Tumor-Immune System Interactions Database (TISIDB) website (27). In addition, the relevance was also explored in regulators of usual tumor, such as TNF-α signaling via NF-κB, TGF-β signaling, hypoxia, pyroptosis, DNA repair, autophagy, and ferroptosis-related regulators.



Drug Sensitivity Analysis

The CellMiner (https://discover.nci.nih.gov/cellminer/) database is based on a list of 60 cancer cells listed by the National Cancer Institute (NCI) (28, 29). These cell lines are currently the most widely used sample library of cancer cells for testing anticancer drugs. In this study, drug sensitivity data and ANXA2P2-related expression data were downloaded to explore the relationship between ANXA2P2 and sensitivity to common antitumor drugs through correlation analysis. p < 0.05 is considered statistically significant.



Gene Set Variation Analysis

Gene set variation analysis (GSVA) is a nonparametric and unsupervised method for assessing the enrichment of transcriptome gene sets (30). Through the comprehensive scoring the concerned gene sets, changes in gene transcription were transformed into the pathway level changes to predict and judge the biological function of the samples. In our study, gene sets were obtained from The Molecular Signatures Database (Version 7.0), and the potential biological function changes of different samples were evaluated via comprehensively scored gene set using the GSVA algorithm.



Gene Set Enrichment Analysis

The Gene Set Enrichment Analysis (GSEA) uses a predefined gene set to rank genes according to the degree of differential expression in the two types of samples, and then test whether the preset gene set is enriched at the top or bottom of the ranking table (31, 32). We compare the differences in signaling pathways between high and low ANXA2P2 expression groups and explore the potential molecular mechanisms of prognosis differences in various tumor using “cluster profiler” and “enrich plot” packages.



Association of ANXA2P2 Expression With TMB and MSI

TMB is defined as the total number of somatic gene coding errors, base substitutions, insertions, or deletions detected per million bases (33). In our study, TMB was determined by calculating the variation frequency and number of variants/exon length of each tumor sample and dividing the nonsynonymous mutation sites by the total length of protein coding region. The MSI values of each TCGA patient were derived from previously published studies (34).



Epigenetic Mutation Analysis in OV

The corresponding somatic alteration information of the OV were obtained from the TCGA dataset. The somatic alteration mainly contained Nonsense Mutation, Missense Mutation, Frame Shift Del, Frame Shift Ins, Splice Site, In Frame Del, In Frame Ins, and Multi Hit. The “maftools” and “ComplexHeatmap” R packages were employed to calculate and visualize the number of somatic mutations within every patient.



Establishment the Nomogram Prediction Model for OV

A prognostic nomogram was constructed by using the “rms” R package (https://cran.r-project.org/web/packages/rms/) to evaluate the 3- and 5-year survival probability of OV patients, where age, grade, and ANXA2P2 were included as independent parameters. Next, the calibration curves were established to evaluate discrimination and calibration between the nomogram-predicted feasibility and observed survival probability.



Statistical Analysis

All statistical analyses were performed using R software (version 4.0.2). Hazard ratios (HRs) and 95% confidence intervals were calculated using univariate survival analysis. Kaplan-Meier analysis was used to explore patient survival based on high or low levels of ANXA2P2 expression. All statistical tests were two sided, and p < 0.05 was considered statistically significant.




Results


Transcription Expression Level of ANXA2P2 in Pan-Carcinoma

Transcriptional expression landscapes of ANXA2P2 in 33 human cancers compared with normal tissues were obtained from TCGA or GTEx datasets. According to the TCGA transcriptome data, ANXA2P2 was significantly overexpressed in a variety of tumors compared with normal tissues, including BRCA, CESC, CHOL, COAD, ESCA, GBM, KICH, KIRC, KIRP, LIHC, LUAD, LUSC, STAD, THCA, and UCEC (Figure 1A). Simultaneously, the expression level of ANXA2P2 was determined by combining TCGA and GETx transcription data, and the upregulated ANXA2P2 expression was observed consistently in tumor tissues versus normal tissues in ACC, BLCA, BRCA, CESC, CHOL, COAD, ESCA, GBM, KICH, KIRC, KIRP, LGG, LIHC, LUSC, OV, PAAD, SKCM, STAD, TGCT, THCA, UCEC, and UCS (Figure 1B). These results indicated that ANXA2P2 expression levels were higher in most human tumors than in normal tissues. In addition, the correlations between ANXA2P2 and tumor stages were analyzed based on TGCA (Figures 1C–H and S1). It revealed that ANXA2P2 was related to the stages of a variety of tumors, involving BLCA (Figure 1C), LUAD (Figure 1D), LUSC (Figure 1E), PAAD (Figure 1F), STAD (Figure 1G), and THCA (Figure 1H).




Figure 1 | Differential transcriptional expression of ANXA2P2 and its correlation to tumor stages in pan-carcinoma. (A) The landscape of ANXA2P2 expression levels based on TCGA dataset. *P < 0.05, **P < 0,01, ***P < 0.001, ****P < 0.0001 and ns indicated  no significant. (B) The landscape of ANXA2P2 expression levels based on TCGA and GTEx datasets; red represents tumor tissue, and blue represents normal tissue. Correlations between ANXA2P2 expression and tumor stages in (C) BLCA, (D) LUAD, (E) LUSC, (F) PAAD, (G) STAD, and (H) THCA.





Associated Prognostic Analysis of ANXA2P2

The associations between ANXA2P2 expression and prognosis in multicancer patients were estimated, with survival indicators consisting of OS (Figure 2) and PFI (Figure 3). Univariate Cox regression analysis for OS indicated that ANXA2P2 expression is closely associated with OS in 10 types of cancer, including BLCA, CESC, KIRC, LGG, LIHC, LUAD, MESO, OV, PAAD, and UVM (Figure 2A). Additionally, KM-plot survival analysis indicated that high ANXA2P2 expression was associated with adverse OS in CESC (Figure 2B), HNSC (Figure 2C), LGG (Figure 2D), LUAD (Figure 2E), MESO (Figure 2F), OV (Figure 2G), PAAD (Figure 2H), and UVM (Figure 2I). Meanwhile, univariate Cox regression analysis for PFI suggested that ANXA2P2 transcription level was strongly related to PFI in GBM, HNSC, KIRC, LGG, LIHC, MESO, PAAD, and UVM (Figure 3A). KM-plot analysis manifested that high ANXA2P2 expression was relevant to adverse PFI in seven cancers, containing HNSC (Figure 3B), LGG (Figure 3C), LIHC (Figure 3D), MESO (Figure 3E), PAAD (Figure 3F), OV (Figure 3G), USC (Figure 3H), and UVM (Figure 3I). In addition, the correlation between pseudogene ANXA2P2 and its parental gene ANXA2 expression has been analyzed in Figure S2A, suggesting that the expression levels of pseudogene ANXA2P2 in pan-carcinoma have a strong positive correlation with its parental gene ANXA2 expression. Meanwhile, univariate and multivariate Cox regression analyses were performed on ANXA2P2 for ovarian cancer (Figures S2B, C), manifesting that the pseudogene ANXA2P2 can be used as an independent prognostic factor without relying on ANXA2.




Figure 2 | Relevance for ANXA2P2 expression levels to overall survival in months. (A) Forest map related to OS of pan-carcinoma. Kaplan-Meier analysis of the correlation between ANXA2P2 expression and OS in (B) CESC, (C) HNSC, (D) LGG, (E) LUAD, (F) MESO, (G) OV, (H) PAAD, and (I) UVM.






Figure 3 | Relevance for ANXA2P2 expression levels to progression-free interval in months. (A) Forest map related to PFI of pan-carcinoma. Kaplan-Meier analysis of the correlation between ANXA2P2 expression and PFI in (B) HNSC, (C) LGG, (D) LIHC, (E) MESO, (F) PAAD, (G) OV, (H) USC, and (I) UVM.





Evaluation of Tumor Immune Microenvironment

Tumor microenvironment was mainly composed of tumor-related fibroblasts, immune cells, extracellular matrix, a variety of growth factors, inflammatory factors, special physical and chemical characteristics, and cancer cells themselves, which might significantly affect tumor diagnosis, survival outcome, and clinical treatment sensitivity. Therefore, via pan-carcinoma analysis of tumor immune microenvironment, it was discovered that ANXA2P2 expression characteristics were significantly correlated with immune microenvironment scores, nucleotide excision repair, mismatch repair, immune checkpoint, EMT, DNA replication, DNA damage response, CD8 T effector, base excision repair, and antigen processing machinery (Figure 4A). Next, we further explored the related scores in tumor immune microenvironment of different ANXA2P2 expression subtypes for HNSC (Figure 4B), LGG (Figure 4C), MESO (Figure 4D), OV (Figure 4E), PAAD (Figure 4F), and UVM (Figure 4G), demonstrating that mispatch repair, nucleotide excision repair, and DNA damage response scores were significantly correlated with various cancers.




Figure 4 | Analysis of tumor microenvironment associated with ANXA2P2. (A) Associations between tumor microenvironment and ANXA2P2 in pan-carcinoma. The relationships of tumor microenvironment and different ANXA2P2 expression subtypes in (B) HNSC, (C) LGG, (D) MESO, (E) OV, (F) PAAD, and (G) UVM; the red means the high-expression subtype, and the yellow-green indicates the low-expression subtype. *P < 0.05, **P < 0,01, ***P < 0.001, ****P < 0.0001 and ns indicated no significant.





Correlation Between ANXA2P2 Expression and Immune Cell Infiltration Level in Pan-Carcinoma

To explore whether ANXA2P2 was involved in the process of immune infiltration in pan-carcinoma, the association for ANXA2P2 expression to 22 immune cell types was first evaluated based on the CIBERSORT tool. In the pan-carcinoma analysis, the transcription characteristics of ANXA2P2 were closely associated with different immune cell infiltration (Figure S3A), revealing that 20 cancers were significantly associated with neutrophil cells, 11 cancers were significantly associated with dendritic cells activated cells, and 9 cancers were significantly correlated with macrophage M0 cells (Figure S3A). Furthermore, the infiltration level of different immune cell types in HNSC (Figure S3B), LGG (Figure S3C), OV (Figure S3D), PAAD (Figure S3E), and UVM (Figure S3F) was also analyzed between ANXA2P2 high- and low-expression groups. Next, the relationship for ANXA2P2 expression to tumor purity, stromal score, and immune score (Figure 5A) was also investigated, indicating that ANXA2P2 was most significantly associated with both immune score and stromal score in DLBC, GBM, LAML, LGG, OV, PCPG, PRAD, and THCA. Also, TIMER2.0 also displayed the landscape of ANXA2P2 correlating with various immune infiltrates in pan-carcinoma via different algorithms (Figure 5B) in spite of little inconsistency among various algorithms but without too much discrepancy.




Figure 5 | Correlation analysis of ANXA2P2 to ESTIMATE-related score and to immunocyte on the TIMER database. (A) The heatmap of correlation of ANXA2P2 to immune score, estimate score, stromal score, and tumor purity. (B) Relevance of ANXA2P2 expression to immune infiltration in pan-carcinoma. *P < 0.05, **P < 0,01 and ***P < 0.001.





Association of ANXA2P2 Expression Levels With TMB and MSI

TMB and MSI were emerging biomarkers related to immunotherapy response. So, the relationship of ANXA2P2 expression to TMB or MSI was investigated, manifesting that ANXA2P2 expression levels were significantly correlated with TMB in each tumor, including UCEC, SKCM, COAD, UCS, and ACC (Figure 6A) and also remarkably related to MSI in UCEC, STAD, SARC, READ, PRAD, LUSC, LUAD, COAD, CESC, TGCT, and DLBC (Figure 6B).




Figure 6 | The correlation between ANXA2P2 expression and immunotherapeutic markers. (A) TMB and (B) MSI in pan-carcinoma. *P < 0.05, **P < 0,01 and ***P < 0.001.





Drug Sensitivity Analysis in Pan-Carcinoma

The effect of early tumor treatment by surgery combined with chemotherapy is clear. Firstly, the sensitivity between ANXA2P2 and common antitumor drugs was explored through the CellMiner database (Supplementary Table S1). Secondly, the correlation between ANXA2P2 expression and drug IC50 was further calculated. Finally, we found that the prediction of high expression of ANXA2P2 was related to the tolerance of a variety of antitumor drugs (Supplementary Table S1 and Figure 7). These results revealed that ANXA2P2 was notably positively correlated with kahalide F (Figure 7A), irofulven (Figure 7B), staurosporine (Figure 7C), and simvastatin (Figure 7D) and remarkably negatively related to ifosfamide (Figure 7E), chelerythrine (Figure 7F), dimethylaminoparthenolide (Figure 7G), cyclophosphamide (Figure 7H), imexon (Figure 7I), cisplatin (Figure 7J), carboplatin (Figure 7K), and oxaliplatin (Figure 7L).




Figure 7 | Correlation between ANXA2P2 and IC50 of drugs. (A) Kahalide f; (B) irofulven; (C) staurosporine; (D) simvastatin; (E) ifosfamide; (F) chelerythrine; (G) dimethylaminoparthenolide; (H) cyclophosphamide; (I) imexon; (J) cisplatin; (K) carboplatin; and (L) oxaliplatin.





Relevance With the Key Regulatory Genes in Pan-Carcinoma

The relationship for ANXA2P2 expression to key regulatory genes was explored using coexpression analysis in pan-carcinoma. The relevance with immune-related genes consisted of immunostimulator (Figure 8A), immunoinhibitor (Figure 8B), immune checkpoint (Figure 8C), chemokine (Figure 8D), chemokine receptor (Figure 8E), and MHC molecule (Figure 8F) indicated that almost all immune-related genes were significantly associated with ANXA2P2. In addition, ANXA2P2 had significant association with common tumor-related regulatory genes such as TNF-α signaling via NF-κB (Figure S4A), TGF-β signaling (Figure S4B), DNA repair (Figure S4C), hypoxia (Figure S4D), autophagy (Figure S4E), pyroptosis (Figure S4F), and ferroptosis (Figure S4G).




Figure 8 | Relevance with ANXA2P2 and immune-related genes. (A) Immunostimulatory; (B) immunoinhibitory; (C) immune checkpoint; (D) chemokine; (E) chemokine receptor; and (F) MHC molecule. *P < 0.05, **P < 0,01 and ***P < 0.001.





Functional Enrichment Analysis via GSVA and GSEA in OV

In order to deeply investigate the molecular mechanism of ANXA2P2, we scored tumors with “gsva” and divided the samples into high- and low-expression groups by using the median of ANXA2P2 expression in OV. As shown in Figure S5A, the high expression of ANXA2P2 was mainly enriched in TNF-α signaling via NF-κB, epithelial mesenchymal transition, apical junction, IL6-JAK STAT3 signaling, cholesterol homeostasis, and inflammatory response in OV. Meanwhile, GSEA was performed to explore ANXA2P2-associated signaling pathways that were differentially activated in OV. GSEA results analyzed by KEGG indicated that ANXA2P2 is involved in base excision repair, calcium signaling, chemokine signaling, circadian rhythm-mammal, etc. (Figure S5B).



Weighted Correlation Network Analysis in OV

To explore the coexpression network related to ANXA2P2, the WGCNA network was further constructed based on the transcriptional expression profile of OV. The soft threshold β was determined by the function “sft$powerEstimate” and was set to 4. Gene modules were detected according to Tom matrix and 16 gene modules were detected in this research. These gene modules were respectively black (168), blue (1,221), brown (345), cyan (77), green (310), green yellow (104), grey (142), magenta (156), midnight blue (71), pink (160), purple (115), red (171), salmon (78), tan (82), turquoise (1,485), and yellow (315) (Figure 9A). Further analysis between modules and traits demonstrated that brown module had the highest correlation (Cor = 0.26, p = 5e−07) (Figure 9A). Simultaneously, function enrichment analysis was performed using the brown module genes as well (Supplementary Table S2). The KEGG analysis indicated that genes were significantly involved in ECM-receptor interaction, focal adhesion, and proteoglycans in cancer (Figure 9B and Supplementary Table S2). GO enrichment analysis consists of biological process (BP), molecular function (MF), and cellular component (CC) analyses (Figure 9C and Supplementary Table S2). The BP analysis was mainly focused on extracellular matrix organization, extracellular structure organization, collagen fibril organization, etc. (Figure 9C and Supplementary Table S2). About CC analysis, they were notably enriched in collagen containing, extracellular matrix, focal adhesion, etc. (Figure 9C and Supplementary Table S2). Concerning the MF analysis, they were mostly involved in extracellular matrix structural constituent, collagen binding, extracellular matrix binding, etc. (Figure 9C and Supplementary Table S2).




Figure 9 | WGCNA regulatory network analysis for ANXA2P2 in OV. (A) Correlation between various modules and ANXA2P2 expression. The top number means the coefficient among them, and the bottom number indicates the p-value. (B) KEGG enrichment pathway analysis was applied for genes with brown module meaning highest correlation. (C) GO term analysis for genes with brown module meaning highest correlation.





Association Analysis of ANXA2P2 With Core Genes and Gene Mutation Analysis in OV

To further explore the core impact of ANXA2P2 on OV, the positive (Figure S6A) and negative genes (Figure S6B) related to ANXA2P2 expression were respectively obtained, detecting that S100A10 was extremely positively related with overexpressed genes (Figure S6A), and HNRNPA3 and SFPQ were highly negatively relevant with overexpressed genes (Figure S6B). Additionally, the distribution of gene mutations was also investigated in the ANXA2P2 high/low-expression subtypes for OV. The comprehensive landscape of somatic variants visualized the mutation patterns of the top 30 driver genes with the most frequent alteration (Figures S6C). The significantly mutated gene mutational landscapes presented TP53 (94%), TTN (24%), and CSMD3 (9%) in OV (Figures S6C). These findings might provide insights into the underlying association between ANXA2P2 expression and somatic variation, thereby obtaining potential immunological and prognostic signatures in OV.



Risk and Independent Prognostic Analysis of ANXA2P2 in OV

According to the expression level of ANXA2P2 and clinical symptoms, the nomogram prediction model has been constructed and displayed in the form of nomogram for OV (Figure 10A). Furthermore, logistic regression analysis has indicated that ANXA2P2 expression in OV contributes greatly to the efficiency of model prediction. Simultaneously, the calibration curves for estimating survival probability at 3 and 5 years have well-matched consistency between the nomogram-predicted and observed values (Figure 10B), further manifesting that the nomogram prediction model is credible in predicting the prognosis of OV patients.




Figure 10 | Nomogram prediction model for ANXA2P2 in OV. (A) The model of relevant nomogram chart, with different lines meaning different clinical features of the sample. (B) The corrective curve of the correlative nomogram chart, with blue for 3 years and red for 5 years.






Discussion

For recent years, with increasing morbidity and mortality, cancer has become the leading killer to human health (35). It is worth noting that most cancer patients in our country were already in advanced stages when they were diagnosed (36). The high incidence of cancer could not only claim great pain and death to patients but also bring heavy financial burden to their families and society (37). However, currently available therapies, including surgery, radiotherapy, chemotherapy and immunotherapy, still have limitations and cannot completely solve the dilemma. Therefore, there is an urgent need to find early diagnostic markers and effective therapeutic targets for addressing this problem.

So far, pan-carcinoma analysis has been comprehensively used to investigate the similarities and differences among various cancers, providing new perspectives for cancer prevention, early diagnosis, and treatment strategies (38–41). Simultaneously, recent studies have discovered that pseudogene ANXA2P2 has been highly expressed in a variety of tumors and played a pivotal regulatory role in the occurrence and development of tumors (42, 43). In addition, pseudogenes have been proven to have a wide range of biological functions, which could not only participate in important physiological processes such as cell differentiation, inflammation and apoptosis in vivo, but also affect the occurrence, development, invasion and metastasis of tumors by regulating related genes (23, 44–46).

In our study, we systematically analyzed the expression level of ANXA2P2 in pan-carcinoma and relevant normal samples, indicating that ANXA2P2 was dramatically overexpressed in a variety of cancers compared with corresponding normal tissues, including ACC, BLCA, BRCA, CESC, CHOL, COAD, ESCA, GBM, KICH, KIRC, KIRP, LGG, LIHC, LUSC, OV, PAAD, SKCM, STAD, TGCT, THCA, UCEC, and UCS on the integrated correction data of TCGA and GTEx datasets. Next, we explored the correlation of ANXA2P2 expression pattern to prognosis in a variety of tumors via two prognostic indicators, OS and PFI, manifesting that high ANXA2P2 expression was associated with adverse OS and PFI in HNSC, LGG, MESO, OV, PAAD, and UVM. Meanwhile, relevance between tumor immune microenvironment and ANXA2P2 was obtained, suggesting that the scores of base excision repair, DNA damage response, DNA replication, EMT, immune checkpoint, mismatch repair, and nucleotide excision repair were observably correlated with multicancer progression. The immune cell infiltration levels, including neutrophils, dendritic cells activated, macrophage M0, etc. were also remarkably relevant with ANXA2P2 in multicancer development. These results suggested that ANXA2P2 might play a pivotal part in regulating the relevant immune cells to influence tumor progression. Previous studies have shown that both TMB and MSI could be used as biomarkers to predict prognosis after immunotherapy in a variety of tumors (47–50). As an emerging and promising biomarker for tumor prediction and an important potential biomarker for immune checkpoint inhibitors, TMB and MSI may synergistically open up a new perspective for precision immunotherapy (33, 51–54). This study further revealed that the expression level of ANXA2P2 has relevance with TMB and MSI in various tumors, indicating that the expression level of ANXA2P2 would impact the TMB and MSI in many tumors, thus affecting the patient’s response to immune checkpoint inhibition therapy. Relevant results would provide a new strategy in precise immunization for multitumors. Meanwhile, drug sensitivity analysis, relevance immune regulator analysis, and pathway function enrichment also suggested that ANXA2P2 expression patterns might play an important role in the pathogenesis, development, and prognosis of various tumors.

Previously, it has been reported that high expression of pseudogene ANXA2P2 in hepatocellular carcinoma could inhibit its invasion and metastasis (43), yet high ANXA2P2 expression may promote invasive growth and metastasis of glioma cells to surrounding tissues (55, 56). Additionally, knockdown of pseudogene ANXA2P2 could significantly inhibit the progressive invasion and metastasis of glioblastoma cells via the PI3K/PKB pathway (42). However, relevant molecular regulatory mechanism and pathway of ANXA2P2 involved in OV development have not been elucidated so far. Therefore, we employed GSVA, GSEA, WGCNA, gene mutation, and independent prognostic analysis to explore the impact of ANXA2P2 on the tumor-related pathway, mutation site, and prognosis prediction according to its different expression patterns in OV. Subsequent results indicated that the high expression of ANXA2P2 in OV were mostly enriched in those pathways covering TNF-α signaling via NF-κB, epithelial mesenchymal transition, apical junction, IL6-JAK STAT3 signaling, cholesterol homeostasis, inflammatory response, etc. These pathways have been found to deal crucial acts on tumorigenesis, development, invasion, and metastasis of OV (57–62). The significantly mutated gene landscape in the high/low-expression subtypes presented TP53 (94%), TTN (24%), and CSMD3 (9%) in OV. The mutation of these genes in the biological process of tumor development has been confirmed by previous studies (63–65). The independent prognostic analysis indicated that ANXA2P2 expression level in OV contributes greatly to reliable survival prediction of 3 and 5 years. These findings might provide valuable insights into the underlying association with ANXA2P2 expression to prognosis prediction in OV.

To our knowledge, this is the first study to investigate the impact of ANXA2P2 on the pathogenesis of OV by focusing on the value of pseudogene ANXA2P2 in pan-carcinoma, and meanwhile to find new potential targets for early diagnosis and prognostic prediction of OV. Simultaneously, our study may lay the foundation for prospective functional researches and may provide new strategies for the clinical treatment of OV, thus with subsequent new hope for OV patients.
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Background

PARP inhibitors have been approved as targeted therapy for BRCA-deficient metastatic ovarian cancer (OC). Fanconi anemia complementation group A (FANCA), one of the homologous recombination repair pathway genes, is a susceptibility gene to breast cancer and OC. Therefore, it is interesting to investigate whether germline FANCA-mutated relapsed epithelial OC could achieve clinical benefit from the treatment of PARP inhibitor.



Case Presentation

A 49-year-old female patient without a family history of cancer was diagnosed with epithelial OC. This patient underwent surgical resection plus platinum-based treatment twice in 2016 and 2018, successively. After the second relapse in July 2019, the patient underwent another radical resection. The next-generation sequencing analysis results revealed a germline FANCA mutation in the tumor tissue. Subsequently, the third-line treatment of liposomal doxorubicin hydrochloride plus lobaplatin was administrated for five cycles with the patient’s consent. Then, oral niraparib (200 mg daily) was given for maintenance treatment. During the follow-up, no evidence of tumor recurrence was observed. Currently, the survival with no evidence of disease has already exceeded 21 months, and the treatment is still going on.



Conclusions

This case highlighted that OC patients harboring pathogenic gene alterations in the homologous recombination pathway might achieve clinical benefit from PARP inhibitors, which should be confirmed in further studies.
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Introduction

Ovarian cancer (OC) is the most common cause of death from gynecological cancer among women worldwide (1). Approximately 80% of patients with newly diagnosed OC have a response to platinum-based chemotherapy. However, most patients would relapse and achieve limited benefits from subsequent therapies. The median progression-free survival (PFS) after the first, second, third, fourth, and fifth relapse was 10.2 [95% confidence interval (CI) 9.6–10.7], 6.4 (5.9–7.0), 5.6 (4.8–6.2), 4.4 (3.7–4.9), and 4.1 (3.0–5.1) months, respectively (2).

PARP inhibitors, such as olaparib and niraparib, are new treatment strategies for BRCA 1/2 altered OC and other cancers (3). BRCA1/2-deficient cells utilize error-prone DNA repair pathways, causing increased genomic instability, which might be responsible for their sensitivity to DNA-damaging agents. Niraparib is an oral, highly selective PARP1 and PARP2 inhibitor (4). In the NOVA trial, all patients who received niraparib had a significantly longer PFS than those who received placebo. Notably, BRCA-mutated patients could achieve more benefits from PARP inhibitors than non-BRCA-mutated patients (5). Similar to BRCA1/2, some other “BRCAness” genes (e.g., ATM, PALB2, and FANC) also play key roles in homologous recombination pathway (6, 7). According to previous reports, a subset of patients harboring deleterious gene mutations in the non-BRCA homologous recombination repair pathway (HRRm) might benefit from PARP inhibitor (8). Furthermore, for patients with non-BRCA HRRm, the extent of benefit from PARP inhibitors was different (9). Thus, identifying non-BRCA HRRm is critical for precision treatment and survival management for OC patients.

Fanconi anemia complementation group A (FANCA) is associated with Fanconi anaemia, a rare autosomal recessive disorder characterized by congenital abnormalities, bone marrow failure, and predisposition to malignancy. Recently, FANCA has emerged mainly as a susceptibility gene to breast cancer and OC (10, 11). The single-strand annealing activity of FANCA plays a direct role in double-strand break (DSB) repair (12, 13). Preclinical studies demonstrated an association between FANCA mutated cells and sensitivity to PARP inhibitors (7). Compared with control isogenic wild-type cells, FANCA-deficient mouse fibroblast cells demonstrated greater sensitivity to PARP inhibitors. Another study reported that FANCA p.S1088F could induce sensitivity to olaparib in vitro in cancer cell lines or in vivo in patient-derived xenografts (14). Besides this, PARP inhibitors demonstrate promising results in FANCA-altered metastatic castration-resistant prostate cancer (mCRPC) (6, 15, 16). Herein we reported the first case of a germline FANCA-mutated relapsed epithelial OC who achieved clinical benefit from PARP inhibitors.



Background

A 49-year-old female patient was admitted to the hospital due to a growing left adnexal mass in August 2016. She had no family history of cancer. The results of laboratory tests showed normal levels of carbohydrate antigen (CA) 125, alpha-fetoprotein, carcinoembryonic antigen (CEA), and human epididymis protein 4. However, the CA 19-9 level was up to 62.65 U/ml. The ultrasound results revealed a 10.9 × 8.5-cm cystic mass on the left ovary. Thus, she underwent a series of surgical procedures, including total hysterectomy, bilateral salpingo-oophorectomy, and omentectomy (R0 resection). Intraperitoneal perfusion of carboplatin was given during the operation. The postoperative pathology confirmed a moderately differentiated ovarian endometrioid adenocarcinoma. After the operation, the patient underwent four cycles of paclitaxel/carboplatin. Given that the CA19-9 level did not drop to the normal range after chemotherapy, carboplatin was replaced by lobaplatin since the fifth cycle. The patient underwent one cycle of paclitaxel/lobaplatin. This patient achieved complete response with normal CA19-9 level. After the first relapse with a pelvic metastasis in October 2018, debulking surgery was performed (R0 resection). Postoperative pathology revealed high-grade serous OC. The CA125 level was 21.7 U/ml after operation (normal range, 0–35 U/ml). The patient was administrated with a second-line chemotherapy of paclitaxel/lobaplatin from November 2018 to February 2019. However, CT scanning revealed a cystic-appearing solid mass in the pelvic cavity (Figure 1A), and the CA125 level was increased up to 60+ U/ml in July 2019, suggesting that she developed tumor progression after the paclitaxel/platinum-free interval of 4 months in the second-line therapy. Subsequently, she underwent radical surgery with R0 resection. A 7-cm-sized mass was seen in the rectovaginal pouch during the operation, and a postoperative pathological examination confirmed a poorly differentiated ovarian carcinoma.




Figure 1 | (A) Computed tomography scans: (a) before cytoreductive surgery, (b) before niraparib treatment, and (c) after 9 months of niraparib treatment. (B) List of deleterious or likely deleterious somatic variations by next-generation sequencing in ovarian carcinoma. (C) Changes of serum tumor marker levels of carbohydrate antigen 125.



To further explore the genomic features, both the surgical specimen and the matched white blood cell (WBC) sample underwent next-generation sequencing analysis based on a pan-cancer 733-gene panel (3D Medicines, China). Germline mutation was identified from WBC sequencing results. The mutation profiling of this patient is summarized in Figure 1B. The results suggest that this patient harbored germline FANCA p. P615Hfs*25 heterozygous mutation and somatic PIK3CA, AKT1, ARID1A, ARID1B, and TP53 mutations, with a high homologous recombination deficiency (HRD) score of 35 (cutoff = 30). It was noted that the HRD score is defined as the unweighted numeric sum of the loss of heterozygosity score, telomeric allelic imbalance score, and large-scale state transition score, according to 3DMed-HRD algorithm as previously described (17). The HRD score threshold of 30 is predefined by analyzing the HRD scores in a Chinese training cohort of breast and ovarian cancer patients with known BRCA1/2 status and identifying a cutoff with 95% sensitivity to detect those tumors with BRCA1/2mutation. Previous works suggested that FANCA could increase the sensitivity to DNA-damaging agents, such as platinum (14, 18). Since August 2019, the third-line treatment of liposomal doxorubicin hydrochloride plus lobaplatin (five cycles) was administrated with patient consent. No evidence of disease (NED) was observed during the third-line chemotherapy. Subsequently, oral niraparib (200 mg daily) was administered for maintenance treatment. During the follow-up, no evidence of tumor recurrence was observed (Figure 1A), and the CA125 level remained within the normal range (Figure 1C). No adverse events were observed during niraparib treatment. Currently, the survival with NED has already exceeded 21 months, and the period of niraparib treatment has been more than 15 months. The close follow-up is still going on.



Discussion

In this report, we presented a case of relapsed epithelial OC harboring germline FANCA p. P615Hfs*25 heterozygous mutation who responded well to the niraparib treatment with PFS of over 21 months. In this case, different histologic subtypes are confirmed after operation, which reflect the tumor heterogeneity. Pathological transformation was also observed in a previous OC case, whose pathology transformed to undifferentiated small cell carcinoma from adenocarcinoma (19). In this case, the CA19-9 level was kept at a high level at diagnosis, while the CA125 level was increased to a high level during the second recurrence. Although the CA19-9 level was usually elevated in gastrointestinal cancer, it could also be detected in the blood of some OC patients (20). This case supported that the combination detection of serum CA125, CA19-9, and CEA might have higher sensitivity and specificity compared to a single serum marker. The paclitaxel/platinum-free interval is less than 6 months during the second-line treatment, suggesting that paclitaxel or platinum resistance was developed during the second recurrence. Notably, current clinical evidence could neither support nor deny the benefit of extending platinum-free interval in patients with recurrent ovarian cancer (21). Thus, lobaplatin-based strategy is still administrated as the third-line treatment in this case.

Besides BRCA1/2, pathogenic gene variants involving Fanconi anemia have been reported as candidate ovarian cancer-predisposing genes (10, 22). Though no family cancer history is observed in this case, the relationship between pathogenic germline gene variants and OC should be further studied in the future. About 0.23% of patients harbor germline or somatic FANCA mutations in the TCGA OC cohort (23). Its single-strand annealing activity plays a direct role in DSB repair (12, 13). To the best of our knowledge, several clinical trials demonstrated that FANCA-mutated patients respond to PARP inhibitors via a synthetic lethality mechanism. In phase 2 TRITON2 study, one mCRPC patient with FANCA mutation had complete radiographic and prostate-specific antigen (PSA) responses to the PARP inhibitor rucaparib (6). In phase 2 GALAHAD study evaluating niraparib in mCRPC, tumor radiographic response was observed in two patients with alterations in FANCA (15). The phase 2 TOPARP-B study presented another mCRPC patient harboring a FANCA mutation who had PSA responses after olaparib monotherapy (16). How FANCA mutations affect the genomic instability and the efficiency of PARP inhibitors in FANCA-mutated OC patients should be investigated in the future. Though no secondary hits were found on FANCA gene, this patient had a high HRD score of 35 (cutoff = 30), which might be able to explain the significant clinical benefit from niraparib.

Based on their great clinical benefits to OC patients, PARP inhibitors such as olaparib, rucaparib, and niraparib had been approved for OC maintenance treatment after platinum-based chemotherapy. A previous study demonstrated that the median PFS of third-line chemotherapy in relapsed patients was only 5.6 (4.8–6.2) months (2). When PARP inhibitors are used for maintenance therapy in relapsed OC patients, the median PFS of germline BRCA-mutated patients is up to 21 months, according to the NOVA trial results. In contrast, the PFS is just 9.3 months in these relapsed OC patients with wild-type BRCA (5). In this case, the patient harboring pathogenic FANCA achieved clinical benefit with PFS of over 21 months, almost equivalent to that of BRCA-mutated patients with PARP inhibitors. Consistent with a previous study (24), such result highlighted that PAPRP inhibitor was efficacious not only in BRCA-mutated patients but also in patients with unknown alterations. Given the nature of case reports, larger cohort studies should be investigated to further confirm such conclusions.



Concluding Remarks

In conclusion, we presented the first case of one relapsed epithelial OC harboring a germline FANCA mutation who achieved an impressive PFS after niraparib treatment. This case highlighted that OC patients carrying pathogenic HRRm might achieve the best outcome from PARP inhibitors. Such a conclusion should be confirmed in further studies.
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Background

Wiskott-Aldrich syndrome protein family member 2 (WASF2) has been shown to play an important role in many types of cancer. Therefore, it is worthwhile to further study expression profile of WASF2 in human cancer, which provides new molecular clues about the pathogenesis of ovarian cancer.



Methods

We used a series of bioinformatics methods to comprehensively analyze the relationship between WASF2 and prognosis, tumor microenvironment (TME), immune infiltration, tumor mutational burden (TMB), microsatellite instability (MSI), and tried to find the potential biological processes of WASF2 in ovarian cancer. Biological behaviors of ovarian cancer cells were investigated through CCK8 assay, scratch test and transwell assay. We also compared WASF2 expression between epithelial ovarian cancer tissues and normal ovarian tissues by using immunohistochemical staining.



Results

In the present study, we found that WASF2 was abnormally expressed across the diverse cancer and significantly correlated with overall survival (OS) and progression-free interval (PFI). More importantly, the WASF2 expression level also significantly related to the TME. Our results also showed that the expression of WASF2 was closely related to immune infiltration and immune-related genes. In addition, WASF2 expression was associated with TMB, MSI, and antitumor drugs sensitivity across various cancer types. Functional bioinformatics analysis demonstrated that the WASF2 might be involved in several signaling pathways and biological processes of ovarian cancer. A risk factor model was found to be predictive for OS in ovarian cancer based on the expression of WASF2. Moreover, in vitro experiments, it was demonstrated that the proliferative, migratory and invasive capacity of ovarian cancer cells was significantly inhibited due to WASF2 knockdown. Finally, the immunohistochemistry data confirmed that WASF2 were highly expressed in ovarian cancer.



Conclusions

Our study demonstrated that WASF2 expression was associated with a poor prognosis and may be involved in the development of ovarian cancer, which might be explored as a potential prognostic marker and new targeted treatments.
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Introduction

Malignant neoplasms are one of the leading causes of mortality and disability worldwide and there are still no effective treatments for patients with late stages of these diseases (1–3). Currently, surgery, radiotherapy, and chemotherapy remain to be the main modalities for the treatment of cancer (4, 5). In recent years, cancer immunotherapy has become the major theme, whose safety and efficacy have been gradually recognized (6, 7). With the extensive using of genome sequencing technology and public databases, it is possible to identify potential biomarkers and therapeutic target by using pan-cancer analysis with genes expression.

The morphology and cytoskeleton of migrating cell are induced by rearrangement of the actin cytoskeleton at the leading and trailing edges of cells and are accompanied by the formation of lamellipodia and filopodia (8). Wiskott-Aldrich syndrome protein family member 2 (WASF2) is essential for lamellipodium formation and mediates cell migration and invasion (9). The gene product is a protein that forms a multiprotein complex that links receptor kinases and actin. WASF2 has a C-terminal verprolin homology domain which can bind and activate the actin-nucleating actin-related protein-2/3 (Arp2/3) complex (10, 11). The multiprotein complex serves to a central biochemical mechanism in transduce signals that involve changes in cell shape, motility or function. Recently, some evidence has suggested that WASF2 is overexpressed in some of types of cancers and the high expression is correlated with metastasis, poor prognosis, and resistance to treatment (12–16).

The tumor microenvironment (TME) refers to the “ecological niche” surrounding the tumor, which is composed of multiple cell types, supportive matrix and soluble factors (17). TME contains a complex immune cell microenvironment, including innate immune response cells, such as natural killer (NK) cells, macrophages and dendritic cells; these cells also play roles in adaptive immune responses, such as CD8+ and CD4+ T cells (18). Studies have shown that WASF2 is closely related to the tumor immune microenvironment (19, 20). Conditional gene knockout of WASF2 in T cells can lead to severe autoimmunity (21). Therefore, WASF2 may be involved in the regulation of tumor immune microenvironment.

Nevertheless, most research studies on the roles of WASF2 in tumors were focused on individual cancer types and the sample sizes were often limited. There has been so far no pan-cancer studies focusing on the association between WASF2 and various cancers. Therefore, multi-omics pan-cancer analysis of the WASF2 can not only help to discover common phenotypic characteristics of tumors, but also carry out an in-depth interpretation about the causes of key molecular events and their own internal regulatory mechanisms. In this study, we comprehensively analyzed the expression level of WASF2 and their relationship with prognosis in different types of malignancy from multiple public databases, such as TCGA, Genotype Tissue-Expression (GTEx), and Cancer Cell Line Encyclopedia (CCLE). We also explored the associations between WASF2 expression and immune infiltration levels, drug sensitivity, and tumor mutational burden (TMB) across 33 types of cancer. Gene set enrichment analysis (GSEA) were also applied to explore potential mechanisms. Finally, we constructed a prediction model based on the expression of WASF2 and clinical symptoms to predict the prognosis of ovarian cancer and confirmed that the high expression of WASF2 in ovarian cancer. In addition, we found that the silence of WASF2 could inhibit the proliferation, migration and invasion of ovarian cancer cells.

Our studies revealed the possible roles of WASF2 across cancer, demonstrating that WASF2 would be a potential candidate for clinical biomarker, which could be used as a potential diagnostic and prognostic biomarker in many cancers, especially in ovarian cancer. Meanwhile, this study provided a novel perspective on the roles of WASF2 in tumor immunotherapy.



Materials and Methods


Sample Information and WASF2 Expression Analysis in Human Pan-Cancer

The TCGA (https://portal.gdc.cancer.gov/) is currently the largest cancer genetic information database, which stores data including gene expression profiles, copy number variation (CNV), and single nucleotide polymorphism (SNP). The mRNA expression profile data and SNP data of 33 cancer types were downloaded from the TCGA database for subsequent analysis. The difference expression level of WASF2 between cancer and normal tissues was analyzed with a combination of the normal tissues data from the GTEx database (https://commonfund.nih.gov/GTEx) and the TCGA. The online database UALCAN (ualcan.path.uab.edu/) was used to obtain the differential expression levels of WASF2 in ovarian cancer and normal ovarian tissues. Gene-centric RMA-normalized mRNA expression data for each tumor cell line was downloaded from the CCLE database (https://portals.broadinstitute.org/ccle). The expression data of WASF2 in different normal cells were obtained through the HPA database (https://www.proteinatlas.org/humanproteome/pathology). The 33 TCGA cancer types included adrenocortical carcinoma (ACC), bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), cervical squamous cell carcinoma (CESC), cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), lymphoid neoplasm diffuse large B cell lymphoma (DLBC), esophageal carcinoma (ESCA), glioblastoma multiforme (GBM), brain lower grade glioma (LGG), head and neck squamous cell carcinoma (HNSC), kidney chromophobe (KICH), kidney renal clear cell carcinoma (KIRC), kidney renal papillary cell carcinoma (KIRP), acute myeloid leukemia (LAML), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), mesothelioma (MESO), ovarian serous cystadenocarcinoma (OV), pancreatic adenocarcinoma (PAAD), pheochromocytoma and paraganglioma (PCPG), prostate adenocarcinoma (PRAD), rectum adenocarcinoma (READ), sarcoma (SARC), skin cutaneous melanoma (SKCM), stomach adenocarcinoma (STAD), testicular germ cell tumors (TGCT), thyroid carcinoma (THCA), thymoma (THYM), uterine corpus endometrial carcinoma (UCEC), uterine carcinosarcoma (UCS), and uveal melanoma (UVM). All expression data were normalized log transformed prior to analysis. Moreover, tumor samples were divided into subgroups based on the tumor stage to evaluate correlations between gene expression levels and tumor stage or grade.



Survival and Prognosis Analysis

Survival information were extracted from the Xena database to further analyze the relationship between gene expression and patient prognosis of TCGA. Two major endpoints, overall survival (OS) and progression-free interval (PFI), were selected as the main indicators of prognostic assessment. OS refers to the duration from the date of diagnosis to the date of death. PFI is defined as the time from the date of diagnosis until the date of the first occurrence of a novel tumor event, which includes new primary tumor, distant metastasis, local recurrence, the progression of the disease or death due to cancer. Based on the median risk score, patients were divided into high (≥ median) and low (< median) risk groups. Survival analysis was estimated by the Kaplan-Meier (KM) method, and any differences between survival curves were compared using the log-rank test. The survival curves were delineated according to the high and low-risk value using the R packages “survival” and “survminer”. In addition, Cox analysis was used to explore the relationship between WASF2 expression and prognosis. The forest plot was used to display the P value, hazard ratios (HR) and 95% confidence interval of each cancer for the effect of gene expression on OS and PFI using the R package “forestplot”.



Immune Cell Infiltration Analysis

CIBERSORT algorithm was used to calculate the relative proportion of infiltrating immune cells and analyze the correlation between gene expression and immune cell content. Patient samples were divided into two groups according to the median expression of WASF2 gene (high vs. low expression). Differences between groups were compared by Wilcox test through R software. TIMER database was used to calculate the immune cell infiltration information of each tumor. The heat map could be used to show the relationship between the target gene in pan-cancer and immune invasion. Positive correlations were displayed in red and negative correlations in blue (Using ggplot2, ggpubr, patchwork, showtext package for visualization). Furthermore, the TISIDB website explored the potential relationship between WASF2 expression and immune regulatory factors (chemokines, immune checkpoint, immunosuppressive agents, immunostimulatory factors, MHC molecules, etc.). Finally, the relationship between WASF2 and common tumor-related regulatory genes (autophagy, DNA repair, ferroptosis, hypoxia, pyroptosis, and TGF-β signaling gene) were also analyzed.



Tumor Mutation Burden Analysis

Tumor mutation burden (TMB) is defined as the total number of somatic gene coding errors, base substitutions, insertions or deletions detected per million bases. In this study, TMB was calculated using the mutation frequency and the number of mutations/exon length of each tumor sample, and dividing the non-synonymous mutation site by the total length of the protein coding region. The microsatellite instability (MSI) value of each TCGA patient was derived from a previously published study (2). A correlation analysis between gene expression and TMB or MSI was performed by using the “cor.test” command. All results were visualized by a radar chart, which was designed with the R-package “fmsb”.



Drug Susceptibility Analysis

The NCI-60 database contains data on 60 different cancer cell lines from nine different types of tumors by using CellMiner interface (https://discover.nci.nih.gov/cellminer/). The NCI-60 cell line is currently the most widely used cancer cell sample group for anti-cancer drug testing. Drug sensitivity data and RNA-seq data were downloaded from the NCI-60 database to explore the relationship between genes and the sensitivity of common anti-tumor drugs.



Gene Enrichment Analysis

Gene set variation analysis (GSVA) is a non-parametric and unsupervised method for evaluating the enrichment of transcriptome gene sets. GSVA was performed using the GSVA R package, to comprehensively score several gene sets of interest with a Poison distribution, and then converts gene-level changes into pathway-level changes. The gene set was downloaded from Molecular signatures database (v7.0 version), and the GSVA algorithm was used to comprehensively score each gene set to evaluate the potential biological function changes of different samples.

Gene Set Enrichment Analysis (GSEA) was used to identify the level of depletion or enrichment by using a predefined gene set and ranking the genes according to the degree of differential expression between two compared groups. In this study, GSEA analysis was performed through the “clusterprofiler” and “enrichplot” packages, and the possible molecular mechanisms of the prognostic differences were explored by comparing the differences in signal pathways between the high and low gene expression groups.



WGCNA Analysis

The weighted correlation network analysis (WGCNA) was used to construct weighted gene co-expression network, and to explore the relationship between the gene network and biological traits, as well as the hub genes in the network. The “WGCNA” R package was used to construct a co-expression network of all genes, and the genes with the top 5000 variances were screened by this algorithm for further analysis. The soft thresholding power was set as 4. Then the adjacency matrix was transformed into a topological overlap matrix (TOM) to estimate the network connectivity, and the TOM-based dissimilarity matrix for hierarchical clustering. Subsequently, a hierarchical clustering tree was constructed by the correlation coefficient between genes, and different branches of the clustering tree represented different gene modules, and different colors represented different modules. Based on the weighted correlation coefficient, the genes were classified different modules based on the expression patterns, and genes with similar expression patterns were grouped into one module. In this way, tens of thousands of genes were divided into multiple modules by gene expression patterns.



Predictive Model Construction

In this study, multivariate Cox regression analysis were performed to determine independent prognostic factors to construct the nomogram using the R software package. The calibration curve was plotted accordingly.



Functional Verification of WASF2

In the study, siRNA targeting WASF2 was used to knockdown WASF2 mRNA expression. F-actin was visualized with phalloidin staining according to manufacturer’s instructions. CCK8 assay was performed to detect cell proliferation. Transwell and wound healing/scratch assays were used to evaluate cell invasion and migration. WASF2 expression in ovarian cancer tissues was evaluated by immunohistochemical staining. The detailed materials and methods were described in Supplementary Materials and Methods.



Statistic

All statistical analyses were conducted using R language (version 4.1.1). The hazard ratios (HR) and 95% confidence intervals were calculated using univariate survival analysis. A Kaplan-Meier survival analysis was performed to estimate survival curve. The difference in WASF2 expression between different tumor stages was compared using the Kruskal-Wallis test. Pearson test was used for correlation analysis. The correlation between WASF2 expression and clinicalpathological characters was evaluated by Chi-square test (χ2). For normally distributed data, Student’s t-test was applied, whereas a Mann-Whitney U test was used for nonnormally distributed data. A two-sided P-value < 0.05 indicated a statistically significant difference.




Results


Pan-Cancer Expression Landscape of WASF2

First, the expression of WASF2 in 33 human cancers was analyzed by using TCGA and GTEx datasets. As shown in Figure 1A, WASF2 was generally highly expressed in 5 tumors, including CHOL, GBM, KIRC, LIHC, and LUSC. However, it was significantly lower in BLCA, BRCA, COAD, KICH, LUAD, PCPG, PRAD, READ, STAD, THCA, and UCEC compared with normal tissues. Due to the small number of normal tissue samples in TCGA database, the normal tissue data from the GTEx database and the tumor tissue data from TCGA database were combined to analyze the differences of WASF2 expression in 33 cancers. The results showed that WASF2 was abnormally expressed in 24 of these tumors. Specifically, WASF2 expression was higher in 19 cancer (ACC, BRCA, CESC, CHOL, COAD, ESCA, GBM, KIRC, LAML, LGG, LIHC, LUSC, OV, PAAD, PRAD, SKCM, STAD, TGCT, and THCA) and lower in 5 cancers (BLCA, LUAD, PCPG, READ, and UCEC) compared with the normal tissues (Figure 1B and Supplement Figure 1A). Furthermore, the expression levels of WASF2 in 30 tissue cell lines were analyzed using the data of tumor cell lines downloaded from the CCLE database. Results showed that WASF2 was expressed in all 30 kinds of tumor cell lines (Figure 1C and Supplement Figure 1C). In sum, these results suggested that WASF2 was abnormally expressed in different cancers. We also further found that WASF2 was related to the stage of various tumors, including BRCA, COAD, ESCA, KICH, KIRC, LIHC, LUSC and UVM (Figure 2 and Supplement Figure 1B).




Figure 1 | The WASF2 expression level in human pan-cancer analyses. (A) The mRNA level of WASF2 in TCGA. The color refers to the tumor (yellow) or normal (blue), respectively. (B) The WASF2 expression level in 33 types from the GTEx database and TCGA database. (C) WASF2 expression in 30 tumor cells from CCLE database. *P < 0.05; **P < 0.01; ***P < 0.001.






Figure 2 | The box plot shows the association of WASF2 expression with pathological stages in (A) adrenocortical carcinoma (ACC), (B) bladder urothelial carcinoma (BLCA), (C) breast invasive carcinoma (BRCA), (D) cholangiocarcinoma (CHOL), (E) colon adenocarcinoma (COAD), (F) esophageal carcinoma (ESCA), (G) head and neck squamous cell carcinoma (HNSC), (H) kidney chromophobe (KICH), (I) kidney renal clear cell carcinoma (KIRC), (J) kidney renal papillary cell carcinoma (KIRP), (K) liver hepatocellular carcinoma (LIHC), (L) lung adenocarcinoma (LUAD), (M) lung squamous cell carcinoma (LUSC), (N) mesothelioma (MESO), (O) pancreatic adenocarcinoma (PAAD), (P) rectum adenocarcinoma (READ), (Q) skin cutaneous melanoma (SKCM), (R) stomach adenocarcinoma (STAD), (S) testicular germ cell tumors (TGCT), and (T) uveal melanoma (UVM). Kruskal-Wallis test was used to assess the significance of differences between groups, followed by pair wise comparisons using Dunn’s multiple comparisons test used to evaluate differences among groups.





Prognostic Value of WASF2 Across Cancers

The relationship between WASF2 expression and the prognosis of patients in pan-cancer was analyzed. In the OS analysis, Cox regression identified that high WASF2 expression was a risk factor for ACC (P = 0.003, HR = 1.066), KICH (P = 0.021, HR = 1.119), LAML (P < 0.001, HR = 1.014), LGG (P < 0.001, HR = 1.037), LIHC (P < 0.001, HR = 1.068), and OV (P < 0.001, HR = 1.012); however, it appeared to be a protective factor in HNSC (P = 0.031, HR = 0.993), KIRC (P < 0.001, HR = 0.977), and UVM (P = 0.022, HR = 0.948), as shown in Figure 3A. KM survival curve showed that patients with higher WASF2 levels had a shorter OS compared with patients with lower WASF2 levels in ACC (P = 0.003), LAML (P < 0.010), LGG (P < 0.001), LIHC (P = 0.003) and OV (P = 0.008), whereas those with elevated WASF2 levels tended to be better OS to those with decreased WASF2 levels in KIRC (P < 0.001) and UVM (P = 0.020), as displayed in Figures 3B–J.




Figure 3 | Association of WASF2 expression with patient overall survival (OS) in pan- cancer. (A) Forest plot of HR for the relationship between WASF2 expression and patient OS. (B–J) Kaplan-Meier analyses show the association between WASF2 expression and OS. Statistical significance was assessed using the log-rank test.



Cox regression analysis of PFI identified high WASF2 expression was a risk factor for ACC (P = 0.003, HR = 1.053), BLCA (P = 0.006, HR = 1.011), KICH (P = 0.007, HR = 1.135), LGG (P < 0.001, HR = 1.031), LIHC (P = 0.009, HR = 1.034), and OV (P = 0.026, HR = 1.007); however, it was a protective factor in HNSC (P = 0.027, HR = 0.992), KIRC (P = 0.004, HR = 0.983), THYM (P = 0.009, HR = 0.947), and UVM (P = 0.031, HR = 0.956) (Figure 4A). The KM results demonstrated that patients with higher WASF2 expression had a poorer PFI compared to patients with lower WASF2 levels in ACC (P < 0.001), BLCA (P = 0.295), KICH (P = 0.147), LGG (P < 0.001), LIHC (P = 0.035) and OV (P = 0.005), while patients with increased WASF2 levels showed a superior PFI than those with decreased WASF2 levels in HNSC (P = 0.025), KIRC (P = 0.017), THYM (P = 0.051) and UVM (P = 0.055), as shown in Figures 4B–K.




Figure 4 | Association of WASF2 expression with patient progression-free interval (PFI) in pan- cancer. (A) Forest plot of HR for the relationship between WASF2 expression and patient PFI. (B–K) Kaplan-Meier analyses show the association between WASF2 expression and PFI. Statistical significance was assessed using the log-rank test.





The Relationship Between WASF2 Expression and Immune Infiltration

The tumor microenvironment (TME) is a complex non-tumor cell environment composed mainly of tumor-related fibroblasts, immune cells, extracellular matrix, a variety of growth factors, inflammatory factors, special physical and chemical characteristics, and cancer cells themselves (22). In recent years, the importance TME in the occurrence and development of cancer has attracted more and more attention. Therefore, it is important to further explore the pan-cancer relationship between WASF2 expression and TME. Our results showed that the expression of WASF2 was closely related to TME (Figure 5A). We conducted further TME analysis on OV, and the results showed that mismatch repair, EMT3, nucleotide excision repair, DNA damage response and other scores were significantly related to OV (Figure 5B).




Figure 5 | WASF2 expression is correlated with the TME. (A) Correlation between the expression of WASF2 and 15 TME processes. Red denotes a correlation coefficient > 0, whereas blue denotes a correlation coefficient < 0. (B) The statistical chart after using the CIBERSORT method shows the proportion difference of TME between WASF2 high and low expression groups in ovarian cancer. Red represents the high WASF2 expression group, yellow represents the low WASF2 expression group. *P < 0.05; **P < 0.01; ***P < 0.001. ns, no significant.



Our results also showed that the expression of WASF2 was closely related to immune infiltration. Among them, 14 cancers were significantly related to T cells CD4 memory resting, 11 cancers were significantly related to B cells naive, and 11 cancers were significantly related to mast cells resting (Figure 6A). We conducted further immune infiltration analysis on OV, and the results showed that T cells gamma delta, macrophages M2, dendritic cells activated, and eosinophils were significantly related to OV (Figure 6B and Supplement Figure 2). Next, the correlation between WASF2 level and infiltration of immune cells in pan-cancer was explored using Tumor Immune Estimation Resource (TIMER). The results were presented as a heat map. Red represent positive correlation and blue negative correlation (Supplement Figures 3, 4).




Figure 6 | WASF2 expression is correlated with cancer immunity. (A) Correlation between the expression of WASF2 and infiltration by 22 types of immune cells in pan-cancer analysis. Red denotes a correlation coefficient > 0, whereas blue denotes a correlation coefficient < 0. (B) The statistical chart after using the CIBERSORT method shows the proportion difference of immune cell between WASF2 high and low expression groups in ovarian cancer. Red represents the high WASF2 expression group, yellow represents the low WASF2 expression group. *P < 0.05; **P < 0.01; ***P < 0.001. ns, no significant.





The Relationship Between WASF2 Expression and Key Regulatory Genes

We further conducted correlation analysis to explore the relationship between WASF2 expression and 33 tumor immune-related genes. The genes analyzed included MHC, immune activating factors, immunosuppressive factors, chemokines, and chemokine receptor proteins. The results showed that almost all immune-related genes were significantly related to WASF2 (Figure 7). In addition, WASF2 has significant correlation with common tumor-related regulatory genes such as autophagy, DNA repair, ferroptosis, hypoxia, pyroptosis, and TGF-β signaling gene (Supplement Figure 5).




Figure 7 | WASF2 expression is correlated with immune-related genes. (A) The correlation between WASF2 and chemokine gene. (B) The correlation between WASF2 and immune checkpoint gene. (C) The correlation between WASF2 and immunoinhibitor gene. (D) The correlation between WASF2 and immunostimulator gene. (E) The correlation between WASF2 and MHC gene. (F) The correlation between WASF2 and receptor gene. *P < 0.05; **P < 0.01; ***P < 0.001.





The Relationship Between WASF2 Expression and TMB and MSI and With Drug Sensitivity

TMB and MSI were two emerging biomarkers related to immunotherapy response. We explored the relationship between WASF2 expression and TMB. The results showed that the expression level of WASF2 was significantly correlated with TMB tumors, including UCEC, COAD, LUSC, LUAD, ACC, KICH, KIRC, UVM, THCA, and there were significant differences (Figure 8A). In MSI, the WASF2 had significant differences in SKCM, PRAD, LGG, HNSC, COAD, BRCA, THCA, GBM, and DLBC (Figure 8B).




Figure 8 | WASF2 expression is correlated with TMB, MSI and drug sensitivity. (A) Correlation analysis between WASF2 expression in pan-cancer and TMB described using Spearman’s rank correlation coefficient. (B) Correlation analysis between WASF2 expression in pan-cancer and MSI described using Spearman’s rank correlation coefficient. (C) Analysis of drug sensitivity associated with WASF2. The positive correlation means that the gene’s high expression is resistant to the drug, while the negative is the opposite. *P < 0.05; **P < 0.01; ***P < 0.001.



Early-stage tumors were treated with surgery combined with chemotherapy. The Cellminer database was used to explore the sensitivity of the WASF2 and common anti-tumor drugs, and we further calculated the correlation between the gene expression and the drug IC50. The results showed that high gene expression was correlated to resistance to the anti-tumor drug tolerance. Among them, the WASF2 was positively correlated with Rapamycin and Itraconazole, and negatively correlated with Dexrazoxane, AFP464, Oxaliplatin, Aminoflavone, By-Product of CUDC-305 (Figure 8C).



Association of WASF2 Expression With GSVA and GSEA in Ovarian Cancer

To elucidate the detailed mechanism of the WASF2, further in-depth studies were required. Therefore, we first scored all tumors with GSVA analysis, and then divided the samples into two groups with high and low expression in each tumor separately using the median of the gene expression. The results showed that the high expression of WASF2 mainly focused on mitotic spindle, UV response DN, Wnt/β-catenin signaling, heme metabolism, and G2/M checkpoint in ovarian cancer (Figure 9A). The GSEA analysis of WASF2 in ovarian cancer was shown in the Figure 9B and Supplement Figure 6.




Figure 9 | Function and pathway enrichment analysis of ovarian cancer. (A) Correlation analysis results of GSVA and WASF2 in ovarian cancer. (B) KEGG results of WASF2 GSEA in ovarian cancer.





Association of WASF2 Expression With WGCNA in Ovarian Cancer

WGCNA is a systematic biological approach to construct a scale-free network using gene expression data (23). So, we further performed WGCNA analysis based on the expression profile data of ovarian cancer, and constructed the co-expression network related to WASF2 in ovarian cancer. The soft power of β = 4 was selected as the appropriate soft‐thresholding for performing subsequent analyses by the function “sft$powerEstimate”. The gene modules were detected based on the TOM, and a total of 16 modules were finally detected. We further analyzed the module trait relationship and found that the MEsalmon module had the highest correlation (cor = 0.49, P = 3e−24) (Figure 10A). The Metascape website was used to perform enrichment analysis on the salmon module gene. The results revealed that these genes were mainly enriched in negative regulation of cellular component organization, negative regulation of binding, mitotic cell cycle process, cellular component disassembly, and mRNA metabolic process (Figures 10B, C).




Figure 10 | Association of WASF2 expression with WGCNA in ovarian cancer. (A) Module trait relationship (p-value) for detected modules (y-axis) in relation with traits (x-axis) for ovarian cancer. The relationships were colored based on the correlation between the identified module and traits. The color scale on the right demonstrate module-trait relationship from −1 (blue) to one (red), where blue represents strong negative correlation and red represents a strong positive correlation. (B) Functional annotations of MEsalmon module. Gene ontology (GO) and corresponding P-values are shown. (C) PPI network of GO enrichment analysis results.





Clinical Application of a Nomogram Incorporating the WASF2 Gene

Based on the findings of the Cox regression analyses, we further constructed a nomogram integrating the age, grade, and the expression of WASF2, to provide a quantitative method for clinicians to predict the probability of 3‐ and 5‐year OS in ovarian cancer patients (Figure 11A). To calculate the score, each prognostic parameter was projected upward to the value of the small ruler (points), with a higher number of total points indicating a worse outcome for the patient. In addition, the calibration curve for the 3‐ and 5‐year OS was plotted at the same time, and the nomogram had a good performance (Figure 11B).




Figure 11 | Establishment and validation of the prognostic nomogram. (A) Nomogram based on the WASF2 signature and clinical information for prediction of the 3- and 5-year OS in patients with ovarian cancer in the TCGA dataset. (B) The calibration curves is used to verify the consistency of predicted and actual 3-, 5-year outcomes.





WASF2 Knockdown Suppresses the Proliferation, Migration and Invasion of Ovarian Cancer Cells

To investigate the role of WASF2 in the migration and invasion of ovarian cancer cells, WASF2 expression was silenced using specific siRNAs (Figure 12A). The influence of silenced WASF2 on the proliferation of ovarian cancer cells was detected by the CCK8 assay, which showed that WASF2 knockdown significantly suppressed the proliferation of cells (Figure 12B). Meanwhile, we found that WASF2 knockdown inhibited the formation of filopodia (Figure 12C). Following WASF2 knockdown, cells exhibited a significantly slower closure of the wound area than control cells (Figures 12D, E) and the invasion potentials were significantly reduced compared with their respective control cells (Figures 12F, G). These results suggest that WASF2 serves an important role in the migration and invasion of ovarian cancer cells. Subsequent immunohistochemistry further confirmed WASF2 expression was significantly increased in ovarian cancer tissues (Figures 12H, I).




Figure 12 | Knockdown of WASF2 inhibits the proliferation, migration and invasion capacities of ovarian cancer cells in vitro. (A) Western blot analysis of transfection efficiency of the siRNA. (B) Cell proliferation was detected by using the CCK8 proliferation reagent. (C) WASF2 knockdown suppressed filopodia formation. (D, E) Effect of WASF2 knockdown in cell migration was determined by wound healing assay and the percentage of scratch-width closure measured by quantifying the images the scratch assay at 0, 6 and 12 h after incubation. (F, G) Invasiveness of ovarian cancer cells analyzed by transwell invasion assay (magnification, ×200) and bar graph showing quantitative results of the transwell assay. (H, I) Representative immunohistochemical staining of ovarian cancer tissues using anti-WASF2 antibody showing high expression of WASF2. *P < 0.05; **P < 0.01; ***P < 0.001. Scale bars = 50μm in H.






Discussion

In this study, we conducted a comprehensive methodology for pan-cancer analysis and investigated the roles of the WASF2 in cancers. Our results indicated that WASF2 was highly expressed in a variety of cancers, and its expression level was closely related to many tumor progression, stage and prognosis. Due to the significance of the TME in malignancies, the relationship between WASF2 and the infiltration of immune cells was worth further analysis. We found that WASF2 expression correlated with cancer immunity, immune regulatory genes, TMB and MSI. Then, we performed GSVA, GSEA and WGCNA analysis to further elucidate the potential mechanisms in ovarian cancer. In addition, we constructed a nomogram that could be used for assessing the survival probability of patients with ovarian cancer based on age, stage and the expression of WASF2. Finally, our in vitro experiments demonstrated that silencing WASF2 inhibited the proliferation, migration, and invasiveness of ovarian cancer cells, and confirmed that WASF2 were highly expressed in ovarian cancer by immunohistochemistry.

Our current study showed that the WASF2 was highly expressed in 19 cancers and low in 5 cancers. The results for BRCA (13), COAD (24), GBM (25), LGG (26) and STAD (27) were similar to the previous research. However, previous studies have reported that WASF2 expression was elevated in LUAD (12), which was inconsistent with our current results and required more experimental verification. We found that the expression of WASF2 was significantly increased in ovarian cancer, suggesting that WASF2 might play an important role in the development of ovarian cancer, which would provide new insights for anti-tumor therapy. As is known, critical analysis of factors involved in survival and prognosis can facilitate treatment decisions for patients and clinicians (28). Therefore, we also analyzed the relationship between WASF2 expression and survival. We found that high expression of WASF2 was accompanied by poor prognosis and short survival time for ACC, KICH, LAML, LGG, LIHC, and OV. However, our study identified that the high expression of WASF2 appeared to be a protective factors for HNSC, KIRC, THYM, and UVM. Despite of this, the elucidation of the specific mechanism still required further investigation. In conclusion, pan-cancer analysis of WASF2 was valuable for identifying differential expressions and the roles of WASF2 in many cancer types.

Nowadays, the metabolism and microenvironment of tumors are receiving more and more attention (29). And TME has emerged as a critical component in understanding the tumorigenesis and tumor progression (30, 31). In addition, TME, especially the immune microenvironment composed of tumor-infiltrating lymphocytes (B cells and T cells) and other immune cells (macrophages, neutrophils, and dendritic cells), has been taken into consideration for the tumor therapy (32–36). Studies have shown that immune cells may have both tumor promoting and tumor inhibiting roles in immune regulation (37–41). On the one hand, under normal circumstances, immune cells play a crucial role as a component of the innate immune system killing cancer cells and fighting infections (42). On the other hand, cancer cells have been shown to utilize a variety of mechanisms to escape immune surveillance (43, 44). Past research indicates that macrophages in TME can polarize to M2 macrophages, and M2 macrophages can further shape immune microenvironment that promotes tumor progression (45). Besides, the CD3+, CD4+, and CD8+ cell subsets of T lymphocytes, as well as the CD4+/CD8+ ratio, play a significant role in antitumor immunity (3). Neutrophils can help tumor cells escape immune surveillance by mediating tumor angiogenesis as well as promoting cancer cell invasion, proliferation, and metastasis (46, 47). However, there are few studies on the relationship between WASF2 and immune cell infiltration. In our analysis, we discovered that 14 malignancies were strongly associated with CD4+ T cells, 11 cancers were significantly associated with B cells, and 11 cancers were significantly associated with resting mast cells. In addition, our analysis showed that WASF2 expression levels in ovarian cancer were correlated with four different types of immune-infiltrating cells (T cells gamma delta, Macrophages M2, Dendritic cells activated, Eosinophils). At present, there is still no systematic molecular mechanism for the relationship between WASF2 and immune cells in ovarian cancer, which is innovative and worthy of further exploration. Our research further clarified that WASF2 had a wider range of tumor applicability, and confirmed that WASF2 expression was closely related to the biological processes of immune cells and immune-related molecules in most cancers. Besides that, our research also revealed the co-expression of WASF2 with genes encoding chemokine, immune checkpoint, immunosuppression, immune activation, MHC, and receptor proteins. These results indicated that WASF2 may serve an important role in the TME, affecting the prognosis of patients, and may be involved in the development of cancers, especially in ovarian cancer.

Recently, an increasing number of studies have demonstrated that TMB and immune cell infiltration played a vital role in immunotherapy response across multiple cancer types (48, 49). Previous studies showed that blood TMB can be used as a predictive biomarker in patients with non-small cell lung cancer and platinum-resistant recurrent ovarian cancer (50, 51). In addition, some studies have found there was a significant negative correlation between TMB values and prognosis prediction performances (52). For example, patients with low TMB had a worse outcome than those with high TMB (53). MSI has emerged as a potential biomarker for predicting therapeutic response to immune checkpoint inhibitors (ICI) (54). Only the MSI fraction of colorectal cancers has showed a good response to ICI treatment (55). In our study, we found that the expression of WASF2 was significantly associated with TMB in 9 cancer types and MSI in 9 cancer types. This might indicate that the aberrant WASF2 expression wound affect the TMB and MSI of cancer, thus impacting the patient response to ICI. Those provided a useful reference in the immunotherapy of cancer.

CellMiner is a database of genomic and pharmacologic tools for identifying drug patterns and transcripts in the NCI-60 cell line (56). We found that the high expression of WASF2 was positively correlated with the sensitivity of a few drugs approved by the FDA (Rapamycin and Itraconazole), and negatively correlated with 5 drugs (Dexrazoxane, AFP464, Oxaliplatin, Aminoflavone, and By-Product of CUDC-305). Our data showed that the expression of WASF2 in cancer cells could be regarded as a biological indicator to predict the sensitivity or resistance of cells to drugs, and provide effective support for subsequent basic research or clinical applications.

Next, we performed GSVA and GSEA analysis to explore underlying biological mechanisms in ovarian cancer. Our enrichment analysis indicated that WASF2 could potentially impact etiology or pathogenesis of ovarian cancer by functioning in mitotic spindle, genes down-regulated in response to ultraviolet radiation, Wnt/β-catenin signaling, heme metabolism, and G2/M checkpoint. The WGCNA results revealed that these genes were mainly enriched in negative regulation of cellular component organization, negative regulation of binding, mitotic cell cycle process, cellular component disassembly, and mRNA metabolic process. These results also suggested that WASF2 participated in various biological processes that promoted cancers development. This is in line with results from previous some experimental studies (9, 27, 57). Cohen et al. found that WASF2 complex regulates filamentous actin content and a decrease in actin levels is sufficient to elevate Wnt/β-catenin signaling (58). Numerous studies showed that the overexpression of WASF2 significantly promoted migration and invasion tumor cells and that tumor cell migration and invasion can be inhibited by downregulating WASF2 (14, 59–61).

Accordingly, our functional studies demonstrated that downregulating WASF2 could suppress the proliferation, migration and invasion of ovarian cancer cells. There were still some limitations in this study; for example, the specific molecular mechanism was not deeply studied. In addition, the precise regulatory mechanisms of WASF2 in the tumor microenvironment require further exploration in future studies. Finally, clinical samples were relatively small, and we will expand the sample size for analysis. And external validation was needed to conduct to verify the accuracy and reliability of prediction models in the future.

In conclusion, our comprehensive pan-cancer analysis showed the characterization WASF2 within tissue and cell line. Moreover, the expression of WASF2 has been associated with the risk and prognosis of multiple cancers. Based on the results of the present study, we hypothesized that WASF2 expression was associated with immune infiltration, and a potential marker of the TME. In addition, WASF2 expression was associated with TMB, MSI, and antitumor drugs sensitivity across various cancer types. Functional bioinformatics analysis demonstrated that the WASF2 may be involved in several signaling pathways and biological processes of ovarian cancer. Finally, a risk factor model was found to be predictive for OS in ovarian cancer based on the expression of WASF2. Meanwhile, it was further confirmed by immunohistochemistry that the higher expression of WASF2 in patients diagnosed with ovarian cancer. In summary, these results of this study might help elucidate the role of WASF2 in tumor occurrence and development.
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Backgrounds

Ovarian cancer (OC) is still the leading aggressive and lethal disease of gynecological cancers, and platinum-based regimes are the standard treatments. However, nearly 20%–30% of patients with OC are initial platinum resistant (IPR), and there is a lack of valid tools to predict whether they will be primary platinum resistant or not prior to chemotherapy.



Methods

Transcriptome data from The Cancer Genome Atlas (TCGA) was downloaded as the training data, and transcriptome data of GSE15622, GSE102073, GSE19829, and GSE26712 were retrieved from Gene Expression Omnibus (GEO) as the validation cohorts. Differentially expressed genes (DEGs) were selected between platinum-sensitive and platinum-resistant patients from the training cohort, and multiple machine-learning algorithms [including random forest, XGboost, and least absolute shrinkage and selection operator (LASSO) regression] were utilized to determine the candidate genes from DEGs. Then, we applied logistic regression to establish the IPR signature based on the expression. Finally, comprehensive clinical, genomic, and survival feature were analyzed to understand the application value of the established IPR signature.



Results

A total of 532 DEGs were identified between platinum-resistant and platinum-sensitive samples, and 11 of them were shared by these three-machine learning algorithms and utilized to construct an IPR prediction signature. The area under receiver operating characteristic curve (AUC) was 0.841 and 0.796 in the training and validation cohorts, respectively. Notably, the prediction capacity of this signature was stable and robust regardless of the patients’ homologous recombination deficiency (HRD) and mutation burden status. Meanwhile, the genomic feature was concordant between samples with high- or low-IPR signature, except a significantly higher prevalence of gain at Chr19q.12 (regions including CCNE1) in the high-IPR signature samples. The efficacy of prediction of platinum resistance of IPR signature successfully transferred to the precise survival prediction, with the AUC of 0.71, 0.72, and 0.66 to predict 1-, 3-, and 5-year survival, respectively. At last, we found a significantly different tumor-infiltrated lymphocytes feature, including lower abundance of CD4+ naive T cells in the samples with high-IPR signature. A relatively lower tumor immune dysfunction and exclusion (TIDE) value and more sensitivity to multiple therapies including Gefitinib may suggest the potency to transfer from platinum-based therapy to immunotherapy or target therapies in patients with high-IPR signature.



Conclusion

Our study established an IPR signature based on the expression of 11 genes that could stably and robustly distinguish OC patients with IPR and/or poor outcomes, which may guide therapeutic regimes tailoring.





Keywords: ovarian cancer, initial platinum resistance, machine learning, CCNE1, prognosis, HRD



Introduction

Ovarian cancer (OC) is the seventh most common cancer among women worldwide, and it contributes to the eighth most common cancer-related death (1). The number of new cases and deaths are 239,000 and 152,000 annually, respectively (2). Even though great advancements have been made in the treatment of OC [especially the poly (ADP-ribose) polymerase (PARP) inhibitors], due to disease recurrence and chemoresistance, its 5-year survival rate is still <30% (3). Currently, the standard treatments for high-grade serous ovarian cancer (HGSOC) involve cytoreductive surgery and chemotherapy, and paclitaxel combined with carboplatin is the first choice as the first-line treatment given for six or eight cycles (4). Unfortunately, nearly 20%–30% of patients with HGSOC would have primary resistance to the initial platinum-based therapy (4). Until now, initial platinum resistance (IPR) remains one of the essential obstacles for prolonging the survival of HGSOC patients (5). However, discrimination of platinum-resistant diseases from the sensitive ones is still mainly based on the evaluation of progression-free survival (PFS) of platinum-based regimes. Patients with IPR still have to experience the six cycles of chemotherapy and related adverse events to know whether they are platinum sensitive or platinum resistant. Meanwhile, neoadjuvant chemotherapy (NACT) followed by interval debulking surgery is a promising and standard approach to treat patients with stages IIIC and IV OC who have a low likelihood of optimal cytoreduction (6). Although the surgery results may shed light on the assessment of the platinum sensitivity, NACT itself may increase the risk of secondary platinum resistance (7). Since then, developing a precise model to predict whether the patient will be platinum resistant is highly critical to achieving optimal clinical management of ovarian cancer.

Therefore, previous studies have tried to identify molecular biomarkers associated with platinum resistance and establish prediction models. There are 15%–20% of patients with ovarian cancers harbored germline or somatic alterations in BRCA1 or BRCA2 genes. Compared with wild-type ones, patients with BRCA1/2 alteration had improved efficacy to platinum-based regimes. Furthermore, recently, increasing evidence implicates that “BRCAness” phenotype, including alterations in other homologous recombination repair genes (8) and/or homologous recombination deficiency (HRD) (9), could also confer sensitivity to platinum-based therapy. By utilizing targeted next-generation sequencing, Zheng and her colleagues have established a platinum-sensitivity predictor based on the whole-genome duplication, loss of heterozygosity, and mutational signature (10). Meanwhile, gene expression was also suggested to have close association with the platinum sensitivity in ovarian cancer. For instance, Shannon et al. have identified that the expression signature of CYTH3, GALNT3, S100A14, and ERI1 has prognostication for platinum sensitivity (11). Non-coding RA, such as miR-23a-3p and miR-206, has also been identified that could serve as effective predictors for platinum sensitivity (12, 13). We have previously developed a genomic signatures-based predictor of IPR in advanced HGSOC patients based on their whole genome and whole exome sequencing data from our local cohort (14); however, the complex testing methods may hinder the predictor from further application in real-world clinical practice. Thus, there are increasing and urgent needs for establishing a robust and convenient predictive tool for the IPR.

In this study, to systematically assess the potential involvement gene signature of IPR, we analyzed the differentially expressed genes by comparing the transcriptome data between platinum-sensitive and platinum-resistant OC samples from The Cancer Genome Atlas (TCGA) database and established an IPR prediction signature by application of multiple machine learning algorithms. Then, we utilized the transcriptome data from Gene Expression Omnibus (GEO) database to validate the prediction capacity of the established model. Furthermore, the clinical, genomic, and prognostic features related to high-IPR signature were also analyzed.



Materials and Methods


Data Source

The schematic overview of the study was provided in Supplementary Figure S1. The transcriptomic and clinical features of 489 patients with ovarian serous cystadenocarcinoma from the TCGA cohort were derived from the cbioportal website (http://www.cbioportal.org/), setting as the training cohort, and 287 of which had known platinum sensitivity. The GSE15622 dataset, which included 15 ovarian cancer samples with known platinum sensitivity, was downloaded from GEO (https://www.ncbi.nlm.nih.gov/geo/) as the validation cohort of platinum-resistance prediction of IPR signature. Besides, GSE102073 (n=85), GSE19829 (n=28), and GSE26712 (n=195) were retrieved for the GEO as the validation cohort of survival prediction of IPR signature. More details of involved samples in each dataset are provided in Supplementary Table S1.



Differentially Expressed Gene Screening Between Platinum-Sensitive and Platinum-Resistant Samples

Raw gene-level counts were utilized in our analysis. All the data processing and normalization were performed and completed by using the R studio. The gene expression profiling data of samples with RNA expression data were downloaded from the TCGA database. The DEGs between platinum-sensitive and platinum-resistant samples (median value serves as the cutoff) were identified through the “Limma” package from Bioconductor in R language, and p-value <0.01 was set as the threshold for screening the expression difference of DEGs.



Construction of an IPR Prediction Model Based on Multiple Machine Learning Algorithms

Then, we applied multiple machine learning algorithms, including a boosted decision tree model named eXtreme Gradient Boosting (XGBoost), random forest (RF), and least absolute shrinkage and selection operator (LASSO) to determine the shared key genes from DEGs based on the Venn diagram. To construct the IPR prediction model, logistic regression was further utilized, and the IPR-prediction score formula was established as the expression level of Gene 1 × α1 + Gene 2 × α2 + Gene 3 × α3 +… + Gene n × αn, where αn represents the coefficient for the corresponding gene in this model. The median IPR prediction score was responsible for a cutoff value to sort the patients into high- and low-IPR prediction score groups. The survival curves were drawn by using the “survival” package in R studio. The analysis of the area under ROC curve (AUC) was analyzed by the “timeROC” package in R studio. Furthermore, multivariate Cox regression analyses were performed to determine whether the IPR signature is an independent variable for platinum sensitivity. The nomogram calibration plots were constructed by the “rms” package in R, receiver operating characteristic.



Function Enrichment Analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) and REACTOME pathway enrichment analysis was carried out for DEGs by clusterProfiler R package. Only the terms with a p-value < 0.05 were considered as significantly enriched in functions of DEGs and pathway analysis.



Survival Analysis

Kaplan–Meier survival curves were applied to compare the survival data of patients with high- and low-IPR signature. AUC of ROC curve was utilized to evaluate the sensitivity and specificity of survival prediction.



HRD Scores in the TCGA-OC Cohort

HRD score or the genomic instability score was calculated as a sum of loss of heterozygosity (LOH), large-scale transition (LST), and telomeric allelic imbalance (TAI) in each sample. The pre-calculated HRD results of 169 patients from the TCGA-OC cohort were adopted from Knijnenburg et al., which were based on the genotyping array data from TCGA (15). The number of segment LOH were generated by TCGA Network Aneuploidy Analysis Working Groups using ABSOLUTE algorithm (16, 17). The chromosomal breaks between adjacent regions of at least 10 Mb were defined as LST, and the number of LSTs was estimated for each chromosome arm independently (18). The number of TAI was calculated of the number of regions that extend to one of the sub-telomeres but do not cross the centromere (19). The threshold for HRD score was 42, and samples with HRD scores below 42 were considered as homologous recombination proficiency (HRP).



Tumor-Infiltrating Immune Cells and Tumor Immune Dysfunction and Exclusion Analysis

The abundance of immune cells was analyzed using XCELL online software (https://xcell.ucsf.edu/). mRNA expression data of samples with high- and low-IPR signature were uploaded to the website to predict the proportion of immune cell types. Similarly, to predict the response to immunotherapy, the RNA-seq data of samples with high- and low-IPR signature from the training cohort were used to analysis the tumor immune dysfunction and exclusion (TIDE) value (20).



Drug-Sensitivity Analysis

Candidate drug sensitivity of OC patients with high- or low-IPR signature in the training cohort was analyzed by the Genomics of Drug Sensitivity in Cancer database (GDSC; https://www.cancerrxgene.org/), and the half-maximal inhibitory concentration (IC50) was calculated through the “pRRophetic” (21). Drugs with significantly lower IC50 (p < 0.05) were considered as sensitive.



Statistical Analyses

Log-rank test in each data set was applied to analyze the difference in survival. Chi-square, Fisher test, and Wilcoxon rank test statistical analyses were all performed by using R studio (v. 3.4.3, https://rstudio.com/). A (adjusted) p-value <0.05 was considered statistically significant.




Results


Establishment of an IPR Signature

The DEGs between platinum-sensitive and platinum-resistant OC samples were analyzed, and a total of 532 DEGs were identified, including 332 significantly upregulated and 200 downregulated genes (Figure 1A). These DEGs were enriched in multiple pathways, including olfactory transduction, RNA polymerase, cytochrome P450, chemokine signaling pathway, and cell cycle (Figure 1B). Then, 27, 141, and 73 candidate DEGs were further selected by RF, XGBoost, and LASSO, respectively, 11 of which were shared by these three machine learning algorithms (Figure 1C). The expression of overlapped 11 candidate genes significantly differed between normal ovarian cells and tumor samples (Figure 1D), and eight of them were significantly correlated with platinum sensitivity (p<0.05, Figure 1E). Next, by utilizing multivariate logistic regression analysis, an IPR prediction model was established, and the formula was as follow: IPR predictor score = RNF133*−2.33 + ZYG11A * 0.380 + DUOX1 * 0.313 + ZNF275* −1.769 + GALR2*1.680 + PES1*−0.618 +KCNA3*−1.691 +NLGN1*−0.752 + SLC22A3*1.769 + RNASE8*−1.294 + MMP1*−0.242. This IPR prediction model reached an AUC value of 0.841 to predict IPR in the training cohort (Figure 1F).




Figure 1 | Construction of an IPR signature in the training cohort (TCGA-OV). (A) Differentially expressed genes (DEGs) between platinum-sensitive and platinum-resistant samples. (B) Enriched functional pathway of platinum sensitivity-related DEGs. (C) Venn diagram revealed the overlapping candidate genes of XGBoost, random forest (RF), and least absolute shrinkage and selection operator (LASSO). (D) The expression level of the 11 candidate DEGs between normal ovarian cells (GTEX) and tumor tissues (TCGA), ****p < 0.00001. (E) Correlation between each candidate DEG and the platinum sensitivity, *p < 0.05. (F) The prediction efficacy of the established model in the training cohort.





Validation of the Established IPR Signature

We further validated the established IPR prediction score model in the independent validation cohort (GSE15622). The AUC value for predicting the IPR was 0.796, which indicated the satisfactory performance of the IPR prediction score model (Figure 2).




Figure 2 | The ROC curve of the IPR signature in prediction the platinum resistance in the validation cohort (GSE15622).





Comparison With HRD Score

Previous studies have suggested HRD score as a promising predictor for platinum sensitivity; thus, we investigated the relationship between HRD score and the constructed IPR signature. There was neither significant difference in the IRP signature score between HRD and HRP samples nor in the HRD score between samples with high- or low-IPR signature (Figures 3A, B). HRD score had no significant correlation with IPR signature score (R=−0.16, p=0.16, Figure 3C). IPR signature had superior efficacy than HRD score in predicting platinum resistance (AUC, 0.83 vs. 0.65, p=0.035, Figure 3D). Meanwhile, it was noteworthy that the prediction capacity was stable regardless of the HRD status (Figures 3E, F). Groups with HRP and high-IPR signature had a significantly higher prevalence of platinum-resistant samples (HRP-IPRhigh versus other groups, 66.7% vs. 19.40%, p<0.001, Figure 3G).




Figure 3 | The relationship between HRD and the IPR signature in the training cohort. (A) The difference in the IPR signature score between OC samples with HRD and HRP. (B) There was no significance in the prevalence of HRD between samples with high- or low-IPR signature. (C) Correlation between IPR signature score and HRD score. (D) Comparison of the IPR prediction capacity between IPR signature and HRD score. The prediction efficacy was stable in both the HRD (E) and HRP (F) samples. (G) The prevalence of platinum resistance in samples with different HRD and IPR signature. HRD, homologous recombination deficiency; HRP, homologous recombination proficiency; IPR, initial platinum resistance.





Mutation Count and the IPR Signature

Multivariate Cox regression analysis identified the mutation count, and IPR signature were the only two independent variables for the platinum sensitivity in the training cohort (Figure 4A). Then, we analyzed the relationship between mutation counts and IPR signature. The results revealed no correlation between IPR signature score and mutation count (R=−0.051, p=0.48, Figure 4B). Similarly, the mutation counts levels were not significantly different between OC samples with high- or low-IPR signature (Figure 4C). Although these two variables were related to platinum resistance, IPR signature outperformed mutation counts in predicting the IPR (AUC, 0.84 vs. 0.63, p < 0.001, Figure 4D). On the mutation burden stratification, the prediction efficacy was also stable in both the high- (AUC=0.869) and low-mutation burden (AUC=0.814) samples (Figures 4E, F). The prevalence of platinum-resistance samples was significantly enriched in the samples with low mutation burden but high-IPR signature (TMBlow IPRhigh versus other groups, 61.70% vs. 23.08%, p<0.0001, Figure 4G).




Figure 4 | The relationship between mutation count and the IPR signature in the training cohort. (A) Multivariate Cox regression analysis identified the mutation count and IPR signature were the two independent variable for the platinum sensitivity. (B) There was no significant correlation between IPR signature score and mutation count. (C) The difference in the IPR signature score between OV samples with HRD and HRP. There was no significance in the mutation counts between samples with high- or low-IPR signature. (D) IPR signature outperformed than mutation counts in predicting the IPR. The prediction efficacy was stable in both the high- (E) and low-mutation burden (F) samples. (G) The prevalence of platinum resistance in samples with different mutation counts and IPR signature. IPR, initial platinum resistance.





Comprehensive Analysis of the Difference in the Genomic Feature Between Samples With High- or Low-IPR Signature

The genomic feature of the most frequently altered genes was in concordance between samples with high- or low-IPR signature, with a leading prevalence of alterations in TP53, TTN, BRCA2, BRAC1, and USH2A (Figures 5A, B). Furthermore, as there was no gene with significantly distinct prevalence, we specifically analyzed the distribution of alterations in BRCA1 (Figure 5C), BRCA2 (Figure 5D), and TP53 (Figure 5E) but found no significant difference as well. In addition, we analyzed the copy number changes in these two groups (Figure 5F) and identified a higher prevalence of gain at Chr19.12 in samples with high-IPR signature. Gain at Chr19.12 was more prevalent in platinum-resistant samples (odds ratio, OR=1.78, p=0.02, Figure 5G) and in samples with high-IPR signature (OR=1.69, p=0.03, Figure 5H).




Figure 5 | Comprehensive analysis on the difference in the genomic feature between samples with high- or low-IPR signature. Oncoprint was generated for the most prevalent altered genes in samples with high- (A) or low-IPR (B) signature. The details in the distribution and prevalence of BRAC1 (C), BRCA2 (D), and TP53 (E) are shown in the lollipop plots. Upper: high-IPR signature; below: low-IPR signature. (F) Copy number changes in samples with high- (upper) or low-IPR (below) signature. A higher prevalence of gain at 19q12 was identified both in the platinum-resistant (G) and high-IPR signature (H) samples.





IPR Signature Had Capacity in Survival Prediction in the Training Cohort

OC patients with higher neoplasm histologic grade (Figure 6A) or cancer stage (Figure 6B) had significantly higher IPR signature scores. As OC patients who were platinum resistant had significantly inferior overall survivals (OS, Figure 6C), we analyzed the difference in survival between patients with high- or low-IPR signature. Likewise, patients with high-IPR signature had significantly worse OS than those with low-IPR signature (Figure 6D). The AUC for IPR signature to predict 1-, 3-, and 5-year survival was 0.71, 0.72, and 0.66, respectively (Figure 6E). Multivariate Cox regression analysis identified the IPR signature as the independent variable for predicting overall survival (HR=1.2, 95% CI 1.13–1.3, p<0.001, Figure 6F). Among those 11 genes, three (ZYG11A, DUOX1, and SLC22A3) were significantly associated with worse survival, and four (PES1, RNF133, NLGN1, and KCNA3) were significantly associated with better survival (p<0.05, Figure 6G). Additionally, patients with high-IPR signature also had significantly inferior disease-free survival (DFS) than those with low-IPR signature (Figure 6H).




Figure 6 | IPR signature had the capacity in survival prediction in the training cohort. (A) The difference in IPR signature score between samples with G2 and G3 neoplasm histological grade. (B) The difference in IPR signature score between samples with different cancer stages; Kaplan–Meier analysis showed a significantly inferior overall survival in platinum-resistant ovarian cancer patients (C) and high-IPR signature patients (D). (E) The ROC curve of the IPR signature in predicting the 1-, 3-, and 5-year survival in the training cohort. (F) Multivariate Cox regression analysis identified that the IPR signature and age were the two independent variable for the overall survival. (G) Forest plot of the hazard ratio for the association of each gene related to IPR signature score with overall survival. (H) Kaplan–Meier analysis of the disease-free survival (DFS) of patients with different IPR signature score. *p < 0.05.





Correlation Between IPR Signature and Clinical Feature in Survival Prediction

Regardless of the patients’ age (below or beyond 60 years old), the IPR signature could significantly distinguish patients with worse overall survival (Figures 7A, B). On neoplasm histological grade stratification, high IPR signature score was associated with significantly shorter overall survival in both G2 and G3 disease (Figures 7C, D). Because the IPR signature and mutation counts were the only two independent variables related to platinum resistance, we analyzed the survival difference on the stratification of mutation counts and IPR signature (Figure 7E). Patients with low-TMB but high-IPR signature had the most inferior OS than other groups (median OS for TMBlowIPRhigh, TMBhighIPRhigh, TMBlowIPRlow, TMBhighIPRlow: 32.03, 33.28, 58.08, and 55.88 months, respectively).




Figure 7 | Analysis of the survival prediction of IPR signature in patients with different clinical feature. Kaplan–Meier analysis of the overall survival of patients diagnosed below (A) and beyond 60 years old (B), neoplasm histological grade of G2 (C) and G3 (D). (E) Kaplan–Meier analysis of the overall survival on the stratification of mutation burden and IPR signature.





Validation of the Capacity of IPR Signature in Survival Prediction

Kaplan–Meier analysis and ROC curve supported that the IPR signature could successfully distinguish patients with inferior PFS in the GSE102073, with the AUCs of 0.67, 0.67, and 0.7 to predict 1-, 3-, and 5-year PFS (Figures 8A, B). It also robustly predicted the DFS in GSE19829 (Figures 8C, D) and the dead of disease (DOD) time in GSE26712 (Figures 8E, F). Furthermore, we analyzed the relationship between disease recurrence and the IPR signature and found significantly higher prevalence of disease recurrence in patients with high-IPR signature (74% vs. 51%, p=0.05, Figure 8G).




Figure 8 | Validation of the capacity of IPR signature in survival prediction. Kaplan–Meier analysis and ROC curve of the IPR signature in prediction the PFS in the GSE102073 (A, B), DFS in GSE19829 (C, D), and time to DOD in GSE26712 (E, F). (G) The distribution of patients with disease recurrence in the high- or low-IPR signature. Ovarian cancer patients were divided into high- and low-IRP signature group according to the optimal cutoff value in each cohort. PFS, progression-free survival; DFS, disease-free survival; DOD, dead of disease.





Estimation of the Associations Between Immune Characteristics, Potential Therapy, and the IPR Signature

Compared with OC samples with low-IPR signature, samples with high-IPR signature were presented with a significantly lower abundance of CD4+ naive T cells, myeloid dendritic cells, endothelial cells, and monocytes (Figure 9A). Meanwhile, although without statistical significance, samples with high-IPR signature had relatively lower TIDE value, which may indicate a relatively higher potency to respond to immune checkpoint blockade (ICB, Figure 9B). Furthermore, samples with low-IPR signature were more sensitive to therapies, including IPA.3, MK2206, NSC.87877, and other regimes (CEP.101, AZD6482, Mitomycin.C, Bortezomib, AZ628); on the contrary, samples with high-IPR signature were significantly more sensitive to Gefitinib and other therapies including SL.0101.1, KU55933, Lenalidamoide, CCT018159, and JNJ.26854165 (Figure 9C).




Figure 9 | Estimation of the associations between immune characteristics, potential therapy, and the IPR signature. The difference in the abundance of tumor-infiltrating immune cells were analyzed by XCELL (A) in the training cohort, independently. (B) The difference in TIDE value between high- and low-IRP signature group. (C) Drugs with significantly different sensitivity were analyzed by utilizing the GDSC dataset. TIDE, tumor immune dysfunction and exclusion. *p < 0.05; **p < 0.01; ns, not significant.






Discussion

Prognostication of platinum resistance prior to chemotherapy in patients with ovarian cancer is still an unmet problem. Using the TCGA database as the training cohort, we have identified a total of 532 platinum-sensitivity-related DEGs and finally found 11 as the candidate DEGs by three machine learning algorithms including XGBoost, RF, and LASSO. Even though each of these algorithms has been widely applied and owns stable and accurate performance in constructing prediction model, a combination of them would provide more solid results. Meanwhile, downsizing of the candidate genes by combining the three algorithms would provide more convenience for the further clinical application of the established prediction model. The platinum-resistance prediction capacity of the established model reached an AUC of 0.841 and 0.796 in the training and validation cohorts, respectively, indicating that it was a robust model to prognosticate platinum resistance for patients with ovarian cancer. Meanwhile, its prognosticate power was stable regardless of the HRD status; it would, therefore, be tempting to suggest that the established IPR signature could effectively distinguish platinum-resistant patients from HRD-positive groups.

Among the 11 selected genes, notably, three of them including SLC22A3, DUOX1, and MMP1 were all related to mitochondrial-related metabolism pathways. This feature was in concordance with the results from previous studies that mitochondrial dynamics played a pivotal role in the chemoresistance of OC patients (22). Platinum agents could bind to DNA and induce DNA damage, resulting in mitochondria-mediated apoptosis, and previous studies have found that there were notable difference in both mitochondrial contents and mitochondria-related reactive oxygen species (ROS) production between ovarian cells sensitive and resistant to cisplatin (23). Meanwhile, Han and his collogue found that tumor environment, especially hypoxia status, could induce platinum resistance by triggering ROS production and thus causing mitochondria fission (24). ZYG11A, a member of ZYG11 family, has been identified to be involved in the regulation of cell cycle and division, and its expression in ovarian cancer was correlated with tumor stage (25). Whether it serves as an oncogene or tumor suppressor gene in tumor development is still controversial, but limited evidence suggests that it functions as an oncogene by interacting with CCEN1 in non-small lung cancer (26). We found that it was associated with high hazard ratio to prognosticate OS, suggesting its role as an oncogene in OC. PES1, involved in the pre-ribosomal RNA processing, is an oncogene that promotes the carcinogenesis and development of different types of cancers (27). Although evidence on its role in OC was still poor, an early study suggested that it could affect the progression by regulation the ER in OC (28). KCNA3 has been identified as a key immune-related gene in ovarian cancer, and moreover, its overexpression was associated with disease stage and superior survival (29). Other key genes, including NLGN1 (30) and GALR2 (31), were identified in the cancers, but their roles in ovarian cancer, especially in platinum sensitivity were unreported before. We identified that NLGN1 was significantly associated with the platinum sensitivity and survival of OC patients.

The genomic feature was in concordance between patients with high- or low-IPR signature, including genetic alterations, TMB, and HRD. To date, even though the association between HRD scores and platinum agents’ sensitivity has been extensively studied in various cancers, it is still full of controversy. For instance, in breast cancer, TNT (32) and GeparSixto trial (33) presented the distinct role of HRD in predicting the response of platinum agents: in TNT trial, HRD status failed to stratify advanced breast cancer patients who benefitted more from carboplatin than docetaxel; however, patients with HRD from GeparSixto trial had higher pathological complete response rates from platinum-based than those of non-platinum-based therapy. For ovarian cancer, multiple trials, for instance, PAOLA-1 and PRIMA, all demonstrated that over half of platinum-sensitive HGSOC were positive of HRD (34), and OC patients who were platinum sensitive had higher HRD scores than those who were platinum resistant (9). In this study, our novel IPR signature significantly outperformed the HRD score in predicting the platinum sensitivity (AUC value, 0.83 vs. 0.65). Moreover, the accuracy of the IPR signature was stable both in HRD and non-HRD OC patients, which would be of clinical value to recognize potential IPR patients who have HRD. On the other hand, TMB is a novel and Food and Drug Administration (FDA)-approved biomarker-associated higher efficacy of immunotherapy in pan-cancer (35). However, as the response rates of immunotherapy were extensively poor in OC, the role of TMB is also being continuously overlooked. The TMB value of OC is medium among pan-cancers, and <5% of OC cases have TMB values beyond the threshold (10 mut/Mb) (36). In other cancer types, evidence has suggested that TMB, a biomarker of genomic instability, presented with predictive value in platinum-based chemotherapy (37). Interestingly, through multivariate Cox regression analysis, we found that TMB (or mutation counts) could serve as an independent factor predicting the platinum sensitivity, which is contradicted with the results of our previous study in which we analyzed 99 local HGSOC patients’ tumor samples but found that TMB alone has limited capacity in predicting IPR (AUC=0.5433) (38). Furthermore, the IPR model was stable and robust no matter whether patients presented with TMB-high phenotype or not.

Additionally, a higher prevalence of gain 19q12 in patients with high-IPR score was identified, namely, locus encoded cyclin E1 (CCNE1) and URI1, and has been previously identified to be associated with chemoresistance in ovarian cancer patients (39–41). Noteworthy, the gain at 19q12 was associated with genomic instability and poorer survival in ovarian cancer patients (42), and the amplification of CCNE1 has been found as a discriminating biomarker for first-line platinum-based chemotherapy. CCNE1, which functions as the regulator for the transition from G1 to S phase and determines cell division, mainly was amplificated in the HR-proficient ovarian cancer cells (43). As platinum agents mainly function by causing intra- and inter-strand crosslinks and further inducing cell cycle arrest and cell death, the mutual exclusivity of HRD and CCNE1 amplification contributes to accurate DNA repair in cell, which in turn removes platinum-induced DNA damage and causes platinum resistance (41). Furthermore, this region could be added to the lists of inquiries for drug development that might be currently underappreciated.

Furthermore, we found a higher sensitivity of Gefitinib in patients with high-IPR signature. Gefitinib is a selective tyrosine kinase receptor inhibitor targeted at epidermal growth factor receptor (EGFR) alterations and has been approved in the treatment of patients with non-small cell lung cancer (44), and in vitro research found that it had synergistic effects with cisplatin (45). EGFR and phosphorylated EGFR could be widely detected in the ovarian cancer samples, and Gefitinib monotherapy could decrease their levels. Unfortunately, Gefitinib monotherapy exhibited limited clinical efficacy (with a response rate of 0%–9%) in ovarian cancer, but several combinatorial strategies have shown promising efficacy (46). On the other hand, even though ICBs have made great advances in multiple types of cancers, the efficacy of ICBs (monotherapy or in combination with chemotherapy) in OC remains poor (response rate below 10%) (47). Analysis of the tumor microenvironment of OC, especially the T-cell immunity, provided unique insights into the mechanism of resistance to ICBs (48). TIDE is a more effective algorithm in predicting the tumor immune evasion and response of ICB than the widely applied prediction biomarkers, such as PD-L1 expression level and TMB (49). OC patients with high-IPR signature exhibited relatively lower TIDE value, supporting a lesser T-cell dysfunction microenvironment and a better efficacy to ICBs.

A limitation of this study is that survival and platinum-resistance prediction of the established IPR prediction score was mainly based on the public databases, which merited further validation in the real clinical samples. Further validation study utilizing local patients’ samples and real-time PCR is needed to validate and simplify the testing method of the established predictor. Meanwhile, more preclinical experiments are needed to explore the efficacy of the involved therapeutic regimes, such as ICB, Gefitinib, or therapy targeted at CCEN1.

In conclusion, the novel constructed IPR prediction score had the good sensitivity and specificity as a prognostic predictor for platinum sensitivity and could also distinguish OC patients with inferior survivals.
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Background

Globally, ovarian cancer is one of the most common gynecological malignant tumors, and the overall curative effect has been unsatisfactory for years. Exploring and investigating novel therapeutic strategy for ovarian cancer are an imperative need.



Methods

Using manganese zinc ferrite nanoparticles (PEG-MZF-NPs) as gene transferring vector and drug delivery carrier, a new combinatorial regimen for the target treatment of ovarian cancer by integrating CD44-shRNA, DDP (cisplatin) and magnetic fluid hyperthermia (MFH) together was designed and investigated in vivo and in vitro in this study.



Results

PEG-MZF-NPs/DDP/CD44-shRNA nanoliposomes were successfully prepared, and TEM detection indicated that they were 15–20 nm in diameter, with good magnetothermal effect in AMF, similar to the previously prepared PEG-MZF-NPs. Under the action of AMF, PEG-MZF-NPs/shRNA/DDP nanoliposomes effectively inhibited ovarian tumors’ growth, restrained the cancer cells’ proliferation and invasion, and promoted cell apoptosis. VEGF, survivin, BCL-2, and BCL-xl proteins significantly decreased, while caspase-3 and caspase-9 proteins markedly increased both in vitro and in vivo, far better than any of the individual therapies did. Moreover, no significant effects were found on bone marrow hematopoiesis and liver and kidney function of nude mice intervened by the combinatorial therapeutic regimen.



Conclusion

In the present study, we developed PEG-MZF-NPs/DDP/CD44-shRNA magnetic nanoliposomes and inaugurated an integrated therapy through the synergistic effect of MFH, gene therapy, and chemotherapy, and it shows a satisfactory therapeutic effect on ovarian cancer in vitro and in vivo, much better than any single treatment regimen did, with no significant side effects. This study provides a new promising method for ovarian cancer treatment.





Keywords: PEG-MZF-NPs, magnetic fluid hyperthermia, ovarian cancer, DDP, CD44-shRNA



Introduction

Ovarian cancer is one of main malignancies causing death in women worldwide (1). Currently, surgical resection is mainly used in the treatment of early ovarian cancer, while chemotherapy is used in advanced stages. In spite of good curative effect of surgery for early tumor, most patients have been in advanced stages when diagnosed because of the “silence” of ovarian cancer, and therefore, operative treatment is unfit for them. Chemotherapy possesses adverse effects, and patients could easily relapse for acquired drug resistance and metastasis (2). Thus, exploring a new efficient strategy for ovarian cancer treatment has been a hot topic scope of modern medical research.

Adhesion molecule CD44, a cell surface type 1 hyaluronic acid transmembrane glycoprotein receptor, is involved in the regulation of cell proliferation, cell differentiation, cell migration, angiogenesis, and inflammation (3). In tumor development, it is related to various metabolic pathways (4). It has been proven that CD44 is highly expressed in ovarian cancer, and its aberrant expression plays a crucial role in ovarian cancer occurrence, development, invasion, and metastasis (5). Other than that, CD44 is highly expressed in ovarian cancers’ drug-resistant cells and advanced epithelial tissues and has been considered a marker for poor ovarian cancer prognosis (5, 6). Hence, CD44 might be a conceivable target in ovarian cancer treatment. It was reported that blocking CD44 gene by RNA interference (RNAi) could significantly inhibit the growth of ovarian cancer cells and the formation of tumor blood vessels and reduce the recurrence and metastasis of tumors (2). CD44 gene knockout can increase the chemosensitivity of ovarian cancer cells to paclitaxel and inhibit tumor growth (7), and targeted inhibition of CD44 gene expression combined with chemotherapy drugs may be a more effective strategy for ovarian cancer treatment.

Honestly, as a modern treatment after traditional surgery, radiotherapy, and chemotherapy (8), gene therapy has an applicable prospect in cancer treatment. In recent years, copious tumor researchers have employed gene therapy in their investigations, among which RNAi has been proven efficacious in cancer therapy. However, efficient and stable gene transfer is pivotal in gene therapy.

With the development of nanotechnology, the use of nanoparticles as gene carriers has been widely studied (9). Magnetic nanoparticles can be directionally controlled under the action of the external magnetic field, exhibiting the unique characteristics of general nanoparticles and also sustain superparamagnetism, which can carry out efficient magnetic transfection (10). Tumor hyperthermia can also be achieved through magnetic nanoparticles under the action of an external magnetic field (11). This local and minimally invasive hyperthermia is designed to inhibit cancer cells’ growth and improve the effect of chemotherapy. Optimizing cancer cells’ drug delivery amalgamated with the MFH under the action of an alternating magnetic field (AMF) has become an intriguing research subject (12).

In the present study, DDP/CD44-shRNA nanoliposomes were prepared by using PEG-modified manganese zinc ferrite nanoparticles (PEG-MZF-NPs) previously developed as gene and drug carrier. Making use of PEG-MZF-NPs’ excellent magnetic response and effective temperature control, CD44-shRNA gene therapy, DDP chemotherapy, and magnetic thermotherapy were organically combined together to treat ovarian cancer in vitro and in vivo (Figure 1).




Figure 1 | Schematic diagram of preparation of PEG-MZF-NPs/DDP/CD44-shRNA nanoliposomes and magnetic fluid hyperthermia therapy.





Materials and Methods


Materials

Cisplatin (DDP) was from Haosen Pharmaceutical Group Co., Ltd., Jiangsu, China. The total RNA extraction kit, reverse transcription kit, high-purity gel extraction kit, Western blotting test kit, and ECL test kit were all purchased from TaKaRa, Dalian, Liaoning, China. AnnexinV-FITC apoptosis kit was purchased from BD Company, BD Bioscience, San Jose, CA, USA. The secondary antibodies and the sheep anti-rabbit IgG were purchased from Sangon Biotech, Shanghai, China. Anti-VEGF, anti-survivin, anti-BCL-2, anti-BCL-xl, anti-cleaved caspase-3, and anti-cleaved caspase-9 antibodies were from Sigma, Newark, DE, USA. The rest of the reagents were from Invitrogen, MBI, Waltham, MA, USA.



Preparation of PEG-MZF-NPs/DDP Nanoliposomes and Detection of the Physicochemical Properties

One hundred microliters (60 μg/ml) of PEG-MZF-NPs prepared previously was mixed with sufficient DDP (17 μg/ml) (13). Lecithin, cholesterol, and distilled water were added to the mixture and dispersed by ultrasound for 15 min and then filtered. The resulted filtrate encompassed PEG-MZF-NPs/DDP nanoliposomes. The hydrate particle size of PEG-MZF-NPs/DDP nanoliposome was detected by dynamic light scattering (DLS). The nanoliposome’s stability was tested at room temperature. Fourier transform infrared spectroscopy (FTIR) was used to analyze the alterations between PEG-MZF-NPs and PEG-MZF-NPs/DDP. We also determined the samples’ iron content using o-phenanthroline spectrophotometry. The heating effect of PEG-MZF-NPs/DDP nanoliposomes in AMF was examined as follows.

One milliliter of PEG-MZF-NPs/DDP nanoliposomes with Fe at 20, 40, 60, and 80 µg/ml was taken into a flat-bottomed test tube, respectively. Then, these tubes in turn were placed in an alternating magnetic induction instrument [SPG-10 (A)-11, Shenzhen, China] for 1 h, with a distance of 5 mm from the tube bottom to the hyperthermia-coil center. The output frequency was 235 kHz, and the output current was 35 A; the temperature was recorded every 5 min. Heating curves of PEG-MZF-NPs/DDP nanoliposomes with different concentrations were drawn by using temperature for the ordinate and time for the abscissa. Other than that, the magnetothermal effect of PEG-MZF-NPs/DDP nanoliposomes (Fe: 60 µg/ml) was examined when the output frequency was 235 kHz, and the output current was set to 15, 25, 35, and 45 A, respectively, and heating curves at different magnetic field intensity were drawn as the above. According to the heating curves, the applicable concentration of Fe and output current were selected in the later experiments.



CD44-shRNA Plasmids’ Construction and Transfection

CD44-shRNA plasmids were synthesized according to the reference (14, 15) by Suzhou Jin Weizhi Co. Ltd, Jiangsu. The sequences of CD44-shRNA were as follows: shRNA-1, GGCAACTCCTAGTAGTACA; shRNA-2, GCGCAGATCGATTTGAATATA; and shRNA-NC, TTCTCCGAACGTGTCACGT. Ovarian cancer HO8910 cells were transfected with CD44-shRNA plasmids by PEG-MZF-NPs, and then, the expression of CD44 mRNA and protein was tested by real-time PCR (RT-PCR) and Western blot as follows.

PEG-MZF-NPs, CD44-shRNA, and negative control plasmids were dispersed and incubated in Iscove’s modified Dulbecco’s medium (IMDM) culture medium. After 30 min, PEG-MZF-NPs and CD44-shRNA at 40:1 ratio were mixed. HO8910 cells were cultured in serum-free IMDM containing the above mixture. Six hours later, the medium mixture was replaced with fresh IMDM.

After an additional 24 h, the cells were collected, and the CD44 mRNA expression was detected by SYBR GREEN PCR Master-Mix (RT-PCR, Applied Biosystem, Carlsbad, CA, USA). The PCR primer sequences used in the detection were sense-5murGGCACCCGATGTCCAGAA Murray 3 and antisense-5murcccctgaagtgctcccmur3 (Beyotime, Shanghai, China). The internal control glyceraldehyde 3-phosphate dehydrogenase (GAPDH) primer sequences were as follows: sense-5-catcatctttttgccccamur3 and antisense-5-TTAAAAGCAGCCCTGGTGACC-3 (sense-CGCACCCGCTCTATGTCCAGAMAUT, antisense-GGCACCCGCTATGTCCAGAA-3). The PCR protocol was as follows: 95°C cycle for 5 min, 43 cycles (95°C for 5 s, 60°C for 15 s, 72°C for 30 s).

Proteins were extracted using radioimmunoprecipitation assay (RIPA) buffer. The protein samples were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to polyvinylidene fluoride membrane by sulfuric acid polyacrylamide gel electrophoresis. After transferring, the membranes were blocked in 5% skimmed milk at room temperature for 1 h, followed by incubation with the desired primary antibody overnight at 4°C. The next day, the membranes were incubated with a secondary antibody for 1 h and then subjected to protein visualization using enhanced chemiluminescence (Takara ECL substrate). BOXchemiXR5 imaging system was used in protein visualization.



Preparation of PEG-MZF-NPs/DDP/CD44-shRNA Nanoliposomes

PEG-MZF-NPs/DDP/CD44-shRNA nanoliposomes were prepared by the thin film-ultrasonic method and high-speed stirring as follows: (1) PEG-MZF-NPs/DDP nanoliposomes initial preparation was mentioned above; (2) gelatin was dissolved in phosphate-buffered saline (PBS) buffer at 60°C in a water bath; and (3) solutions from steps 1 and 2 were mixed, followed by adding the above CD44-shRNA plasmids and stirring at 2,000 rpm until the formed film gravitated and hydrated. The supernatant and the unencapsulated nanomaterials at the bottom of the test tube were discarded by ultrasound and centrifugation. The resulted middle brownish aqueous suspension containing PEG-MZF-NPs/DDP/CD44-shRNA nanoliposomes were separated. Transmission electron microscopy (TEM) was used to observe the nanoliposomes’ morphology and particle size.



Using PEG-MZF-NPs/DDP/CD44-shRNA Nanoliposomes Combined With MFH to Intervene HO8910 Cells In Vitro

HO8910 cells were purchased from the Shanghai Institute of Cell Research, Chinese Academy of Sciences (Shanghai, China). HO8910 cells were inoculated in IMEM culture medium (Sigma, US) containing 10% fetal bovine serum (GIBCO, US) and supplemented with streptomycin and penicillin (GIBCO Company). The cells at logarithmic growth phase were used for the involved experiments. The cells were divided into specific groups as follows: (1) negative control, (2) DDP, (3) DDP/CD44-shRNA, (4) PEG-MZF-NPs/MFH, (5) PEG-MZF-NPs/CD44-shRNA/MFH, (6) PEG-MZF-NPs/DDP/MFH, and (7) PEG-MZF-NPs/DDP/CD44-shRNA/MFH. All groups involved DDP contained the same volume of DDP. PEG-MZF-NPs were used in CD44-shRNA cell transfection in a mass ratio of 40:1. According to the above heating curves, the concentration of Fe at 60 µg/ml, the output frequency at 235 kHz, and the output current at 35A were selected. Groups 4–7 were placed on a high-frequency magnetic induction heating instrument [SPG-10 (A)-11, Shenzhen, China] for 1 h (4 kW, 235 kHz, 35 A), while the remaining groups were placed at room temperature for 1 h. All the above groups were routinely incubated in a saturated humidity incubator at 37°C and 5% CO2.



The Assays for Cell Proliferation Inhibition In Vitro

After routinely incubated for 24 h, the cells from the above each group were seeded into 96-well plate, respectively, and then continued to be incubated for 24 h. After each well of all the plates were subjected to 20 μl MTT solution and routinely incubated for 4 h, 150 μl dimethyl sulfoxide (DMSO) was added into each well. The OD value was read at a wavelength of 500 nm. The cell proliferation inhibition rate was calculated using this formula (%) = [1 − (experimental group OD − blank OD)/(control group OD − blank OD)] × 100%.



Cell Invasion Inhibition Analysis

Matrigel matrix glue was diluted using a serum-free medium and added to 24-well Transwell plates and incubated at 37°C. Some cells from the above each group incubated for 24 h were added to the superior compartment in the Transwell plates, followed by the addition of culture medium containing 10% fetal bovine serum (FBS) in the inferior chamber as chemotaxis. The non-invasive cells on the filter’s inner surface were washed off, and the outer surface was stained with crystal violet. The cell invasion rate was calculated following this formula (%) = cells’ count of the treatment group/cells’ count of untreated group × 100%.



Cells’ Apoptosis Analysis

The remaining cells from each pre-established group incubated for 24 h were digested with trypsin and resuscitated with 1× binding buffer (100 μl), then transferred to the flow-cytometry tubes. Annexin-V and PI (5 μl) were added to each sample and incubated in room temperature and protected from light for 15 min. Binding buffer (1×) (400 μl) was added to each sample, and then, the cells’ apoptosis was analyzed by flow cytometry (BD, USA).



In Vivo Analysis and Animal Modeling

Six-week-old female BALB/C nude mice, weighing 20–22 g, were purchased from (Shrek Experimental Animal Co., Shanghai, China). The animal experiment was approved by the Animal Protection Committee of Jiangsu Province (No. YXYLL-2021-63). All mice were kept and fed in the aseptic barrier system of the Medical College of Nantong University in Jiangsu Province, China. When the tumor-bearing mice were cultured for 1 week, the mice were randomly divided into seven groups as the same with the experiment in vitro. Each mice group were subjected to certain kind of injection, in which saline solution (0.5 ml/mice) was injected into the tumor in the group: (1) DDP (3mg/kg) was injected into the tumor of the group; (2) DDP (3 mg/kg) and CD44-shRNA (10 μg/mice) were injected into the tumor in the group; (3) the CD44-shRNA/PEG-MZF-NPs nanoliposomes (2 ml/kg; Fe, 60 μg/ml) were injected into the tumors in the group; (4) PEG-MZF-NPs (2 ml/kg; Fe, 60 μg/ml) was injected into the tumors of the group; (5) PEG-MZF-NPs/DDP nanoliposomes (10 ml/kg; Fe, 60 μg/ml) was injected into the tumors in the group; (6) the CD44-shRNA/DDP/PEG-MZF-NPs nanoliposomes (10 ml/kg; Fe, 60 μg/ml) were injected into the tumors in the group; and (7) 24 h later, tumor-bearing mice from groups 4–7 were anesthetized intraperitoneally using a 0.5% phenobarbital sodium solution (60 mg/kg). After complete anesthesia, the tumor-bearing mice were irradiated for 30 min using the high-frequency magnetic induction system (4 kW, 235 kHz, and 35 A) every 2 days in the first 2 weeks. The volume of each tumor was measured by color Doppler ultrasound method, and the changes in tumor growth were recorded for 6 weeks.



Tumor Mass and Volume Inhibition Analysis

After being treated for 6 weeks, the nude mice were sacrificed, and the tumor tissues were stripped. The tumors’ mass and size were measured, and the tumor inhibition rate was calculated. The mass inhibition rate was calculated following this formula: 1 − tumor mass values from experimental group/tumor mass from the negative control group) × 100%. Similarly, the volume inhibition rate was calculated as (1 − tumor volume in the experimental group/tumor volume in the negative control group) × 100%.



Histopathological and Biochemical Analysis

In PEG-MZF-NPs/CD44-shRNA/MFH mice group, tumor tissue and viscera tissue pathological specimens were subjected to HE staining, and the morphological changes in tissues were observed under a light microscope (BX46, Olympus, Japan). Tail vein blood was extracted from normal nude mice (no tumor, no treatment) and PEG-MZF-NPs/CD44-shRNA/MFH mice group after 6 weeks of treatment. The changes in serum alanine transaminase (ALT), aspartate aminotransferase (AST), and blood urea nitrogen (BUN), and Cr were detected before and after treatment to observe the effect of the combined treatment on liver and kidney function. In addition, the changes in white and red cells, hemoglobin, and platelets in blood were determined to detect the effect of combined therapy on bone marrow hematopoiesis.



Statistical Analysis

Statistical analyses were performed using Excel or GraphPad Prism 8. All experiments were performed at least three times using a minimum of three replicates/condition in each experiment. Results of representative experiments are shown in the figures and tables. Statistics are reported as the mean ± standard deviation. Error bars represent standard deviation. Comparisons between two groups were performed using an unpaired Student’s t-test. Comparisons of >2 groups were performed using one-way ANOVA followed by Tukey’s post hoc test. p<0.05 was considered to indicate a statistically significant difference.




Results


Preparation and Physicochemicals of PEG-MZF-NPS/DDP Nanoliposomes

The results of FTIR analysis indicated that the characteristic peaks of PEG on the surface of PEG-MZF-NPs/DDP nanoliposomes, including the Omurh stretching vibration at 3,376 cm−1, the symmetrical stretching vibration at 2,914 cm−1, and the bending vibrations at 1,645, 1,456, and 1,349 cm−1. The new peaks appeared near 945 and 887 cm−1, which were platinum (Pt) characteristic peaks, indicating that PEG had been successfully coated on the surface of MZF-NPs and that DDP had been encapsulated within (Figure 2A). As shown in Figure 2B, the hydrodynamic particle size detected by DLS was 30.72 ± 12.76 nm, polydispersity (PDI) was 0.303, and the potential values were 15.5 ± 5.43 mV. The iron content of PEG-MZF-NPs/DDP nanoliposomes was 0.52 mg/ml, as detected by o-phenanthroline spectrophotometry (Figure 2C). After 2 weeks of continuous PEG-MZF-NPS/DDP analysis at room temperature, the DLS slightly increased, and the potential showed a stable trend (Figure 2D). Of the tested concentrations, the magnetic fluid with 60 µg/ml rapidly warmed within 20 min, then gradually stabilized at 43°C or so (Figure 2E). Meanwhile, PEG-MZF-NPs/DDP nanoliposomes (Fe, 60 µg/ml) was exposed to a high-frequency alternating electromagnetics with 15, 25, 35, and 45 A for 60 min, respectively. As shown in Figure 2F, the temperature of the magnetic fluid at different electricity all rapidly increased within 20 min, then tended to be stable. As the output current increased, the maximum temperature rose. Of the tested output currents, the magnetic fluid with 35 A rapidly warmed within 20 min, then gradually stabilized at 43°C or so. This is the effective temperature range for tumor treatment and does not cause damage to normal tissue. A total of 60 µg/ml of Fe and 35 A of output current were thus selected as the concentration and the output current for magnetic fluid hyperthermia in the later experiments in vitro and in vivo.




Figure 2 | Characterization analysis of PEG-MZF-NPs/DDP nanoliposomes. (A) Infrared spectra of PEG-MZF-NPs and PEG-MZF-NPs/DDP nanoliposomes. (B) The hydrate particle size (left) and potential values (right) of PEG-MZF-NPs/DDP nanoliposomes. (C) The iron content of PEG-MZF-NPs/DDP nanoliposomes. (D) Stability curves of PEG-MZF-NPs/DDP nanoliposomes. (E) The heating curves of PEG-MZF-NPS/DDP nanoliposomes with different concentration in AMF. (F) The heating curves of PEG-MZF-NPS/DDP nanoliposomes in AMF with different output current.





CD44 Gene Expression of Ovarian Cancer HO8910 Cells Transfected With CD44-shRNA Plasmids

The results of RT-PCR (Figure 3A) and Western blot (Figure 3B) experiments showed that the expression of CD44 mRNA and protein were both significantly decreased in comparison with the untransfected cells. Because shRNA-1 showed better inhibitory effects, it has been selected for further analysis.




Figure 3 | CD44 gene expression of ovarian cancer HO8910 cells transfected with CD44-shRNA plasmids. (A) CD44 mRNA detected by RT-PCR, **p < 0.01. (B) CD44 protein examined by Western blot (a, protein bands; b, quantitative statistical results according to the protein bands, **p < 0.01 vs. the untransfected cells).





Construction of PEG-MZF-NPs/DDP/CD44-shRNA Nanoliposomes

To complement each other’s advantages and create synergistic effects, we coupled CD44-shRNA to PEG-MZF-NPs/DDP and constructed PEG-MZF-NPs/DDP/CD44-shRNA nanoliposomes by thin film-ultrasonic method and high-speed stirring. TEM detection indicated that the nanoliposomes was 15–25 nm in diameter (Figure 4).




Figure 4 | The negative stained PEG-MZF-NPs/DDP/CD44-shRNA nanoliposomes observed by TEM.





The Effect of DDP/CD44-shRNA Nanoliposomes in AMF on Ovarian Cancer Cells In Vitro

As shown in Figure 5, the proliferation inhibition rate of ovarian cancer HO8910 cells treated with DDP/CD44-shRNA/MFH was (91.33 ± 0.22)%, significantly higher than (23.71 ± 0.54)% of DDP group, (43.47 ± 1.17)% of DDP/CD44-shRNA group, (59.34 ± 2.20)% of MFH group, (78.87 ± 1.06)% of CD44-shRNA/MFH group, and (84.32 ± 1.02)% of DDP/MFH group, p<0.05 (Figure 5A). Correspondingly, the apoptotic cell percentage of ovarian cancer HO8910 cells treated with DDP/CD44-shRNA/MFH was (89.12 ± 0.83)%, much higher than any of the other groups [negative control group: (9.89 ± 0.91)%; DDP group: (21.33 ± 2.22)%; DDP/CD44-shRNA group: (44.59 ± 3.93)%; MFH group: (54.13 ± 3.14)%; CD44-shRNA/MFH group: (78.88 ± 0.07)%; DDP/MFH group: (81.87 ± 1.93)%, p<0.05] (Figure 5B). Moreover, DDP/CD44-shRNA nanoliposomes in AMF significantly inhibited HO8910 cells’ invasiveness, far better than the other therapies did. The cell invasion rate of the DDP/CD44-shRNA/MFH group was only (16.60 ± 0.52)%, whereas that of the DDP group, DDP/CD44-shRNA group, MFH group, CD44-shRNA/MFH group, and DDP/MFH group reached (78.87 ± 1.30)%, (59.98 ± 2.40)%, (44.56 ± 2.89)%, (34.35 ± 3.44)%, and (25.51 ± 0.56)%, respectively (p<0.05), showing an obvious superiority of the combinatorial therapy (Figure 5C). Finally, as shown in Figure 5D, compared with the control, the protein expression of VEGF, survivin, Bcl-2, and Bcl-xl most significantly decreased in the DDP/CD44-shRNA/MFH group, specifically the expression of survivin and Bcl-2. The expression of cleaved caspase-3 and cleaved caspase-9 proteins was enervated in the negative control group and expressively increased in the DDP/CD44-shRNA/MFH group.




Figure 5 | The in vitro therapeutical effects on ovarian cancer HO8910 cells intervened by the combined DDP chemotherapy, CD44-shRNA gene therapy, and MFH. (A) The cell proliferation inhibition rate of each group tested by MTT. **p < 0.01 vs. that of negative control group. (B) The cell apoptosis of each group analyzed by flow cytometry (a, negative control group; b, DDP group; c, DDP/CD44-shRNA group; d, PEG-MZF-NPs/MFH group; e, CD44-shRNA/MFH group; f, DDP/MFH group; g, DDP/CD44-shRNA/MFH group; h, quantitative statistical results). (C) Results of HO8910 cells’ invasion experiment in different experimental groups (a, negative control group; b, DDP group; c, DDP/CD44-shRNA group; d, PEG-MZF-NPs/MFH group; e, CD44-shRNA/MFH group; f, DDP/MFH group; g, DDP/CD44-shRNA/MFH group; h, quantitative statistical results). (D) VEGF, survivin, Bcl-2, Bcl-xl, cleaved caspase-3, and cleaved caspase-9 protein expression in different groups. *p < 0.05, ***p < 0.001 v.s. negative control.





In vivo Analysis of the PEG-MZF-NPs/DDP/CD44-shRNA Magnetic-Induced Heating for Ovarian Cancer Treatment

There was a statistical difference in tumor size between the sixth week and the first week in tumor-bearing mice by different treatment methods (a, negative control group; b, DDP group; c, DDP/CD44-shRNA group; d, MFH group; e, CD44-shRNA/MFH group).The tumor mass and the volume inhibition rates of the DDP/CD44-shRNA/MFH group was (92.80 ± 1.09)% and (89.02 ± 6.68)%, respectively, far better than any of the other groups did [DDP group: (40.82 ± 5.66)% and (16.10 ± 2.79)%; DDP/CD44-shRNA group: (56.53 ± 2.40)% and (36.21 ± 6.99)%; MFH group: (70.63 ± 5.94)% and (54.95 ± 8.93)%; CD44-shRNA/MFH group: (79.59 ± 1.59)% and (64.67 ± 3.84)%; and DDP/MFH group: (86.49 ± 5.36)% and (80.35 ± 2.73)%, p<0.05] (Figures 6A–D). Histopathological examination showed that after magnetic-induced heating of the CD44-shRNA/DDP magnetic nanoliposomes, the ovarian tumor tissue presented a large red map-like necrotic focus, the tumor cells displayed coagulative necrosis, and the nucleus disintegrated and disappeared (Figure 6E).




Figure 6 | The in vivo therapeutic effects of the combined DDP chemotherapy, CD44-shRNA gene therapy, and MFH on nude mice bearing xenograft ovarian cancer. (A) Tumor appearance (a, negative control group; b, DDP group; c, DDP/CD44-shRNA group; d, MFH group; e, CD44-shRNA/MFH group; f, DDP/MFH group; g, DDP/CD44-shRNA/MFH group). (B) Tumor volume between the 6th week and the 1st week (*p < 0.05, **p < 0.01). (C) Tumor volume inhibition rate of tumor-bearing mice after treatment. **p < 0.01 vs. that of negative control group. (D) Tumor mass inhibition rate of tumor-bearing mice after treatment. *p < 0.05, **p < 0.01 vs. that of negative control group. (E) HE histopathological examination of ovarian cancer tissues. a, Negative control group (×100); b, DDP/CD44-shRNA/MFH group (100×); c, negative control group (×400); d, DDP/CD44-shRNA/MFH×400). The arrows in b and d represent necrotic focus.



As shown in Figure 7, compared with the control group, the protein expression of VEGF, survivin, Bcl-2, and Bcl-xl decreased in each treatment group, but most significantly decreased in the DDP/CD44-shRNA/MFH group, specifically the expression of survivin and Bcl-2. The expression of cleaved caspase-3 and cleaved caspase-9 proteins was enervated in the negative control group but increased in all the treatment groups and expressively increased most in the DDP/CD44-shRNA/MFH group.




Figure 7 | VEGF, survivin, Bcl-2, Bcl-xl, cleaved caspase-3, and cleaved caspase-9 protein expression of tumor tissues from nude mice bearing xenograft ovarian cancer in each treatment group tested by Western blot. (A) The protein bands. (B) Quantitative statistical results according to the protein bands. *p < 0.05, **p < 0.01 vs. that of negative control group. ***p < 0.001 v.s. negative control.



In addition, the histopathological examination showed that after the combinatorial therapy, magnetic-induced heating of the CD44-shRNA/DDP nanoliposomes in this study selectively targeted ovarian cancer tissues and caused no damage to the visceras including the heart, liver, spleen, lung, kidney, brain, and pancreas (Figure 8).




Figure 8 | Visceras HE histopathological examination of nude mice bearing xenograft ovarian cancer treated with DDP/CD44-shRNA/MFH (400×). (A) kidney; (B) brain; (C) spleen; (D) heart; (E) liver; (F) lung.



In the blood routine tests, the white cell, red cell, Hb, and platelet of normal nude mice was (5.3 ± 0.7)×109/L, (3.3 ± 0.4)×1012/L, (110 ± 7.9) g/L, and (303 ± 61)×109/L, respectively. After treatment with CD44-shRNA/DDP magnetic nanoliposomes with MFH, the blood white cells of five nude mice bearing tumor were 5.9×109/L,4.7×109/L, 5.6×109/L, 4.6×109/L, and 5.8×109/L, respectively; the red cells were 3.4×1012/L, 3.6×1012/L, 3.0×1012/L, 3.4×1012/L, and 3.5×1012/L,respectively; Hb was 115, 106, 105, 103, and 98 g/L, respectively; and the platelets were 362×109/L, 306×109/L, 307×109/L, 256×109/L, and 274×109/L, respectively. In comparison with normal nude mice (without tumor and without treatment), the blood cells’ count and Hb concentration were all within the corresponding reference values, indicating that the combinational therapy had no significant adverse effect on bone marrow hematopoiesis. Similarly, in the serum biochemistry detection, ALT (U/L), AST (U/L), BUN (mmol/L), and Cr (µmol/L) of normal nude mice were 28.4 ± 4.4, 73.7 ± 12.2, 6.3 ± 0.8, and 53.7 ± 5.8, respectively. As for five nude mice bearing tumor in the combinational therapy group, ALT(U/L) was 31.5, 26.9, 27.9, 25.7, and 26.4, respectively; AST (U/L) was 83.3, 65.8,76.6, 85.5, and 73.8, respectively; BUN (mmol/L) was 5.8, 5.5, 5.9, 6.4, and 7.0, respectively; Cr (µmol/L) was 57.8, 58.3, 52.4, 50.7, and 56.3, respectively.




Discussion

In the present study, we developed PEG-MZF-NPs/DDP/CD44-shRNA magnetic nanoliposomes and inaugurated an integrated therapy through the synergistic effect of MFH, gene therapy, and chemotherapy, and a satisfactory therapeutic effect on ovarian cancer in vitro and in vivo is shown.

Metal nanoparticles have broadly applicable prospects and recently have received extensive attention in the fields of medicine and pharmacy (16, 17). Currently, Manganese (Mn), an important metal in metabolism, attracts scientists’ attentiveness. Rehman et al. (18) prepared Mn0.5Zn0.5EuxDyxFe1.8–2xO4, selectively targeting cancer cells by the sonochemical method. PEG is one of the few polymers used in humans, also the most used magnetic nanoparticles’ surface modifier (19). It can bind to nanoparticles’ surface through end-group reactivity and bind to the DNA fragments, drugs, and other biological fragments (20, 21). Owing to its good water solubility, biocompatibility, and stability, PEG is highly favored to be used for modifying organic and inorganic nanomaterials for drug delivery or gene transferring (22). In our previous study, we synthesized MZF-NPs and coated them with PEG (PEG-MZF-NPs) and confirmed that MZF-NPs and PEG-MZF-NPs both have good magnetic-heat effects and the temperature could be maintained 43°C or so in AMF by controlling the nanoparticles’ concentration or adjusting magnetic field intensity (23). Interestingly, this temperature scope is extremely applicable for tumor thermotherapy. When PEG-MZF-NPs were used as magnetic media for tumor hyperthermia, they showed good effects (15). In the present study, PEG-MZF-NPs were loaded with DDP, and PEG-MZF-NPs/DDP nanoliposomes were prepared by the impregnation method. After being stored at 4°C for a week, a small amount of brown precipitate was seen at the bottom of the tube, and the solution was slightly layered but could be re-suspended after ultrasonic dispersion, indicating that it had good suspensibility. Studies have shown that if the tumor’s temperature reaches 41–47°C, this directly damages cancer cells and prevents DNA repair and promotes cell death (24). Magnetic nanoparticles-induced hyperthermia has attracted great attention in tumor therapy due to its good heating response under the application of AMF, which can induce cancer cell death through the MFH. Some studies have shown that nanoparticles are the most stable when the surface charge is −30–30 mV (25). In this study, we confirmed that 60 µg/ml of Fe and 35 A of output current is the effective temperature range for tumor treatment and does not cause damage to normal tissue, which was similar to PEG-MZF-NPs (26).

Adhesion molecule CD44, highly expressed in ovarian cancer tissue, plays a crucial role in tumor occurrence and development and is also related to cancer chemo-resistance (27). It has been evidenced that CD44 gene knockout can inhibit tumor growth, invasion, and metastasis and also can increase the sensibility of chemotherapeutics (28). In one of our previous studies, we constructed CD44-shRNA plasmids and transfected them into ovarian cancer SKOV-3 cells by PEG-MZF-NPs; CD44 gene expression was significantly inhibited, indicating CD44-shRNA has a good potential to treat ovarian cancer (15). In this study, ovarian cancer HO8910 cells were transfected with CD44-shRNA plasmids by using PEG-MZF-NPs as gene transferring vector. In present study, we confirmed that the mRNA and protein expression of CD44 were both significantly decreased in comparison with the untransfected cells, which indicated that CD44 gene may be a candidate therapeutic target for ovarian cancer, and using PEG-MZF-NPs to transfer objective gene in gene therapy is workable.

Honestly, chemotherapy, gene therapy, and thermotherapy all play important roles in cancer treatment. However, they each has their own merits and demerits. It is difficult to completely eliminate tumor in any of the individuals. To complement each other’s advantages and create synergistic effects, we coupled CD44-shRNA to PEG-MZF-NPs/DDP and constructed PEG-MZF-NPs/DDP/CD44-shRNA nanoliposomes by thin film-ultrasonic method and high-speed stirring. Jordan et al. (29) reported that in tumor cells bearing magnetic particles, the external magnetic field could cause these particles to heat, promoting tumor cell death, and MFH was thus born as a result. Hyperthermia can not only kill tumor cells directly by raising temperature but also play a complementary and synergistic effect with radiotherapy, chemotherapy, and immunotherapy (30). Furthermore, hyperthermia can improve the sensitivity of chemotherapeutic drugs (11). The current study also found that the combined DDP chemotherapy, CD44-shRNA gene therapy, and MFH could inhibit HO8910 cells growth and induce cells’ apoptosis, and the curative effects were better than that of any single therapy.

In order to further explore the specific role of PEG-MZF-NPs/CD44-shRNA/DDP nanoliposomes, we established a human ovarian cancer xenograft model in nude mice. A previous study found that taking advantage of Mn0.5Zn0.5Fe2O4 temperature control ability combined with As2O3 chemotherapy has a significant effect on liver cancer treatment (31). Injecting experimental animals bearing tumors with a solution containing magnetic nanoparticles and then subjecting them to a magnetic field to increase the magnetic particles’ temperature resulted in a significant reduction in tumor growth (32). Xie et al. (10) prepared magnetic Mn–Zn ferrite nanocrystals coated with PEG and injected them into the mice’s tail vein for targeted therapy. Subjecting the tumor tissues to a magnetic field in vitro raised their temperature to 43°C and promoted tumor inhibition. Combining chemotherapy, magnetic hyperthermia, and gene therapy can improve tumor treatment’s efficiency, reduce drug dosage, and lower adverse reactions (28). Our in vitro and in vivo analysis, the WB results suggested that CD44-shRNA/DDP/MFH might promote cell apoptosis by downregulating the expression of survivin, Bcl-2, and Bcl-xl protein and upregulating the expression of caspase-3 and caspase-9 protein (which were all known as proliferation or apoptosis biomarkers); also, it inhibits tumor neovascularization by inhibiting the expression of VEGF protein, thus inhibiting ovarian cancer tumor growth, invasion, and migration. Therefore, we suggest that CD44-shRNA/DDP magnetic nanoliposomes have a selectivity to ovarian cancer tissues and cells and may be a potential candidate for ovarian cancer therapy.

The current study has limitations. The results suggested that the proliferation inhibition and apoptosis rate of ovarian cancer HO8910 cells treated with DDP/CD44-shRNA/MFH was 91.33 ± 0.22%, while that of the DDP/MFH group was 84.32 ± 1.02%, indicating that the inhibition is mainly due to the chemotherapeutic drug and MFH with little effect of combined CD44-shRNA. In future study, we will separate DDP, CD44-SHRNA, and MFH into separate groups in the future study to further clarify the therapeutic efficacy of single treatment regimen for ovarian cancer.



Conclusion

In the present study, we developed PEG-MZF-NPs/DDP/CD44-shRNA magnetic nanoliposomes to inaugurate combined therapy through the synergistic effect of magnetic fluid hyperthermia, gene therapy, and chemotherapy. The in vitro and in vivo results showed that the therapeutic effect of this combination regimen on ovarian cancer was much better than that of any single therapy, with no adverse effects. Magnetic-induced-heating PEG-MZF-NPs/DDP/CD44-shRNA nanoliposomes provide a new and feasible method for ovarian cancer treatment.
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Objective

This study aimed to determine the risk and prognostic factors of ovarian cancer (OC) in women having fertility-sparing surgery, as well as survival outcomes of those with stage I epithelial ovarian cancer (EOC). We also determined the effect of chemotherapy in OC treatment and used multiple independent risk factors to establish a prognostic nomogram model for patients with stage I EOC.



Patients and Methods

Individuals with OC and with fertility-sparing surgery (FSS) between 1998 and 2016 were identified in the SEER database. Univariate and multivariate logistic regression was performed to identify the distributions of patient characteristics according to chemotherapy. Cancer-specific survival (CSS) was assessed using Kaplan–Meier curves and log-rank tests. Univariate and multivariate Cox regression was conducted to determine the independent prognostic factors for CSS. Cox analysis was used to construct a nomogram model. The C-index and calibration plots showed the performance evaluation results.



Results

A total of 1,839 women with OC with FSS were identified in the SEER database. Factors associated with significantly higher odds of undergoing chemotherapy included younger age, being unmarried, having grades 2–4, stages II–III, or clear cell and non-epithelial histologic type following a multivariate logistic regression analysis. Multivariate Cox regression analysis confirmed that age, marital status, chemotherapy, histologic type, grade, and the International Federation of Gynecology and Obstetrics (FIGO) stage were independent prognostic factors for CSS. In stage I EOC, the prognosis in patients with stage IA/IB-grade 3 (5-year CSS 85.3%) or stage IC (5-year CSS 80.6%) was worse than that in those with stage IA/IB-grade 1 (5-year CSS 95.2%), or stage IA/IB-grade 2 (5-year CSS 94.7%). However, chemotherapy improved the survival of patients with stage IA/IB-grade 3 (5-year CSS 78.1% vs. 94.6%, p = 0.024) or stage IC (5-year CSS 75.1% vs. 86.7%, p = 0.170).



Discussion

The study provided population-based estimates of risk factors and prognoses in patients with OC and with FSS as well as the survival outcomes of patients with stage I EOC and the effect of chemotherapy. The constructed nomograms exhibited superior prognostic discrimination and survival prediction for patients with stage I EOC.





Keywords: fertility preservation, ovarian cancer, chemotherapy, prognosis, SEER



Introduction

Ovarian cancer (OC) is one of the most common gynecological malignancies and ranks as the fifth cause of death from cancer among women in the United States. Epithelial ovarian cancer (EOC) is most commonly diagnosed among women of post-menopausal age (1). According to the latest cancer statistics in the United States in 2021, 13,770 individuals died of OC and 21,410 are newly diagnosed with (2). The surgery and chemotherapy treatment of OC are based on the International Federation of Gynecology and Obstetrics (FIGO) staging (3, 4), but the 5-year relative survival rate (RSR) is below 50%.

For younger women, this means loss of reproductive potential (5). The American Society of Clinical Oncology (ASCO) recommends preserving fertility in women of reproductive age when treating gynecologic tumors other than cervical cancer (6). For example, patients with endometrial cancer (EC) can be treated by oral or intra-uterine progestins with or without hysteroscopic endometrial resection to preserve fertility. In recent years, there were also studies on preoperative biopsy technique and the postoperative recurrence predictor of EC, which increase the possibility of pregnancy in women with preserved fertility (7, 8). Although the National Comprehensive Cancer Network (NCCN) guidelines recommend fertility-sparing surgery (FSS) only for early-stage patients or those with low-risk ovarian tumors (9), these recommendations are based on limited observational evidence (10). One study reported increased provision of FSS in younger vs. older women with no difference in mortality (11). For older women, complete surgical staging may result in decreased quality of life and distress and negatively impact survivorship (12). Therefore, some women without evidence of extra-pelvic disease may consider FSS. Currently, data on OC in women with FSS are limited, while chemotherapy for it is controversial (13). The Surveillance, Epidemiology, and End Results (SEER) database is a cancer database in the United States that has collected information on 34.6% of the American population from 18 different registries. Here, we analyzed the SEER database to determine the risk and prognostic factors of women with FSS, as well as survival outcomes of those with stage I EOC and the effect of chemotherapy. These insights will allow doctors to make better clinical decisions and enable individualized treatment and testing for accurate survival predictions. A nomogram combines multiple variables that may predict and quantify patient survival. Currently, there is no nomogram model for patients with stage I EOC. Therefore, we established a nomogram model for stage I EOC patients with FSS based on findings from the SEER database.



Materials and Methods


Data Source and Study Population

All the primary data were acquired from the SEER database. The SEER∗Stat version 8.3.9 (https://seer.cancer.gov/seerstat/) was used to screen eligible patients who were 18–40 years old with histologically confirmed primary OC (ICD-O-3, C56.9) between 1998 and 2016. We gathered the following information: age at diagnosis, race, grade, historic stage, tumor-node-metastasis (TNM) stage, FIGO stage, marital status [other (separated, divorced, widowed)], surgery treatment (unilateral salpingo-oophorectomy and uterus-sparing), chemotherapy, pathological subtype [Third Edition (ICD-O-3) morphology codes (8441/3, 8442/3, 8460/3, 8461/3, 8462/3, 9014/3 for serous; 8380/3, 8381/3, 8382/3 for endometrioid; 8005/3, 8310/3 for clear cell; 8470/3, 8471/3, 8472/3, 8480/3, 8482/3 for mucinous)], vital status, and survival time. Patients diagnosed by autopsy or death certificate, had multiple tumors or distant metastases, and with a follow-up shorter than 6 months, were excluded from the study. A total of 1,839 patients were eligible for incidence analysis. The primary endpoint was cancer-specific survival (CSS). CSS was defined as the time interval from OC diagnosis to OC-related death (Figure 1).




Figure 1 | Flowchart of patient selection from the SEER database.





Statistical Analysis

Univariate and multivariate logistic regression was conducted to determine clinical characteristics and related factors in women with fertility preservation according to chemotherapy. Odds ratios (OR) and 95% confidence intervals (CI) were reported from the logistic regression. Univariate and multivariate Cox regression analyses were employed to identify independent predictors associated with survival by reporting the hazard ratios (HR) and 95% CI. Nomograms were constructed from the predictive model that includes identified prognostic factors. The predictive accuracies of the constructed nomograms were evaluated using the concordance index (C-index). Calibration was done to assess the consistency between the predicted probability and the actual result. Survival comparisons were made using Kaplan–Meier analysis and log-rank tests.

Statistical analyses were all performed using SPSS (version 22.0, IBM Corporation, USA) and R software (version 3.6.3; www.r-project.org/). A two-sided p value <0.05 was considered statistically significant.




Results


Patient Characteristics

The demographic and clinical characteristics of the 1,839 patients are shown in Table 1. Most of them were 18–30 years old (59.3%), White (72.9%), with localized stage (80.4%), unmarried (57.2%), with non-epithelial histologic type (59.2%), with grade 1 (31.8%), T1 (85.4%), N0 (98.0%), and stage I (84.3%). A total of 628 (34.1%) patients received chemotherapy and 1,211 (65.9%) did not. There was an equal number of White patients in both chemotherapy and non-chemotherapy groups. Women with younger, non-localized stage, unmarried, clear cell and non-epithelial histologic type, grades 2–4, T2–3, N1, M1, and stages II–III were more likely to receive chemotherapy.


Table 1 | Baseline characteristics of women with FSS.





Determinants of Chemotherapy

Table 2 shows the distributions of patient characteristics according to chemotherapy treatment using univariate and multivariate logistic regression. On the multivariate logistic regression analysis, younger age was associated with higher odds of undergoing chemotherapy (vs. 31–40 years old, OR: 0.737, 95% CI: 0.582–0.932). Whereas compared to married patients, unmarried (OR:1.581, 95% CI: 1.240–2.019) patients were associated with higher odds of undergoing chemotherapy. Additionally, compared to patients with serous histologic type, those with clear cell histologic type (OR: 3.047, 95% CI: 1.405–6.608) and non-epithelial histologic type (OR: 3.103, 95% CI: 1.955–5.084) had higher odds of undergoing chemotherapy. Also, compared to patients with grade 1, those with grade 2 (OR: 2.642, 95% CI: 1.956–3.580), grade 3 (OR: 4.560, 95% CI: 3.371–6.198), or grade 4 (OR: 2.722, 95% CI: 1.690–4.371) had higher odds of chemotherapy. Further, patients with stage II (OR: 1.529, 95% CI: 1.067–2.180) and stage III (OR: 3.765, 95% CI: 2.498–5.750) had higher odds of chemotherapy compared to those with stage I.


Table 2 | Univariate and multivariate logistic regression for associations between patient characteristics and chemotherapy.





Predictors for Survival

In the univariate analysis, age, marital status, histology type, chemotherapy, grade, and FIGO stage were all associated with survival. The multivariate Cox regression model showed that patients with chemotherapy (HR: 0.351, 95% CI: 0.221–0.558) and non-epithelial histologic type (HR: 0.238, 95% CI: 0.138–0.412) had better outcomes compared with the former. Additionally, poor outcomes were seen in patients who were older (HR: 1.777, 95% CI: 1.196–2.640), separated, divorced, or widowed (HR: 2.344, 95% CI: 1.374–3.999) or had grade 3 (HR: 2.923, 95% CI: 1.707–5.004), grade 4 (HR: 7.065, 95% CI: 3.645–13.696), stage II (HR: 7.098, 95% CI: 4.633–10.874), or stage III (HR: 9.882, 95% CI: 6.120–15.958) compared with the former (Table 3).


Table 3 | Univariate and multivariate Cox regression of cancer-specific survival among OC women with FSS.





Survival Outcomes in Stage I EOC

Analysis of Kaplan–Meier curves in stage I EOC indicated that significant differences were seen in CSS between stage IA/IB and stage IC (5-year CSS 92.8% vs. 80.6%) (Figure 2A). Similarly, significant differences were detected in CSS between stage IA/IB-grade 2 and stage IA/IB-grade 3 (5-year CSS 94.7% vs. 85.3%) (Figure 2C). Significant differences were seen in CSS between stage IA/IB-grade 2 and stage IC (5-year CSS 94.7% vs. 80.6%) (Figure 2D). However, no significant differences were detected in CSS between stage IA/IB-grade 1 and stage IA/IB-grade 2 (Figure 2B). Moreover, no significant statistical differences were in CSS between stage IA/IB-grade 3 and stage IC (Figure 2E).




Figure 2 | Kaplan–Meier curves for CSS in stage I EOC. (A) Stage IA/IB vs. stage IC, (B) stage IA/IB-grade 1 vs. stage IA/IB-grade 2, (C) stage IA/IB-grade 2 vs. stage IA/IB-grade 3, (D) stage IA/IB-grade 2 vs. stage IC, and (E) stage IA/IB-grade 3 vs. stage IC.



Stratification analyses were carried out to control for confounders. CSS curves stratified by chemotherapy are shown in Figure 3. In stratification analysis according to FIGO stage and grade, significant differences were seen in CSS when patients were stage IA/IB-grade 3 (5-year CSS 78.1% vs. 94.6%), but not when they were stage IA/IB-grade 1, stage IA/IB-grade 2, or stage IC between non-chemotherapy and chemotherapy groups in EOC (Figures 3A–D).




Figure 3 | CSS curves stratified in stage I EOC by chemotherapy. (A) Stage IA/IB-grade 1, (B) stage IA/IB-grade 2, (C) stage IA/IB-grade 3, and (D) stage IC [0 = non-chemotherapy; 1 = chemotherapy].





Construction of a Nomogram Model of CSS for Stage I EOC

We made a nomogram model of CSS by significant factors among patients of stage I EOC. Each variable could be evaluated with a score from 0 to 100, and the corresponding sum of these scores ranging from 0 to 240 was also assessed accordingly based on the 3-, 5-, and 10-year survival rates varying from 0.1% to 0.9% (Figure 4).




Figure 4 | Nomograms to predict 3-, 5-, and 10-year CSS for stage I EOC.





Calibration Chart Among Patients With Stage I EOC

The C-index was 0.771 among women with stage I EOC. To further evaluate the consistency of the nomogram, we drew a calibration plot to describe a favorable prediction for 3-year (A) and 5-year (B) CSS among patients with fertility preservation (Figure 5).




Figure 5 | The calibration plot established for the nomogram among patients of stage I EOC. The x-axis describes nomogram-predicted survival; the y-axis indicates observation survival. The graph along the 45° line shows the ideal calibration model, where the predicted probability is consistent with the actual result. (A) 3- year, (B) 5- year.






Discussion

OC is one of the most common gynecological malignancies. The increasing number of young patients with OC, and the need to preserve their reproductive function during treatment, is essential. In our study, we report the clinical and prognostic characteristics of FSS of patients with OC. Due to the growing interest in FSS in early-stage EOC, we analyzed the survival outcomes of patients with stage I EOC and the role of chemotherapy in it. From this, a prognostic nomogram for stage I EOC was established to allow clinicians to individualize treatment.

Chemotherapy is often used to treat OC (14, 15), and this study demonstrates that it is an independent prognostic factor for CSS in patients. However, chemotherapy has effects on ovarian function, such as reproductive toxicity (16–18). In this study, the multivariate logistic regression indicated that younger women who are unmarried and have grades 2–4, stages II–III, clear cell, or non-epithelial histologic types had higher odds associated with chemotherapy, which is similar to previous studies (19–21). It is understandable that in younger and unmarried women with OC, having children may not be an urgent concern, so they opt for chemotherapy to prevent tumor recurrence. Moreover, one study indicated no association between chemotherapy and decreased fertility in young patients with EOC (22). Also, chemotherapy was the best choice for women with advanced or high-grade OC to prevent recurrence after FSS. In addition, we found that women with OC with a clear cell and non-epithelial histologic type were more likely to undergo chemotherapy. This may be because non-epithelial OC occurs more often in young women, and FSS in non-epithelial OC is not limited by FIGO stage (23). A retrospective study has shown that OC patients with a clear cell histologic type who received chemotherapy had better disease-free survival (DFS) than those who did not (24). In addition, the multivariate Cox model indicated that older women who are separated, divorced, or widowed, did not undergo chemotherapy, and with epithelial histologic type, grades 3–4, or stages II–III had increased risks of correlation with CSS. As expected, FSS was not effective for advanced EOC. In addition, previously published data reported that high-grade tumors should not be considered for FSS due to increased risk of recurrence (25, 26). Previous studies also reported that married women with cancer might have more support from family members, social services, and insurance than those with another marital status, who were at a significantly higher risk of undertreatment and death from cancer (27). Thus, the decision to pursue FSS should be individualized based on disease characteristics.

The prognosis in patients with EOC is often poor. Large retrospective studies and meta-analyses have found that for stage I EOC, FSS did not appear to compromise DFS or overall survival (OS) compared with radical surgery. Although clear cell histology is associated with an increased risk of poor outcomes, some studies have shown that even among patients with stage I clear cells, FSS does not increase the risk of relapse or shorten survival compared with radical surgery (28–30). At present, there is some controversy about chemotherapy for patients with stage I EOC. One study showed that there was no significant difference in DFS and OS between patients with stage IA and IB based on chemotherapy status. However, in patients with intraoperative tumor capsule rupture, DFS in a chemotherapy group was significantly better than that in a non-chemotherapy group (24). According to the NCCN guidelines, observation is an option for patients with stage I, because it has not been demonstrated that chemotherapy provides clear clinical benefit in patients with survival >90% with surgical treatment alone or in patients with low-risk cancer types (9). Our research showed that the prognosis in patients with stage IA/IB-grade 3 or stage IC was worse than those with stage IA/IB-grade 1 or stage IA/IB-grade 2. In addition, significant differences were seen in CSS when patients were stage IA/IB-grade 3 between non-chemotherapy and chemotherapy groups. Although no significant differences were seen when patients were stage IC, we found that chemotherapy improved the survival of patients to some extent.

In addition, a prognostic nomogram model was established for patients with stage I EOC. The nomogram exhibits excellent performance in the results of the calibration and the C-index. The exact score concerning each factor was represented by an elegant graphical interface; and patients being 30–40 years old, with grade 4, with stage IV, being separated, divorced, or widowed, under non-chemotherapy, and with clear cell histology contributed to high scores.

However, a limitation of this study included insufficient information in the SEER database on regimens and the number of cycles of chemotherapy. Also, the SEER database is a registry in the United States, and potential biases are unavoidable.

In conclusion, chemotherapy was often given to fertility-sparing women who are younger, unmarried, with grades 2–4, or with clear cell and non-epithelial histologic type. In addition, those older-aged, separated, divorced, or widowed, with grades 3–4, or with stages II–III were correlated with increased risks of CSS in OC. Further, this study suggests that in EOC, patients with stage IA/IB-grade 1 or stage IA/IB-grade 2 can be followed up without chemotherapy, while those with stage IA/IB-grade 3 and stage IC may need chemotherapy for improved survival.
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Focal adhesion kinase (FAK) is highly expressed in a variety of human cancers and is a target for cancer therapy. Since FAK kinase inhibitors only block the kinase activity of FAK, they are not highly effective in clinical trials. FAK also functions as a scaffold protein in a kinase-independent pathway. To effectively target FAK, it is required to block both FAK kinase-dependent and FAK-independent pathways. Thus, we tested a new generation drug FAK PROTAC for ovarian cancer therapy, which blocks both kinase and scaffold activity. We tested the efficacy of FAK PROTAC and its parent kinase inhibitor (VS-6063) in ovarian cancer cell lines in vitro by performing cell functional assays including cell proliferation, migration, invasion. We also tested in vivo activity in orthotopic ovarian cancer mouse models. In addition, we assessed whether FAK PROTAC disrupts kinase-dependent and kinase-independent pathways. We demonstrated that FAK PROTAC is highly effective as compared to its parent FAK kinase inhibitor VS-6063 in inhibiting cell proliferation, survival, migration, and invasion. FAK PROTAC not only inhibits the FAK kinase activity but also FAK scaffold function by disrupting the interaction between FAK and its interaction protein ASAP1. We further showed that FAK PROTAC effectively inhibits ovarian tumor growth and metastasis. Taken together, FAK PROTAC inhibits both FAK kinase activity and its scaffold protein activity by disrupting the interaction between FAK and ASAP1 and is highly effective in inhibiting ovarian tumor growth and metastasis.




Keywords: ovarian cancer, focal adhesion kinase (FAK), FAK PROTAC, ASAP1, metastasis 



Introduction

Ovarian cancer (OC) is the deadliest women’s malignancy with a five-year survival rate of less than 39 and 17% at stage III and IV, respectively (1). It is challenging to treat OC because of aggressive peritoneal metastasis and chemoresistance. FAK (Focal adhesion kinase), encoded by the PTK2 (protein tyrosine kinase) gene is highly expressed in multiple cancers including OC, and is associated with tumor metastasis and chemoresistance (2–6). Targeting FAK for cancer therapy has been extensively investigated and FAK kinase inhibitors including VS6063, GSK2256098 were tested in phase I or phase II clinical trials. However, FAK kinase inhibitors only showed modest effects and have not received FDA approval for cancer therapy (7–9). FAK functions through kinase-dependent and kinase-independent pathways (10, 11). FAK inhibitors only inhibit FAK kinase activity (FAK kinase-dependent pathway). However, they do not block the kinase-independent pathway, in which FAK functions as a scaffold protein and participates in protein-protein interactions (12). Therefore, an effective drug to target FAK needs to block both kinase-dependent and kinase-independent pathways.

Recently, FAK PROTAC (Proteolysis Targeting Chimeric Molecule) degrader has been developed to block both pathways and showed greatly improved activity to inhibit cancer cell invasion as compared to its parent VS6063 kinase inhibitor (12). PROTACs are designed to degrade target proteins through the ubiquitin-proteasome pathway. The PROTAC molecule covalently binds to protein of interest (POI) on one end and binds to an E3 ligase on the other end, and then transfer ubiquitin from an E2 enzyme to the POI, thus results in the POI’s polyubiquitination, and subsequently degradation through the proteasome recognition (12–14). PROTACs are highly effective in chemically knocking down its target protein (15–19). PROTAC based drugs have been in clinical trials and showed great efficacy in cancer therapy (15, 20). FAK PROTAC, which was designed based on VS6063 inhibitor that was already in clinical trials, is highly effective in degrading FAK protein in breast cancer cells (12).

FAK has multiple function domains, including a protein 4.1-ezrin-radixin-moesin (FERM) domain, a kinase domain, a focal adhesion targeting (FAT) domain, and three proline-rich (SH) regions. FAK is activated by autophosphorylation at Y397 position and controls cellular events including cell proliferation, migration, and survival, through the kinase-dependent pathway. FAK also functions through a kinase-independent pathway, which is mediated by FERM, FAT, or SH domains (21). FAK contains nuclear export signals (NES) and nuclear localization signals (NLS) (21), which allows FAK to transport in and out of the nucleus and participate in gene and protein regulation. Previous studies showed that FAK directly interacts with p53 or ASAP1 (ADP ribosylation factor ARF GTPase-activating protein GAP containing SH3, ANK repeats, and PH domain), which does not require FAK kinase activity (22). FAK interacts with ASAP1 through its SH3 domain with the pleckstrin homology (PH) of ASAP1 (23, 24). ASAP1 is aberrantly expressed in different cancer types including OC (25–28). Interestingly, both PTK2 and ASAP1 are located in an oncogenic genomic locus 8q24 and are associated with tumor metastasis and recurrence (27, 28). We recently reported that FAK is co-expressed and interacts with ASAP1 in OC (3), which may regulate ovarian tumor metastasis and chemoresistance.

In this study, we investigated the role of FAK in kinase-dependent and kinase-independent pathways by focusing on FAK kinase activity and the interaction between FAK and ASAP1 and tested the efficacy of FAK PROTAC in OC cell lines and orthotopic OC mouse model. Our findings demonstrated that FAK PROTAC is highly effective in inhibiting OC cell invasion and metastasis by blocking FAK kinase activity and disrupting the interaction between FAK and ASAP1.



Materials and Methods


Cell Culture

OC OVCAR3 and OVCAR8 cell lines were purchased from the National Cancer Institute and maintained in RPMI 1640 medium supplemented with 10% FBS (Atlanta Biologicals, GA), 100 U/ml penicillin, and 100 μg/ml streptomycin (Fisher Scientific) in a humidified incubator at 37°C in 5% CO2. VS6063 and FAK PROTAC Degrader 1 was purchased from MedChemExpress (MCE).



Cell Proliferation Assay and Cell Viability

Cell proliferation was examined following instructions of MTT assay kit (ATCC, Manassas, VA). Briefly, OVCAR3 or OVCAR8 cells (3,000/well) were plated into 96-well plates and treated with different doses of FAK PROTAC, VS6063 or vehicle for various time points, and then MTT reagent (5mg/mL) was added to each well. After a 4-hour incubation, the media/MTT was aspirated and 100 μL DMSO was added to each well. The plate was incubated for 20 min and the absorbance was measured at single-wavelength mode (490 nm) using a Multiskan MK3 Microplate Reader (Thermo Fisher Scientific). BrdU proliferation assay was performed by labelling OC cells for 12 h with 10 µM BrdU and cells were fixed with 3.7% formalin and cells were washed and incubated with BrdU antibody (Santa Cruz, Cat.No. SC-32323) for 24h at 4°C and then fluorescent labelled secondary antibody Alexa 488 (Thermo Fisher Scientific. Cat. No. A32723) for 1h at room temperature. Cell proliferation was detected by counting BrdU labelled cells and DAPI labelled cell nuclei from four different fields under fluorescent microscopy.



Cell Clonogenic Assay

OVCAR3 or OVCAR8 cells (300 cells/well) were plated into 6-well plates and treated with 0.5 μM FAK PROTAC, VS6063 or vehicle for two weeks and then stained with 0.1% Crystal Violet. Cell colonies were counted using ImageJ software from three different wells.



Cell Migration Assay

Cell migration was performed using modified Transwell chambers (BD Falcon™, San Jose, CA) inserted into 24-well culture plates as described previously (3). Briefly, OVCAR3 or OVCAR8 cells were treated with 1 μM FAK PROTAC, VS6063 or vehicle. After 24h cells were seeded into transwells. RPMI 1640 containing 10% FBS was added in the bottom of the chamber as the chemical attractant and incubated for 16 h. The upper chamber medium and non-migrated cells were removed, and migrated cells were fixed with methanol and stained with crystal violet. Images were taken at 10× magnification and migrated cells were counted in at least three randomly selected different fields using the ImageJ software. Cell migration was also determined by wound healing assays as described previously (29). Briefly, cells (3×105 cells per well) were seeded in triplicate into 6-well plates and cultured for 24h, and then cell surface was scratched with a pipette tip. After 24h of culture, the migration rate was calculated using the following formula: (area of the wound area at 0 h - the wound area at 24 h)/the wound area at 0 h.



Cell Invasion Assay

OVCAR3 or OVCAR8 cells (3×105) were treated with 1 μM FAK PROTAC, VS6063 or vehicle for 24 h and then seeded in serum-free RPMI 1640 media onto Matrigel (BD BioSciences, San Jose, CA) coated transwells. RPMI 1640 containing 10% FBS was added in the bottom chamber as chemoattractant and incubated for 24h. The invaded cells were stained with H&E and counted as described previously (30).



Immunofluorescent Staining

Paraffin-embedded ovarian sections of HGSC were obtained from de-identified ovarian patient biopsy specimens (UTHSC Tissue Services Core). Deidentified ovarian tumor PDX sections and human OC specimens were collected under a UTHSC IRB-approved protocol (14-03113-XP). Sections were subjected to antigen retrieval at 90°C for 30 mins, and then incubated with FAK (Cell Signaling Technology, Inc, Danvers, MA) and PCNA (Santa Cruz, CA, Cat.No. SC-56) antibodies at 4°C overnight. Sections were washed and incubated with secondary antibody Alexa 488 or 594 conjugated goat anti-rabbit (1:200 dilution, Fisher Scientific). Nuclei were counterstained with DAPI.



Immunohistochemical Staining

Paraffin-embedded ovarian tumor sections were subjected to antigen retrieval at 90°C for 30 mins and incubated at 4°C overnight with FAK (Cell Signaling Technology, Inc, Danvers, MA) and PCNA (Santa Cruz, CA) antibodies, and then incubated with biotinylated secondary antibody using the Vectastain Elite kit (Vector Laboratories).



Western Blot (WB)

WB was performed as described previously (3). The membranes were blocked with 5% nonfat milk for 1h and incubated with primary antibodies against ASAP1 (1:1,000, Santa Cruz, CA, Cat.No.SC32323), FAK (Cat.No. 3285S), p-FAK, (1:1000, Cell Signaling Technology, Inc, Danvers, MA, Cat. No.8556S) and GAPDH (1:1,000, Sigma, St. Louis, MO, Cat. No. G8795) overnight at 4°C. The membranes were washed three times with PBST and then incubated with HRP-conjugated secondary antibodies (Yeasen) for 1 h. After the final wash with TBST, the proteins were detected using enhanced chemiluminescence (ECL) reagents.



Immunoprecipitation (IP)

Cells were treated with 1 µM FAK PROTAC, VS6063 and vehicle for 24 h and then cells were collected for IP as described previously (3) using the Pierce Classic IP Kit (Thermo Fisher). Cell lysate was incubated with either 10 µg of IgG or ASAP1 antibody (Santa Cruz, Cat. NO. SC-374410) overnight at 4°C. The immune complex was then captured with Pierce Protein A/G Agarose beads for 1h at 4°C, then washed with lysis buffer and conditioning buffer, and eluted with elution buffer. The immune complex was analyzed by WB using ASAP1 or FAK antibodies.



Mouse Xenograft Model

All animal experiments were conducted in accordance with the approval from the Institutional Animal Care and Use Committee (IACUC) at the University of Tennessee Health Science Center. Luciferase reporter gene labelled OVCAR8 cells were intrabursally injected into ten two-month-old immunocompromised NOD scid gamma (NSG) female mice and randomly divided into two groups. Mice were treated with FAK PROTAC (10 mg/kg body weight) or vehicle every day for three weeks. Tumor growth and metastasis were monitored using a Xenogen live animal imaging system weekly. All mice were sacrificed after three-weeks of treatment, tumors were weighed and collected for WB to detect FAK.



Database Query

To examine the genetic alterations and expression of PTK2 in OC, we queried the TCGA (https://tcga-data.nci.nih.gov/tcga/tcgaHome2.jsp) and Oncomine database (https://www.oncomine.org). For gene copy number analysis, OC patient data were selected from Pan Cancer Atlas and compared to other cancer types in TCGA database. In Oncomine database, OC patient samples were selected from two TCGA cohorts including normal ovaries, normal blood and HGSC. Copy number or expression level was analyzed by selecting bar-graph format.



Statistical Analysis

Significant differences between independent experiments were determined by one-way ANOVA or Student’s t-test, and the data were expressed as mean ± SD. P<0.05 was considered as statistically significant.




Results


PTK2 Expression Is the Highest in OC and Is Associated With Patient Poor Survival

To assess the expression of PTK2 in cancer, we examined gene profiles from dataset in the TCGA’s Pan Cancer Atlas (The Cancer Genome Atlas). PTK2 is most upregulated or amplified in OC, followed by esophageal and breast cancer among 32 cancer types listed in Figure 1A. We then examined the copy numbers of PTK2 in 431 samples of normal blood, 130 samples of normal ovaries and 607 samples of high-grade serous carcinoma (HGSC) and found PTK2 was significantly amplified or upregulated in HGSC compared to normal blood or ovarian samples (Figure 1B). We then examined PTK2 expression is 586 samples of HGSC and 8 samples of normal ovaries in the Human Genome U133A Array data (https://www.oncomine.org). PTK2 is significantly higher in HGSC than that in normal ovaries (Figure 1C). To validate PTK2 (FAK) expression, we perform immunostaining on sections of human HGSC (Figure 1D) and Patient-Derived-Xenograft (PDX) samples (Figure 1E) using FAK antibody. FAK is significantly higher in tumors than that in adjacent normal tissues. We also examined the correlation between FAK expression and OC patient survival using the Kaplan Meier Plotter database. High FAK expression is significantly correlated with patient poor overall survival (OS) and progression free survival (PFS) among 1435 OC patients including HGSC and endometroid (Figure 1F).




Figure 1 | PTK2 is highly expressed in OC and correlated with OC patient poor survival. (A) PTK2 alteration frequencies in OC compared to other cancer types in TCGA. (B) PTK2 copy numbers were shown in 607 OC compared to 431 normal blood and 130 ovaries in Oncomine. (C) PTK2 expression is significantly upregulated in 586 OC compared to that in 8 normal ovaries in Oncomine. (D, E) Immunofluorescent staining of FAK (green) and PCNA (red) in HGSC (D) or PDX (E) sections. Nuclei were counterstained with DAPI (blue). Fluorescent intensity was quantified by Image J. (F) Survival analysis of OC patients from Kaplan-Meier database. Both overall and PFS survival rates were analyzed from 1656 OC patents (*p<0.05; **p<0.01; ***p<0.001).





FAK PROTAC Inhibits FAK Kinase Activity and Degrades Protein

FAK PROTAC was designed and synthesized based on the parent FAK kinase inhibitor VS6063 (12). As shown in Figure 2A, FAK PROTAC links with VS6063 and a ubiquitin E3 ligase. VS6063 as a FAK kinase inhibitor targets FAK kinase activity and E3 ligase transfers ubiquitin to FAK, degrading FAK through polyubiquitination/proteasome pathway. To examine whether FAK PROTAC degrades FAK, we treated OC cells, OVCAR3 and OVCAR8, with different PROTAC doses for 24 h and performed WB to detect FAK protein levels. FAK was significantly degraded in OVCAR3 and OVCAR8 cells with a dose of 50 nM PROTAC and the most effective dose is 1 µM in both cell lines (Figure 2B). Next, we examined the time course of FAK degradation by treating both OVCAR3 and OVCAR8 cells with 1 µM PROTAC for 4, 8 and 16 h. FAK was significantly inhibited at 4 h and depleted at 16 h (Figure 2C). To compare the efficacy of FAK PROTAC and its parent FAK kinase inhibitor VS6063, we treated both OVCAR3 and OVCAR8 cells with 1 µM PROTAC or 1 µM VS6063 for 24h and then examined the phospho-FAK (pFAK) and total FAK by WB. As expected, VS6063 inhibits FAK activity but not total FAK protein, while FAK PROTAC inhibits FAK activity and depletes total FAK protein (Figure 2D).




Figure 2 | FAK PROTAC inhibits both FAK activity and degrades FAK protein. (A) FAK PROTAC binds FAK kinase inhibitor VS6063 and ubiquitin ligase E3. (B) WB analysis of FAK protein in both OVCAR3 and OVCAR8 cells following 24 h treatment at different doses. (C) WB analysis of FAK following 1 µM FAK PROTAC treatment at different time points. (D) WB analysis of FAK and pFAK in both OVCAR3 and OVCAR8 cells following 24 h treatment with 1 µM FAK PROTAC and VS6063. (*p<0.05; **p<0.01; ***p<0.001).





FAK PROTAC Is More Effective Than Its Parent FAK Kinase Inhibitor in Inhibiting OC Cell Growth, Migration, and Invasion

To compare the functional differences of FAK PROTAC and FAK inhibitor VS6063, we treated OVCAR3 and OVCAR8 cells with FAK PROTAC, VS6063 or vehicle for 48 and 72 h and cell proliferation was determined by MTT assay. Both FAK PROTAC and VS6063 significantly inhibited cell proliferation and FAK PRTOAC is more effective than VS6063 at both time points (Figure 3A). To examine how PROTAC affects cell survival, we performed cell clonogenic assay after treating cells for two weeks with 1 µM PROTAC or VS6063. FAK PROTAC was more effective in inhibiting cell colony formation than VS6063 in both OVCAR3 and OVCAR8 cell lines (Figure 3B). We also assessed how FAK PROTAC affects cell migration and invasion by treating both OVCAR3 and OVCAR8 cells for 4 h with 1 µM FAK PROTAC and 1 µM VS6063. FAK PROTAC is more effective than VS6063 in inhibiting cell migration (Figures 4A–C) and invasion (Figure 4D) in both cell lines.




Figure 3 | FAK PROTAC is more effective in inhibiting OC proliferation and clone formation. (A) Cell proliferation was detected by MTT assay following treatment of OVCAR3 and OVCAR8 with 1 µM FAK PROTAC and VS6063 for 48 or 72h. (B) Cell colonies were stained with crystal violet and counted following 0.5 µM VS6063 and 0.5 µM PROTAC treatment of OVCAR3 and OVCAR8 for two weeks. (*p<0.05; **p<0.01; ***p<0.001).






Figure 4 | FAK PROTAC is more effective in inhibiting OC cell migration and invasion. (A–C) Cell migration in both OVCAR3 and OVCAR8 was examined using transwell plates (A) and wound healing assays (B, C). Migrated cells in transwells were stained with crystal violet and counted from three different fields under microscopy. Migration in wound healing assay was calculated by comparing migrated distance at 48h to 0h. (D). Invasion in OVCAR3 and OVCAR8 was examined using Matrigel coated transwell plates following 4h treatment with 1µM PROTAC or VS6063 and compared to vehicle treated cells. (*p<0.05; **p<0.01; ***p<0.001; ns, not significant).





FAK PROTAC Inhibits Kinase Activity and Disrupts the Interaction Between FAK and ASAP1

We recently reported that FAK is co-expressed in OC and interacts with ASAP1 in OC cells (3). To understand whether FAK PROTAC blocks FAK kinase-dependent and kinase-independent pathways, we tested whether FAK PROTAC disrupts the interaction between FAK and ASAP1. We treated OVCAR3 cells with 1 µM PROTAC or 1 µM VS6063 for 24 h and then performed IP with ASAP1 antibody, followed by WB with ASAP1 and FAK antibodies. FAK protein was pulled down by ASAP1 in VS6063 treated cells but not in PROTAC-treated cells. Although both PROTAC and VS6063 inhibit pFAK (Figure 5), FAK PROTAC indeed disrupts the interaction between FAK and ASAP1. In contrast, VS6063 inhibits FAK activity as shown by reduced pFAK but does not disrupt the interaction between FAK and ASAP1.




Figure 5 | FAK PROTAC disrupts the interaction between FAK and ASAP1 in OC cells. (A) OVCAR3 cells were treated with 1 µM FAK PROTAC and VS6063 for 24 h, WB of input shows changes in pFAK, FAK, and ASAP1 in each group. (B) Protein complex was pulled down with ASAP1 antibody and then blotted with both FAK and ASAP1 antibody. (*p<0.05; **p<0.01; ***p<0.001).





FAK PROTAC Inhibits OC Growth and Metastasis

We showed that FAK PROTAC is more effective than VS6063 in inhibiting cell growth, migration, and invasion. To test the efficacy of FAK PROTAC in vivo, we intrabursally injected OVCAR8 cells in immunocompromised mice and treated them with FAK PROTAC for three weeks. Ovarian tumor growth and metastasis was monitored weekly using Xenogen live animal imaging. FAK PROTAC significantly inhibited primary ovarian tumor growth as shown in bioluminescent images (Figure 6A). The decrease in dissected ovarian tumors by FAK PROTAC was also shown by tumor weight and bioluminescence (Figures 6B, C). To examine the FAK in vivo, we performed immunohistochemical staining. FAK was strongly stained in the cytoplasm of ovarian tumor sections of control mice but was weakly stained in ovarian tumor sections of mice treated with FAK PROTAC (Figure 6D). Ovarian tumors were also characterized by H&E staining (Figure 6D). The levels of FAK protein were diminished in ovarian tumors of mice treated with FAK PROTAC but was expressed in tumors of vehicle-treated mice with as shown by WB (Figure 6E). Tumor metastasis in different organs was also examined when mice were sacrificed, and FAK PROTAC significantly inhibits tumor metastasis as shown in intestine, liver, spleen, kidney, and stomach (Figure 7).




Figure 6 | FAK PROTAC inhibits OC growth and metastasis. (A, B) Ovarian tumor growth and metastasis were shown by bioluminescence following three-week treatment with vehicle and FAK PROTAC in live animals (A) and ovarian tumors were also imaged (B) and weighted (C) in vehicle and FAK PRTOAC treated mice. (D) H.E and immunohistochemical staining against FAK and Ki67 of ovarian tumor sections in FAK PROTAC and vehicle treated mice. (E) WB analysis of FAK protein in ovarian tumors of FAK PROTAC and vehicle treated mice. (***p<0.001).






Figure 7 | FAK PROTAC inhibits ovarian tumor metastasis. Metastatic tumors in colon, kidney, liver, spleen and stomach were visualized by bioluminescence imaging after three-weeks of FAK PROTAC and vehicle treatment.






Discussion

In this study we demonstrated that PTK2 gene copy numbers are highly amplified and expression level is upregulated in multiple cancer types with the most upregulation in OC. High PTK2 expression is well-correlated with poor OC patient survival. While FAK kinase inhibitors has not been successful in clinical trials, we showed that FAK PROTAC is more effective than its parent FAK kinase inhibitor VS6063 in inhibiting OC migration, invasion and metastasis. FAK PROTAC opens a new avenue in cancer therapy by degrading FAK, and thereby attenuating both FAK kinase-dependent and kinase-independent signaling pathways.

PTK2 is located within the same genomic locus (8q24) as ASAP1, which is a region associated with aggressive cancer phenotypes, recurrence, and metastasis (28, 31, 32). The association of FAK with ASAP1 may play a significant role in tumor metastasis and chemoresistance. FAK was associated with ASAP1 in gastric cancer and associated with poor patient survival, indicating that FAK may play a synergistic role in gastric tumorigenesis and metastasis (25). ASAP1 was also associated with PD-L1 expression in pancreatic cancer fibrosis (33). The interaction between the SH3 domain of ASAP1 with the second prolin-rich domain of FAK has been found to contribute to focal adhesion assembly (23). We also reported that ASAP1 is highly expressed in OC and promotes OC invasion by facilitating EMT through activating EKR1/2 and AKT pathways (34). Although both PTK2 and ASAP1 were shown to be highly expressed in OC previously (35–37), it is yet unknown how the interaction between FAK and ASAP1 contributes to OC metastasis and metastasis. We recently reported that PTK2 is co-expressed with ASAP1 and FAK interacts with ASAP1 in OC based on HGSC dataset from TCGA database (3). Our finding indicates that the interaction between FAK and ASAP1 may also contribute to OC metastasis and chemoresistance. Therefore, it is important to target this interaction for effective OC therapy.

Due to ineffectiveness of FAK kinase inhibitors in cancer clinical trials, targeting FAK may require blocking both the kinase activity and kinase-independent function as a scaffold protein. FAK PROTAC was shown previously to be more effective than VS6063 in inhibiting breast cancer cell migration and invasion (12). FAK PRTOAC blocks FAK kinase activity and its scaffold function by degrading total FAK protein. Consistently, we found that FAK PROTAC is more effective than its parent VS6063 in inhibiting OC cell migration and invasion. In addition, we found that FAK PROTAC suppressed the proliferation of OC cells. Mechanistically, FAK PROTAC is a bifunctional molecule linked by FAK kinase inhibitor VS6063 and E3 ubiquitin ligase, which not only inhibit FAK kinase activity by reducing pFAK, but also disrupt the interaction between FAK and ASAP1 as shown by IP. FAK PROTAC degrades FAK, but not its interaction protein ASAP1 in OC cells. VS6063 only blocks FAK kinase activity without disrupting the interaction between FAK and ASAP1. Our data indicate that FAK PROTAC is indeed more effective than its parent inhibitor VS6063 by also disrupting FAK kinase-independent scaffold activity. Interestingly, we observed the “hook effect” that FAK was slightly rebound due to forming a binary, not the ternary complex required for effective protein degradation at 5 µM high dose in OC cells. The similar phenomenon was observed in human prostate tumor cells (12, 38).We also tested the efficacy of FAK PROTAC using orthotopic OC mouse models and showed marked activity in vivo to inhibit ovarian tumor growth and metastasis, thus potentially transform the clinical ovarian cancer therapy. However, although PROTAC showed promising in cancer clinical trials, it is important to further investigate the off-target effects, stability, and toxicity in vivo. We will further test its efficacy in treating chemotherapy drug resistant cancers through combination therapy.

In summary, we present experimental evidence that FAK PROTAC is more effective than its parent FAK inhibitor by blocking both FAK kinase activity and its scaffold protein function through disrupting the interaction between FAK and ASAP1 in OC.
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Gene

EXOSC4
cyclinD1
CDK4
c-myc

B-actin

Primer

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Sequence

GCTCGGCCTACATTGAGCAG
GGACTTACGGTCCCCATGTG
CCATCCAGTGGAGGTTTGTC
AGCGTATCGTAGGAGTGGGA
CCCGAAGTTCTTCTGCAGTC
GTCGGCTTCAGAGTTTCCAC
CGGATTCTCTGCTCTCCTCG
CCACAGAAACAACATCGATTTCTT
GTGGACATCCGCAAAGAC
AAAGGGTGTAACGCAACTA
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Feature

Tissue type
Normal
EOC
Age (years)
<50
250
FIGO stage
-
-V
Histological type
Serous
Non-serous
Pathology grade
Low
High
Residual tumor
<1cm
>1cm

Number of patients

20
104

48
56

26
78

83
21

32
72

79
25

Expression (n, %)

Low

14 (70.0)
39 (37.5)

17 (35.4)
22 (39.3)

14 (53.8)
25 (32.1)

30 (36.1)
9 (42,9

7(63.1)
22 (30.6)

31(39.2)
8(32.0)

High
6(30.0)
65 (62.5)

31 (64.6)
34 (60.7)

12 (46.2)
53 (67.9)

53 (63.9)
12 (57.1)

15 (46.9)
50 (69.4)

48 (60.8)
17 (68.0)

P value

0.007*

0.685

0.047*

0.570

0.028

0.515

*P < 0.05
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Xu et al., 2018 (23)
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Chen et al., 2018 (25)
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Low-quality review
Low-quality review
Low-quality review
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Low-quality review
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N, no; PY, partial yes; Y, yes.
AMSTAR-2 items: Q1: Did the research questions and inclusion criteria for the review include the components of PICO? Q2: Did the report of the review contain an explicit statement that
the review methods were established prior to the conduct of the review, and did the report justify any significant deviations from the protocol? Q3: Did the review authors explain their
selection of the study designs for inclusion in the review? Q4: Did the review authors use a comprehensive literature search strategy? Q5: Did the review authors perform study selection in
duplicate? Q6: Did the review authors perform data extraction in duplicate? Q7: Did the review authors provide a list of excluded studies and justify the exclusions? Q8: Did the review
authors describe the included studies in adequate detail? Q9: Did the review authors use a satisfactory technique for assessing the risk of bias (RoB) in individual studiies that were included
in the review? Q10: Did the review authors report on the sources of funding for the studies included in the review? Q11: If meta-analysis was performed, did the review authors use
appropriate methods for statistical combination of results? Q12: If meta-analysis was performed, did the review authors assess the potential impact of RoB in individual studies on the
results of the meta-analysis or other evidence synthesis? Q13: Did the review authors account for RoB in primary studies when interpreting/discussing the results of the review? Q14: Did
the review authors provide a satisfactory explanation for, and discussion of, any heterogeneity observed in the results of the review? Q15: If they performed quantitative synthesis, did the
review authors carry out an adequate investigation of publication bias (small study bias) and discuss its likely impact on the results of the review? Q16: Did the review authors report any

potential sources of conflict of interest, including any funding they received for conducting the review?

tCritical items in AMSTAR-2.
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Author/year Endpoints  Number of cases p-Value of overall  Heterogeneity 95% prediction interval  No small-study Design of included Evidence

>1,000 effect’ (%) <50% excluding the null effects® studies grading
Lymphocyte-to-monocyte ratio
Cai et al., 2020 (19) 0s Yes p <0001 No Yes Yes Retrospective i
PFS Yes p <0001 Yes Yes Yes Retrospective i
Gong et al,, 2019 (§) os Yes p <0001 No Yes Data ot available Retrospective 1
PFS Yes p <0.001 Yes Yes Data ot available Retrospective 1
Geo et al., 2019 (21) 0s Yes p <0001 No Yes Yes Retrospective [
PFS Yes p <0001 Yes Yes Yes Retrospective 1
Luetal., 2019 (11) 0s Yes p <001 No Yes Yes Retrospective %
PFS Yes p<001 Yes Yes Conditions not met Retrospective v
Neutrophil-to-lymphocyte ratio
Yin et al,, 2019 (20) os Yes p <0001 No Yes Data ot available Retrospective 1
PFS Yes p <0001 Yes Yes Data ot available Retrospective [
Zheo et al,, 2018 (24) 0s Yes Data ot available No Yes Yes Retrospective NR
PFS Yes Data ot available Yes Yes No Retrospective NR
Zhu et al, 2018 (14) 0s Yes Data not available No Yes Data ot available Retrospective NR
PFS Yes Data ot available No Yes Data ot available Retrospective NR
Chen et al., 2018 (25) os Yes No Yes Yes Retrospective %
PFS Yes No Yes Yes Retrospective %
Chen et al., 2017 (26) os Yes No Yes Yes Retrospective v
PFS Yes p No Yes Yes Retrospective %
Huang etal, 2017 (28)  OS Yes Data ot available No Yes Yes Retrospective NR
PFS Yes Data ot available No Yes Yes Retrospective NR
Yang et al,, 2017 (29) os Yes Data ot available No Yes Yes Retrospective NR
PFS Yes Data ot available No Yes Yes Retrospective NR
Ethier et al., 2017 (10) os Yes p <0001 No Yes Data ot available Retrospective i
PFS Yes p <0001 No Yes Data ot available Retrospective 1
Zhou et al., 2017 (30) os Yes p <0001 No Yes No Retrospective i
PFS Yes p <0001 No Yes No Retrospective il
Platelet-to-lymphocyte ratio
Jiang et al., 2019 (22) os Yes p=0.000 No Yes Data ot available Retrospective 1
PFS Yes P =0.000 Yes Yes Data ot available Retrospective i
Tian et al., 2018 (13) os Yes p <0001 No Yes Data ot available Retrospective i
PFS Yes p <0001 No Yes Data ot available Retrospective 1
Xu et ., 2018 (22) os Yes p =0.000 Yes Yes Yes Retrospective i
PFS Yes p <0001 Yes Yes Yes Retrospective il
Zheo et al,, 2018 (24) os Yes Data ot available Yes Yes Yes Retrospective NR
PFS Yes Data ot available Yes Yes Yes Retrospective NR
Zhu et al., 2018 (14) 0s Yes Data not available No Yes Data not available Retrospective NR
PFS Yes Data ot available No Yes Data ot available Retrospective NR
Ma et al,, 2017 (27) os Yes p <001 No Yes Data ot available Retrospective %
PFS Yes p <001 No Yes Data not available Retrospective %

NR, ot rated; OS, overall survival; PFS, progression-free survival.
*Copied as shown by the ful-text articles.
*Based on Egger’s test.
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Characteristics

FIGO stage
Pathology grade
Residual tumor
EOXSC4 expression

Groups

-V vs. -

High vs. Low

<1 cmyvs. 21 cm
High vs. Low

PFS

os

P value

0.121
0.013*
<0.001*
0.003*

Hazard ratio (95% CI)

1.826 (1.135, 2.937)
0.358 (0.215, 0.597)
1.973 (1.261, 3.088)

P value

0.034*
0.041*
<0.001*
0.004*

Hazard ratio (95% CI)

1.835 (1,046, 3.220)
1.777 (1.024, 3.084)
0.255 (0.148, 0.440)
2,137 (1.281, 3.565)

*P « 0.05.
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P value

Characteristic Groups
PFS os

Age (years) >50 vs. <50 0.636 0.858
FIGO stage -V vs. -1 0.016" 0.022*
Histological type Serous vs. Non-serous 0.433 0.996
Pathology grade High vs. Low 0.006" 0.009*
Residual tumor <1cmyvs. 21 cm <0.001* <0.001*
EXOSC4 expression High vs. Low 0.006* 0.015*

*P <« 0.05.
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Benign (%) Borderline (%)

Malignancy (%)

(95% CI) (95% Cl) (95% Cl)
Accuracy 95.8 91.1 93.1
Sensitivity 98.7 (97.3-100) 82.0" (75.8-88.1) 88.2" (85.3-90.9)
Specificity 94.7 (93.1-96.4) 93.0 (91.1-94.7) 99.7t(99.3-100.0)

Cl, confidence interval; *comparisons between borderiine or malignancy and benign tumor; p <0.001.

+compar/‘snns between malignancy and benign tumor, p <0.001, all statistical analyses performed by use of the proportional Z-test.
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Concordant Discordant p

(N = 455) (N=61)
Age, yrs, (mean + SD) 51.56+11.8 47.2+£14.0 0.013*
Parity 0.89"
0 165 (36.4%) 21 (34.4%)
>1 290 (63.6%) 40 (65.6%)
Menopause <0.001*
No 200 (44.0%) 42 (68.9%)
Yes 255 (56.0%) 19 (31.1%)
Pre-operative CA-125 (U/mi) 0.16%
Median (25th-75th percentile) 221.9 98.4
(49.4-761.6) (62.2-613.5)
Tumor size (cm) 108 £4.7 13.8 + 14.7 0.28"
Mean + SD
Stage 0.001*
Early (/1) 296 (65.1%) 52 (85.2%)
Advanced (IIV) 159 (34.9%) 9 (14.8%)
Kinds of malignancy
Epithelial 423 (93.0%) 54 (88.5%) 0.20*
Non-epithelial 32 (7.0%) 7 (11.5%)
Histologic type
Serous 123 (27.0%) 4 (6.6%) <0.001**
Mucinous 15 (3.3%) 24 (39.3%)
Endometrioid 92 (20.2%) 21 (34.4%)
Clear cell 162 (35.6%) 4 (6.6%)
Others® 31 (6.8%) 1(3.1%)

N, number; yrs, years; SD, standard deviation; *one-way ANOVA; *chi-square test; *Kruskal-Walls test; **Mann-Whitney U test; including malignant mixed Muillerian tumor, mixed type
carcinoma, adenosarcoma, and undifferentiated carcinoma.
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Parameter

Parity
0
>1
Post-menopause
No
Yes
Pre-operative CA-125 level (U/ml)
<35
>35
Ultrasound finding Solid part
No
Yes
Multicyst
No
Yes
Tumor 210 cm
No
Yes
Intra-tumoral blood flow
No
Yes
Ascites
No
Yes

Univariate

OR (95% CI)
Reference
1.11(0.62-1.99)

Reference
0.36 (0.20-0.63)

Reference
1.56 (0.68-3.57)

Reference
0.97 (0.56-1.69)

Reference
227 (1.22-4.23)

Reference
0.90 (0.52-1.57)

Reference
1.45 (0.83-2.56)

Reference
0.39 (0.16-0.94)

0.73

<0.001

0.29

0.91

0.010

0.71

0.20

0.032

OR, odds ratio; Cl, confidence interval; yrs, years; SD, standard deviation.

Multivariate

OR (95% CI)
Reference
1.68 (0.87-3.25)

Reference
0.34 (0.15-0.76)

Reference
1.43 (0.64-3.20)

Reference
0.71(0.38-1.32)

Reference
2.14 (1.14-4.01)

Reference
1.04 (0.59-1.82)

Reference
1.79 (0.96-3.35)

Reference
0.33 (0.14-0.82)

0.12

0.009

0.39

0.28

0.018

0.89

0.069

0.016
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Parameter Patient number (%)

Menopause
No 464 (51.4)
Yes 439 (48.6)
Parity
0 324 (35.98)
>1 579 (64.1)
Comorbidity*
No 592 (65.6)
Yes 311 (34.4)
Operation method
Laparoscope 24 (2.7)
Laparotomy 879 (97.3)
Pre-operative tumor markers
CA-125 (n = 881, U/ml), median (25th-75th%) 94.9 (32.5-423.7)
CA19-9 (n = 387, U/ml), median (25th-75th%) 29.3 (8.0-133.9)
CEA (n = 372, ng/ml), median (25th-75th%) 1.5 (0.8-2.6)
oFP (n = 104, ng/m), median (25th-75th%) 2.5(2.0-3.9)

“Including cardiovascular disease, liver disease, malignancy other than ovarian cancer,
diabetes mellitus, peptic ulcer, chronic kidney disease.
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Parameter Number (%)
Stage*
VAV 279 (30.9)/70 (8.0)/138 (15.3)/28 (3.1)

Tumor size (cm, mean + SD)
Benign lesions other than
cystadenoma**
Germ cell tumor
Mature teratoma
Malignant germ cell tumor
Sex cord stromal tumor
Fibroma/Fibrothecoma
Granulosa cell tumor
Others™*
Epithelial tumor
Serous
Benign (% in serous tumor)
Borderline (% in serous tumor)
Malignancy (% in serous tumor)
Mucinous
Benign (% in mucinous tumor)
Borderline (% in mucinous tumor)
Malignancy (% in mucinous tumor)
Endometrioid
Benign (% in endometrioid tumor)
Borderline (% in endometrioid tumor)
Malignancy (% in endometrioid tumor)
Clear cell
Benign (% in clear cell tumor)
Borderline (% in clear cell tumor)
Malignancy (% in clear cell tumor)
Mixed types carcinoma®”
Undifferentiated carcinoma
Carcinosarcoma
Sarcoma

11.7£7.3
76 (8.4)

51 (5.6)
32
19
66 (7.0)
43
19
4
699 (77.4)
181
10 (5.5)
44 (24.3)
127 (70.2)
215
73 (34.0)
103 (47.9)
39 (18.1)
115
0(0)
2(1.7)
113 (98.3)
167
00
1(0.6)
166 (99.4)
18
3
9
2

*The stage was applied to malignant cases with FIGO stage in 2009; *‘including
endometrioma, hemorrhagic cyst, tubo-ovarian abscess and corpus luteum;
*including one Sertoli-Leydig cell tumor, two thecomas, and two steroid cell tumor
with not otherwise specified; *including 10 endometrioid with clear cell tumors, five
endometrioid with mucinous tumors, one tumor with endometrioid and serous types,
and two tumors with three different histologic types.
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Paraffin pathology, n

Benign Borderline Malignancy Total

Benign 234 26 9 269

Borderline 2 123 51 176

Frozen pathology, n Malignancy 0 1 455 456
Undetermined 1 0 1 2

Total 237 150 516 903

n, number.

In bold: the concordance between frozen pathology and paraffin pathology.
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Total (N = 1,839) Non-chemotherapy (N = 1,211) Chemotherapy (N = 628) P -value*

Age

18-30 1,091 (59.3) 663 (54.7) 428 (68.2) <0.001
31-40 748 (40.7) 548 (45.3) 200 (31.8)

Race

White 1,341 (72.9) 885 (73.1) 456 (72.6) 0.963
Black 240 (13.1) 168 (13.1) 82 (13.1)

Other 258 (14.0) 168 (13.8) 90 (14.3)

Historic stage

Localized 1,479 (80.4) 1,038 (85.7) 441 (70.2) <0.001
Regional 267 (14.5) 143 (11.8) 124 (19.8)

Distant 93 (5.1) 30 (2.5) 63 (10.0)

Marital status

Married 679 (36.9) 498 (41.1) 181 (29.8) <0.001
Unmarried 1,052 (57.2) 632 (52.2) 420 (66.9)

Other 108 (6.9) 81(6.7) 27 (4.3)

Histology

Serous 135 (7.3) 108 (8.9) 27 (4.3) <0.001
Endometrioid 282 (156.3) 201 (16.6) 81 (12.9)

Clear cell 48 (2.6) 28 (2.3) 20(3.2)

Mucinous 286 (15.6) 222 (18.3) 64 (10.2)

Non-epithelial 1,088 (59.2) 2 (53.9) 436 (69.4)

Grade

1 585 (31.8) 463 (38.2) 122 (19.4) <0.001
2 401 (21.8) 256 (21.1) 145 (23.1)

3 357 (19.4) 160 (13.2) 197 (81.4)

4 97 (6.2 53 (4.4) 43(6.8)

Unknown 400 (21.8) 279 (23.1) 121 (19.3)

i

T 1,570 (85.4) 1,074 (88.7) 496 (79.0) <0.001
T2 164 (8.9) 97 (8.0) 67 (10.7)

T3 105 (6.7) 40 (3.3) 65 (10.3)

N

NO 1,803 (98.0) 1,200 (99.0) 603 (95.8) <0.001
N1 36 (2.0) 11(1.0 25(4.2)

FIGO

| 1,551 (84.3) 1,070 (88.4) 481 (76.6) <0.001
I 159 (8.6) 96 (7.9) 63 (10.0)

1 129 (7.1) 45 (3.7) 84 (13.4)

*Bold P- value, p<0.05.
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SEER 18 Regs Custom Data[with additional treatment fields]
Ovarian Cancer (ICD-0-3, C56.9)

Unknown TNM status Not FSS(Junknown hysterectomy
(n=6857) status ,surgery not otherwise specified (NOS),
or salpingo-oophorectomy, NOS)
(n=8064)

Unknown surgery treatment
(n=1682)
Not 18-40 years old
(n=129966)

Not active follow-up

(n=25)
———————— —={ Multiple tumors (n=52)

Survival less than 6 months

i —
(n=91) ——————— — Distant metastases (n=22)

Final eligible for incidence analysis

(n=1839)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		MOLECULAR INFLUENCES IN THERAPIES OF OVARIAN CANCER



		Editorial: Molecular influences in therapies in ovarian cancer



		Author contributions



		Conflict of interest



		References









		The Overexpression of Acyl-CoA Medium-Chain Synthetase-3 (ACSM3) Suppresses the Ovarian Cancer Progression via the Inhibition of Integrin β1/AKT Signaling Pathway



		Introduction



		Materials and Methods



		Cell Culture, Vectors Construction, and Cell Transfection



		Western Blot



		Cell Counting Kit-8 Assay (CCK-8 assay)



		Cell Cycle Analysis



		Wound Healing Assay



		Transwell Assay



		Tumor Xenograft Model



		Immunohistochemistry



		Statistical Analysis









		Results



		The Expression of ACSM3 and Its Co-relation of the Overall Survival of Ovarian Cancer



		Effects of ACSM3 on the Proliferation of Ovarian Cancer Cells



		Effects of ACSM3 on Migration and Invasion of Ovarian Cancer Cells



		Effects of ACSM3 on the Integrin β1/AKT Signaling Pathway in Ovarian Cancer



		Effects of ITG β1 (Integrin β1) on ACSM3 Up-regulated Ovarian Cancer Cells



		Effects of ACSM3 on the Growth of Ovarian Cancer Tumor In Vivo









		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References









		Factors Influencing the Discordancy Between Intraoperative Frozen Sections and Final Paraffin Pathologies in Ovarian Tumors



		Aim



		Patients and methods



		Results



		Conclusions



		Introduction



		Materials and Methods



		Patient Population and Data Collection



		Statistical Analysis









		Results



		Patients’ Characteristics From Intraoperative Frozen Section



		Ovarian Malignant Tumors Accounted for the Majority of Intraoperative Frozen Pathology Diagnoses



		Intraoperative Frozen Section Had Better Sensitivity for Benign Ovarian Tumors and Higher Specificity for Malignant Ovarian Tumors



		The Group With Discordant IFS and FPP Differed From the Concordant Group in Their Clinical and Histopathologic Characteristics



		Factors Contributing to the Discordancy of IFS and FPP of Malignant Ovarian Tumors Identified by Use of a Cox Logistic Regression Analysis









		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Acknowledgments



		References









		Predictive Value of HE4 in Platinum-Based Chemotherapy for Ovarian Cancer: A Systematic Review



		Objective



		Method



		Results



		Conclusion



		Systematic Review Registration



		Introduction



		Materials and Methods



		Search Strategy



		Study Selection and Eligibility Criteria



		Quality Assessment



		Statistical Analysis









		Results



		Characteristics of Eligible Literatures



		Heterogeneity Test



		Meta Analysis



		Sensitivity Analysis and Publication Bias









		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		References









		Efficacy and Safety of PARP Inhibitor Combination Therapy in Recurrent Ovarian Cancer: A Systematic Review and Meta-Analysis



		Objectives



		Materials and Methods



		Results and Conclusion



		Systematic Review Registration



		Introduction



		Methods



		Search Strategy



		Selection Criteria



		Risk of Methodological Bias Assessment



		Data Extraction



		Statistical Analysis









		Results



		Identification and Selection



		Characteristics of Included Studies and Patients



		Assessment of Methodological Bias



		Efficacy



		Progression‐Free Survival



		Overall Survival



		Objective Response Rate









		BRCA Status Analysis



		Safety



		Sensitivity Analysis









		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Systematic Lymph Node Dissection May Be Abolished in Patients With Apparent Early-Stage Low-Grade Mucinous and Endometrioid Epithelial Ovarian Cancer



		Objective



		Methods



		Results



		Conclusions



		Introduction



		Materials and Methods



		Patients



		Clinical Data Collection and Organization



		Follow-Up



		Statistical Analysis









		Results



		The Clinical Features of Low-Grade Epithelial Ovarian Cancer



		Different Lymph Node Dissection Modes and Lymph Node Metastasis Status



		The Effect of Lymph Node Dissection Mode on the Lymph Node Metastasis Detection and Upstaging Rates



		The Effect of Lymph Node Dissection Mode on Survival



		The Effect of Lymph Node Dissection Mode on Operation-Related Complications









		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Exploration of Potential Diagnostic Value of Protein Content in Serum Small Extracellular Vesicles for Early-Stage Epithelial Ovarian Carcinoma



		Introduction



		Materials and Methods



		Study Design and Participants



		Isolation of Serum sEVs



		Characterization of Serum sEVs



		Human Protein Level Measurement and ROMA Calculation



		Statistical Analyses









		Results



		Baseline Characteristics



		Characterization of Serum sEVs



		Serum sEV and Serum Protein Levels Between the EOC and Control Groups



		Serum sEV Proteins to Identify Early-Stage EOC Patients From Other Groups



		Serum sEV Protein Levels Differ With EOC FIGO Stage



		Diagnosis of EOC Using Serum sEV Markers



		Serum sEV Protein Levels Decrease After Operation









		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Acknowledgments



		Supplementary Material



		References









		Inexpensive Systemic Inflammatory Biomarkers in Ovarian Cancer: An Umbrella Systematic Review of 17 Prognostic Meta-Analyses



		Systematic Review Registration



		Introduction



		Methods



		Umbrella Systematic Review and Search Strategy



		Eligibility Criteria and Data Extraction



		Assessment of Methodological Quality in Included Meta-Analyses



		Grading the Evidence









		Results



		General Characteristics of Included Systematic Reviews and Meta-Analyses



		Meta-Analyses on the Lymphocyte-to-Monocyte Ratio



		Meta-Analyses on the Neutrophil-to-Lymphocyte Ratio



		Meta-Analyses on the Platelet-to-Lymphocyte Ratio









		Critical Appraisal of Included Systematic Reviews and Meta-Analyses



		General Review



		AMSTAR-2-Based Evaluation and Evidence Grading















		Discussion



		Conclusions and Recommendations for Future Authors



		Data Availability Statement



		Author Contributions



		Acknowledgments



		References









		Exosome Component 4 Promotes Epithelial Ovarian Cancer Cell Proliferation, Migration, and Invasion via the Wnt Pathway



		Background



		Methods



		Results



		Conclusions



		Introduction



		Materials and Methods



		Ethics Approval and Consent to Participate



		Human EXOSC4 Data Analysis



		Patients and Tissue Samples



		Immunohistochemical Staining (IHC)



		Ovarian Cancer Cell Lines and Cell Culture



		Construction and Transfection of Lentiviral Short Hairpin RNA (shRNA)



		Quantitative RT-PCR Assay



		Western Blot Analysis



		CCK-8 Assay



		Colony Formation Assay



		Cell Cycle Assay



		Scratch Assay



		Transwell Assay



		Dual-Luciferase Reporter Assay



		Statistical Analysis









		Results



		EXOSC4 Levels Were Elevated in EOC Tissues and Cell Lines



		Overexpression of EXOSC4 Predicted Poor Clinical Outcomes in EOC



		EXOSC4 Expression Was Significantly Knocked Down by Lv-shRNA in EOC Cell Lines



		Downregulation of EXOSC4 Inhibits Cell Proliferation and Colony Formation in EOC Cells



		Knockdown of EXOSC4 Induced G0/G1 Arrest in EOC Cells



		Repression of EXOSC4 Suppresses Migration and Invasion of EOC Cells



		Suppression of EXOSC4 Impaired Wnt Signaling Pathway Activity in EOC Cells









		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Abbreviations



		References









		Tumor Immune Microenvironment Related Gene-Based Model to Predict Prognosis and Response to Compounds in Ovarian Cancer



		Background



		Methods and Results



		Conclusion



		Introduction



		Materials and Methods



		Data Source and Evaluation of Stromal and Immune Scores



		Analyses of Differentially Expressed Genes (DEG) and Weighted Gene Co-Expression Network (WGCNA) Based on RNA-Seq Data



		LASSO Regularization and Construction of TIMErisk Model



		Analysis of Tumor Immune Characteristics and Functional Enrichment for TIMErisk



		Construction and Validation of Nomogram Score System



		Prediction of Chemotherapeutic Response and Small Molecule Drugs



		Survival and Other Statistical Analyses









		Results



		Calculation of Stromal/Immune Scores and Their Relationship With Patients’ Clinical Characteristics



		Tumor Microenvironment Regulators Are Involved in OC



		Establishment and Validation of Prognostic Signatures for Regulators of TIME



		Association of TIME Regulators With EOC Clinical Characteristics



		Association of TIMErisk With EOC Immune Signature



		Assessment of Independent Prognostic Significance of TIMErisk and Clinical Stratification



		Construction and Validation of Nomogram for Survival Prediction of EOC Patients



		New Therapeutic Regimens for OC









		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Identification and Validation of Angiogenesis-Related Gene Expression for Predicting Prognosis in Patients With Ovarian Cancer



		Introduction



		Materials and Methods



		Data Acquisition



		Identification of Differentially Expressed ARGs



		GO and KEGG Functional Enrichment Analysis of Different ARGs



		Identification of Signatures of Survival-Related ARGs



		Construction and Validation of a Risk Model Based on ARGs



		Building and Evaluation of the Prognostic Signatures of ARGs



		Relationship Between Risk Model, Immunity, and Tumor Microenvironment



		Statistical Analysis









		Results



		Identification of ARGs



		Functional and Pathway Enrichment Analysis of Different ARGs



		Identification of Survival-Related ARGs



		Construction and Validation of a Risk Model Based on Six ARGs



		Estimation and Validation on the Signatures of ARGs



		Univariate and Multivariate COX Regression Analyses of Risk Score



		Construction of Nomogram



		Correlation of Risk Score With Immunity



		Relationships Between Risk Model and Tumor Microenvironment









		Discussion



		Conclusions



		Data Availability Statement



		Author Contributions



		Supplementary Material



		References









		Hedgehog−Gli2 Signaling Promotes Chemoresistance in Ovarian Cancer Cells by Regulating MDR1



		Background



		Methods



		Results



		Conclusions



		Introduction



		Materials and Methods



		Reagents and Antibodies



		Cell Culture and Establishment of DDP-Resistant Cell Lines



		Lentivirus Transfection



		Cell Transfection



		Cell Viability and Chemosensitivity Assay



		Cell Proliferation Assays



		Western Blot (WB) Analysis



		Dual-Luciferase Reporter Assay



		In Vivo Ovarian Cancer Xenotransplant



		Immunohistochemical (IHC) Analysis



		Statistical Analysis









		Results



		Gli2 Expression Is Upregulated in DDP-Resistant OC Cells



		Gli2 Knockdown Reverses DDP Resistance and Inhibits Proliferation of DDP-Resistant OC Cells



		MDR1 Is Essential for DDP Resistance in OC



		MDR1 Is a Direct Downstream Target of Gli2



		Gli2 Knockdown Overcomes DDP Resistance in OC In Vivo









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References









		ANXA2P2: A Potential Immunological and Prognostic Signature in Ovarian Serous Cystadenocarcinoma via Pan-Carcinoma Synthesis



		Background



		Methods



		Results



		Conclusion



		Introduction



		Materials and Methods



		Data Acquisition and Related Difference Collection



		Associated Prognostic Analysis



		Immune Cell Infiltration Analysis



		Drug Sensitivity Analysis



		Gene Set Variation Analysis



		Gene Set Enrichment Analysis



		Association of ANXA2P2 Expression With TMB and MSI



		Epigenetic Mutation Analysis in OV



		Establishment the Nomogram Prediction Model for OV



		Statistical Analysis









		Results



		Transcription Expression Level of ANXA2P2 in Pan-Carcinoma



		Associated Prognostic Analysis of ANXA2P2



		Evaluation of Tumor Immune Microenvironment



		Correlation Between ANXA2P2 Expression and Immune Cell Infiltration Level in Pan-Carcinoma



		Association of ANXA2P2 Expression Levels With TMB and MSI



		Drug Sensitivity Analysis in Pan-Carcinoma



		Relevance With the Key Regulatory Genes in Pan-Carcinoma



		Functional Enrichment Analysis via GSVA and GSEA in OV



		Weighted Correlation Network Analysis in OV



		Association Analysis of ANXA2P2 With Core Genes and Gene Mutation Analysis in OV



		Risk and Independent Prognostic Analysis of ANXA2P2 in OV









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Clinical Benefit With PARP Inhibitor for Pathogenic Germline FANCA-Mutated Relapsed Epithelial Ovarian Cancer: A Case Report



		Background



		Case Presentation



		Conclusions



		Introduction



		Background



		Discussion



		Concluding Remarks



		Ethics Statement



		Author Contributions



		References









		WASF2 Serves as a Potential Biomarker and Therapeutic Target in Ovarian Cancer: A Pan-Cancer Analysis



		Background



		Methods



		Results



		Conclusions



		Introduction



		Materials and Methods



		Sample Information and WASF2 Expression Analysis in Human Pan-Cancer



		Survival and Prognosis Analysis



		Immune Cell Infiltration Analysis



		Tumor Mutation Burden Analysis



		Drug Susceptibility Analysis



		Gene Enrichment Analysis



		WGCNA Analysis



		Predictive Model Construction



		Functional Verification of WASF2



		Statistic









		Results



		Pan-Cancer Expression Landscape of WASF2



		Prognostic Value of WASF2 Across Cancers



		The Relationship Between WASF2 Expression and Immune Infiltration



		The Relationship Between WASF2 Expression and Key Regulatory Genes



		The Relationship Between WASF2 Expression and TMB and MSI and With Drug Sensitivity



		Association of WASF2 Expression With GSVA and GSEA in Ovarian Cancer



		Association of WASF2 Expression With WGCNA in Ovarian Cancer



		Clinical Application of a Nomogram Incorporating the WASF2 Gene



		WASF2 Knockdown Suppresses the Proliferation, Migration and Invasion of Ovarian Cancer Cells









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Establish of an Initial Platinum-Resistance Predictor in High-Grade Serous Ovarian Cancer Patients Regardless of Homologous Recombination Deficiency Status



		Backgrounds



		Methods



		Results



		Conclusion



		Introduction



		Materials and Methods



		Data Source



		Differentially Expressed Gene Screening Between Platinum-Sensitive and Platinum-Resistant Samples



		Construction of an IPR Prediction Model Based on Multiple Machine Learning Algorithms



		Function Enrichment Analysis



		Survival Analysis



		HRD Scores in the TCGA-OC Cohort



		Tumor-Infiltrating Immune Cells and Tumor Immune Dysfunction and Exclusion Analysis



		Drug-Sensitivity Analysis



		Statistical Analyses









		Results



		Establishment of an IPR Signature



		Validation of the Established IPR Signature



		Comparison With HRD Score



		Mutation Count and the IPR Signature



		Comprehensive Analysis of the Difference in the Genomic Feature Between Samples With High- or Low-IPR Signature



		IPR Signature Had Capacity in Survival Prediction in the Training Cohort



		Correlation Between IPR Signature and Clinical Feature in Survival Prediction



		Validation of the Capacity of IPR Signature in Survival Prediction



		Estimation of the Associations Between Immune Characteristics, Potential Therapy, and the IPR Signature









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		The Therapeutic Effects of DDP/CD44-shRNA Nanoliposomes in AMF on Ovarian Cancer



		Background



		Methods



		Results



		Conclusion



		Introduction



		Materials and Methods



		Materials



		Preparation of PEG-MZF-NPs/DDP Nanoliposomes and Detection of the Physicochemical Properties



		CD44-shRNA Plasmids’ Construction and Transfection



		Preparation of PEG-MZF-NPs/DDP/CD44-shRNA Nanoliposomes



		Using PEG-MZF-NPs/DDP/CD44-shRNA Nanoliposomes Combined With MFH to Intervene HO8910 Cells In Vitro



		The Assays for Cell Proliferation Inhibition In Vitro



		Cell Invasion Inhibition Analysis



		Cells’ Apoptosis Analysis



		In Vivo Analysis and Animal Modeling



		Tumor Mass and Volume Inhibition Analysis



		Histopathological and Biochemical Analysis



		Statistical Analysis









		Results



		Preparation and Physicochemicals of PEG-MZF-NPS/DDP Nanoliposomes



		CD44 Gene Expression of Ovarian Cancer HO8910 Cells Transfected With CD44-shRNA Plasmids



		Construction of PEG-MZF-NPs/DDP/CD44-shRNA Nanoliposomes



		The Effect of DDP/CD44-shRNA Nanoliposomes in AMF on Ovarian Cancer Cells In Vitro



		In vivo Analysis of the PEG-MZF-NPs/DDP/CD44-shRNA Magnetic-Induced Heating for Ovarian Cancer Treatment









		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		References









		Women With Ovarian Cancer and With Fertility Preservation: A Survival Analysis Using the Surveillance, Epidemiology, and End Results Database and Construction of Nomograms to Predict Cancer-Specific Survival



		Objective



		Patients and Methods



		Results



		Discussion



		Introduction



		Materials and Methods



		Data Source and Study Population



		Statistical Analysis









		Results



		Patient Characteristics



		Determinants of Chemotherapy



		Predictors for Survival



		Survival Outcomes in Stage I EOC



		Construction of a Nomogram Model of CSS for Stage I EOC



		Calibration Chart Among Patients With Stage I EOC









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Acknowledgments



		References









		FAK PROTAC Inhibits Ovarian Tumor Growth and Metastasis by Disrupting Kinase Dependent and Independent Pathways



		Introduction



		Materials and Methods



		Cell Culture



		Cell Proliferation Assay and Cell Viability



		Cell Clonogenic Assay



		Cell Migration Assay



		Cell Invasion Assay



		Immunofluorescent Staining



		Immunohistochemical Staining



		Western Blot (WB)



		Immunoprecipitation (IP)



		Mouse Xenograft Model



		Database Query



		Statistical Analysis









		Results



		PTK2 Expression Is the Highest in OC and Is Associated With Patient Poor Survival



		FAK PROTAC Inhibits FAK Kinase Activity and Degrades Protein



		FAK PROTAC Is More Effective Than Its Parent FAK Kinase Inhibitor in Inhibiting OC Cell Growth, Migration, and Invasion



		FAK PROTAC Inhibits Kinase Activity and Disrupts the Interaction Between FAK and ASAP1



		FAK PROTAC Inhibits OC Growth and Metastasis









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		Abbreviations



		References























OPS/images/fonc.2022.860046/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.811783/fonc-12-811783-g008.jpg





OPS/images/fonc.2022.811783/fonc-12-811783-g007.jpg
! %1“% : 1|]\ 11“ T

EEEwEwE
CEmmm—
W ———— P
o - .-
e ]
- -

il Eotl

P Vi





OPS/images/fonc.2022.811783/fonc-12-811783-g006.jpg
e [E
XXEX !
-»'.... ® o ¢ " — 1
TN . 0 . i
Cyeeg
® e ¢






OPS/images/fonc.2021.644840/fonc-11-644840-g002.jpg
+ parsntat
T Dian

T Wahaics
LAz ACSMS

s ¥ ool
-« pann + Pt
2 Dl T Ot
A g0y T s
I
g..

Transecion e dos)
s Lvsnuanc

- 1rart
@ 3LaruATACSD
01 @ Lz acsi

s v

g s sy

= 1 parot

= 20octor
@ 3Lacsu

g g gpen. e





OPS/images/fonc.2021.644840/fonc-11-644840-g003.jpg
ov-0

LvehRNA1 Lveiinz B
Parontal Lv-shRNANC

Ly-vector

= 2LunRNANC
@ 3 LvahRNATACSHS
@ 4 LvanRNAZACSHS

& 20vvoctor
@ 3LvAcsHa
2]

LiACSMI  Parenial L:shRNANC

skovs
& -1 parental

& 2Lvector £ 15 = 2wanne f N
@ suacows 11 | = suamnacon
i =gy

H

LRI
-1 parontal
skov324n i
——— @ 3LvAcsus
- et
& 2LvVector

» @ 3LeAcs





OPS/images/fonc.2021.644840/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.644840/fonc-11-644840-g001.jpg
Boxplot of ACSM3 Overal survival

= T

gw
£ -
oo

Porcont suvial
00 02 04 06 08 10

Tomer " Normal
Ovarian cancer
(num(T)=426; num(N)=85)

0w s
Months

€ © ovso € oo

sxous
Acows| i | Acsus e e | Acsus o S Acous [ e

onron [ S e o | wun\-.-.q . Gun»ﬁ
3;

;§, K;

f"’”‘i‘“ ,.f,.f,ff Ty






OPS/images/fonc.2021.644840/fonc-11-644840-g006.jpg
A a

~ LranRNAN
wanrnanc (RS 3 2 6007 LvsnRuATACSHS

Lu-ShRNATACSM3
LvVector
Lacsus
]

oays

Tumer (090, Tumor (A27
LV <hRRATACS

Integrin 1

— !
-l
caron G






OPS/images/fonc.2021.694441/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.644840/fonc-11-644840-g004.jpg





OPS/images/fonc.2021.644840/fonc-11-644840-g005.jpg
A

am0

Integrin 1 e - g

GAPDH [ - -

Ne B
megrngt L






OPS/images/fonc.2022.991769/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.811783/fonc-12-811783-g005.jpg
= 1

S T I//// 2





OPS/images/fonc.2022.811783/fonc-12-811783-g004.jpg





OPS/images/fonc.2022.811783/fonc-12-811783-g003.jpg





OPS/images/fonc.2022.811783/fonc-12-811783-g002.jpg





OPS/images/fonc.2022.811783/fonc-12-811783-g001.jpg
PEG-MZF-NPSIDDP

PEG-MzE-NpS ®®
o @ '@
o ®
= o e
PEGMZF-NPS/DDPICDA4ShRNA
L CDa4-shRNA
==

MFH






OPS/images/fonc.2022.811783/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.847085/fonc-12-847085-g009.jpg
Group E3 high B bow

NS NS ns Ns Ns ns NS NS Ns NS NS NS NS NS NS NS ns ns NS ns NS ns

© ns ns ns ns ns s ons ns ons ons

o TR [Pio0s wewomuRoDW
-

. -cn.. 21005 BWORS

. . -DH 2100 BunWWI

3} (s6o1) KiorenBas 20 L

5 '“H TUL+PADIR2 L

c“ WL +#AD112 L

l..— 1122 2RUpUap projorwse]d

..
lu MNIR L

Group ES high BB bow

oo oo rtipuops
o o2 2upuap porakin
$}onssBoxd pohu vourwo
2] frowsaBoxd prowduk] vowwoo
* £} 10 8 piowaw papuns—ssei0
* g owau 01292 4800 129 L
- oo ] | frowsu lenuad 4500 190 L
o emjleaomoL
o foreu ssa0 12 L
o Howauw 012942 +400 190 L
= oowau fenueo 4500 19 L
§} ksovenBai-uou) +40 15 L
+, dfoneu oo oL
o fruowsu a0 101

0.071

Wilgoxon, p

high

Group

52

3

Emm
H 2
c @
2 H

S9LYS89Z TN

651810100

apuwopieua

£€655 N

LL0L01S

aunyes

8292V

quuozayiog

o upkwop

28v9azy

10L'd30

upsyodwed

11818 OSN

90ZC MW

£vdl






OPS/images/fonc.2022.847085/fonc-12-847085-g008.jpg
A Sgutwe < Hph 5= Lav B (GSE102073_PFS_ROC

c § o D GSE19829_DFS
Signature oW
2z
o
[
3
£ z
] -]
H @
[ 30 60 90 120
® Number at risk
2 Hion{ 8 1 0 0 0
E. Lg'th 6 3 2 0
? [ 30 60 90 120
Time(months)
F
GSE26712_Dead_of Disease GSE26712_DOD
Some < o = o
100
0.75:
oz
025
000
] 5 [
Number at risk
gna‘ s o 1
LR 1:0 3 10
Time(Years)

p=005.0R =268

o075

om-





OPS/images/fonc.2022.847085/fonc-12-847085-g007.jpg
A Age<60 B Age>60
Signature <= High == Low Signature < High == Low
1.00 1.00
0.75 0.75
0.50 0.50
0.25 0.25
0.00 0.00
0 30 60 %0 120 0 25 50 75 100 125
° Number at risk ° Number at risk
e e
§ Hign{ 74 46 9 3 0 § Hign{ 69 42 1 4 1 1
& low{ 85 65 16 2 0 S Low{ 59 48 26 9 4 1
2 0 30 60 120 2 [ % 50 75 100 125
Time(Months) Time(Months)
[+ Neoplasm Histologic Grade: G2 D Neoplasm Histologic Grade: G3
Signature < High == Low Signature < High == Low
1.00 1,(‘.Il)‘I
075 0.75{
0.50 0.50{
0.25 0.25{ TR .
0.00 0001
0 20 40 60 80
° Number at risk ° Number at risk
S| 13 12 4 2 0 3 o] 127 80 26 7 3 1
% Low{ 25 23 19 12 6 g, Low{ 116 96 37 10 6 1
@ 0 20 40 60 80 @ [ 2% 50 75 100 125
Time(Months) Time(Months)
E == |PRWTMBw® < |PR%TMB <& |PR=TMB%' =& |PReTMB
1.00
0.75
0.50
0.25
p < 0.0001
0.00
0 25 50 75 100 125
Number at risk
IPR*"TMB
IPR%'TMB
|PROTMB "

IPRe"TMB'™






OPS/images/fonc.2022.847085/fonc-12-847085-g006.jpg
Neoplasm Histologic Grade B G2 B3 G3

Wicoxon, p = 0.0% .

4 H

C

Resistant
Sensilive

Platinum status

G2 G3
Neoplasm Histologic Grade

Platinum status - Ressant == Senstive

) E3 0 7 100 15
Number at risk
90 50 8 1 0 0
197 163 74 2 9 2
) E3 E] 75 100 15
Time(Months)
TCGA-Signature

Sensitivity

~—— 1-year survival, AUC=0.71
~—— 3-year survival, AUC=0.72
—— 5-year survival, AUC=0.66

G 1-Specificity
ZYG1IA P — ¢
Duoxs- —_—
SLC22A3 ——
RNASES —_—
GALRZ ——
mps —_—
2ZNF275 (——
PES1 e
Angran —_—
NLGNT - —

KONAZ e *

05 10
Hazard Ratio

Signature

Cancer_stage 8 1 E3 m B3 v

Cancer_stage

Soratre - High & Low

Number at risk
Hian{143 93 30 T 3 1
Lowq144 120 52 16 6 1
0 25 50 75 100 125
Time(Months)
F

TCGA-DFS

Sgratire = Hgh 5= Low

] 3 E] 75 160
Number at risk
Hand 142 20 8 3 1
Low{ 144 53 14 2 0
[ E3 50 75 100
Time(Months)





OPS/images/fonc.2021.707658/fonc-11-707658-g001.jpg
08

SEV model AUC: 0.912 (0.879-0.946)
-+ Serum model AUC: 0.809 (0.756.0.861)

02
Reference line
00
) ) o s 0o 7o

1 - Specificity





OPS/images/fonc.2021.707658/table1.jpg
Variables (N = 299) Control (N = 182) EOC (N=117) P-value

Age* (yrs) 53.0£12.1 520+9.4 0.428
Menopause (N = 250) 123 (75.0%) 69 (80.2%) 0.431
Medical history
Intrauterine device 32 (24.4%) 8 (19.5%) 0.672
Infertility 1 (0.5%) 0 1,000
Menopausal hormone therapy 11 (10.0%) 7 (9.3%) 1.000
Endometriosis 0 1(2.4%) 0.238
Medication within 3 months
NSAIDs 17 (9.3%) 11 (9.4%) 1.000
Combined oral contraceptive pills 11 (6.0%) 7 (6.0%) 1.000
Progestins 7 (3.8%) 7 (6.0%) 0412
Aspirin 47 (25.8%) 56 (47.0%) <0.001
GnRH agonists/antagonists 6 (3.3%) 3 (2.6%) 1.000
EOC FIGO Class
| NA 30 (25.6%)
Il NA 20 (17.1%)
Ul NA 55 (47.0%)
\2 NA 12 (10.3%)
Pathological type
serous NA 47 (40.2%)
mugcinous NA 23 (19.7%)
clear cell NA 17 (14.5%)
endometroid NA 20 (17.1%)
Others NA 10 (8.5%)
Benign ovarian diseases 74 (40.7%) NA
Ovarian cyst 21 (11.5%) NA
Ovarian Cystadenoma 19 (10.4%) NA
Endometriotic cyst 11 (6.0%) NA
Mature teratoma 11 (6.0%) NA
Others 12 (6.6%) NA
Gastrointestinal cancer 54 (29.7%) NA
Colorectal cancer 19 (10.4%) NA
Gastric cancer 19 (10.4%) NA
Others 16 (8.8%) NA

All numbers are presented as N (%) for categorical variables. *Mean + sd is shown for continuous variables. Statistically significant differences are shown in bold. EOC, epithelial ovarian
carcinoma; NSAIDs, nonsteroidal anti-inflammatory drugs; GnRH, Gonadotropin-releasing hormone; FIGO, the International Federation lof Gynecology and Obstetrics; NA, not applicable.
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Variables Control EOC Odds Ratio P-value
Serum

CA125 23.65 (16.31, 47.70)" 102.7 (24.22, 372.00) 1.336 <0.001

HE4 87.20 (50.78, 113.70) 124.5 (73.60, 466.40) 5.875 <0.001

ROMA 217 (1.61,3.11) 6.44 (1.88, 9.19) 3.028 <0.001

SEV

Csa 8.31(6.63, 11.66) 28.22 (11.70, 45.80) 7.537 <0.001

CA125 1.88 (1.13, 4.63) 41.11 (9.07, 144.58) 27.413 <0.001

HE4 2.95 (1.90, 3.83) 9.37 (4.50, 33.07) 69.973 <0.001

"All of the numbers are presented as the median (interquartile range).
vesicles; ROMA, risk of ovarian malignancy algorithm.

Statistically significant differences are shown in bold. EOC, epithelial ovarian carcinoma; sEV, small extracellular
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Sensitivity Specificity PPV (%) NPV (%)

serum HE4 (Overall)* 0.56 0.68 53 7
serum HE4 (pre-/post-menopause)* 0.55 0.59 41 71
serum CA125" 0.66 0.68 57 75
ROMA** 0.65 0.61 47 83
SEV model (cut-off at 0.370)" 0.80 0.89 83 87

‘the cut-off was at 105.10 pmol/L; *the cut-off of pre-menopause was at 68.96 pmol/L, post-menopause was at 114.90 pmol/L; *the cut-off was at 35 U/mL; **the cut-off of pre-
menopause was at 1.14, post-menopause was at 2.99; "“the cut-off was at 0.370. PPV, positive predictive value; NPV, negative predictive value; ROMA, risk of ovarian malignancy
algorithm; sV, small extracellular vesicles.
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Mode of lymph node resection Total 1 2 p-Value
n=196 n=>51 n =96 n =49

Age (years) <40 103 (52.6%) 28 (54.9%) 51 (63.1%) 24 (49.0%) 0.356
40-60 76 (38.8%) 16 (31.4%) 37 (38.6%) 23 (46.9%)
>60 17 (8.6%) 7 (18.7%) 8 (8.3%) 2(4.1%)

Menopause No 146 (74.5%) 35 (68.6%) 73 (76.0%) 38 (77.6%) 0.567
Yes 50 (25.5%) 16 (31.4%) 23 (24.0%) 11 (22.4%)

BMI 22.88 + 3.76 2267 +7.34 22.77 +3.72 22.31+3.94 0.482

BOT history No 97 (561.3%) 20 (51.3%) 47 (51.1%) 30 (62.5%) 0.129
Yes 92 (48.6%) 19 (48.7%) 45 (48.9%) 18 (37.5%)

ASA classification | 110 (57.0%) 28 (56.0%) 58 (61.1%) 24 (50.0%) 0.159
Il 77 (39.9%) 18 (36.0%) 36 (37.9%) 23 (48.0%)
1] 6(3.1%) 4 (8.0%) 1 (1.0%) 1 (2.0%)

CA125 level (U/ml) 66.3 (23.9, 227) 77.7 (37.3, 116) 49.1(20.3, 228.5) 76.7 (28.8, 410) 0.243

Tumor size (cm) 10 (7, 15) 10 (7.75, 10) 10 (6, 15) 10 (7, 13) 0.752

Pathology Serous 59 (30.1%) 22 (43.1%) 25 (26.0%) 12 (24.4%) 0.011
mucinous 83 (42.3%) 18 (35.3%) 49 (51.0%) 16 (32.7%)
Endometrioid 54 (27.6%) 11 (21.6%) 2 (23.0%) 21 (42.9%)

Tumor stage Early 163 (83.2%) 38 (74.5%) 84 (87.5%) 41 (83.7%) 0.135
Late 33 (16.8%) 13 (24.5%) 2 (12.5%) 8(16.3%)

BMI, body mass index; BOT, borderline tumor: ASA, American Society of Anesthesiologists; LN, lymph node.
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Mode of lymph node resection 1 2 3 p-Value
AllN = 196 Number of pelvic LNs removed 0(0,2.5) 20 (16, 28) 25.5 (19.25, 30.75) <0.001
Number of para-aortic LNs removed 0(0,0) 00,2 8(6, 10) <0.001
Number of LN metastasis cases 4 (7.9%) 4 (4.2%) 6 (12.2%) 0.183
Number of cases upstaging only due to LN metastasis 1(2.0%) 1(1.0%) 3(6.1%) 0.154
Serous N = 59 Number of LN metastasis cases 3 (13.6%) 3(12.0%) 5 (41.7%) 0.831
Number of cases upstaging only due to LN metastasis 0 (0.0%) 1 (2.0%) 2 (16.7%) 0.150
Mucinous N = 83 Number of LN metastasis cases 0(0.0%) 0 (0.0%) 1(6.25%) 0.193
Number of cases upstaging only due to LN metastasis 0(0.0%) 0 (0.0%) 1(6.25%) 0.193
Endometrioid N = 54 Number of LN metastasis cases 1(9.1%) 1 (4.5%) 0(0.0%) 0.677
Number of cases upstaging only due to LN metastasis 19.1%) 0 (0.0%) 0(0.0%) 0.204
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Mode of lymph node resection

Operative time (min)
Blood loss (mi)

Blood transfusion
Perioperative complication
Lymphatic cyst

1
N=51

190.3 + 84.9
300 (137.5, 600)
8 (15.7%)

7 (18.7%)

1 (2.0%)

N =96

213.1 £ 535
300 (200, 400)
15 (15.6%)
19 (19.8%)
16 (16.7%)

N =49

251.1 £ 38.2
400 (300, 500)
5(10.2%)
17 (34.7%)
13 (26.5%)

p-Value

0.001
0.001
0.671
0.031
0.002
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OPS/images/fonc.2022.860046/table3.jpg
Variable Univariate analysis Multivariate analysis

Hazard ratio (95% Cl) p-value Hazard ratio (95% Cl) p-value*
Age
15~30 1 (reference) 1 (reference)
31~44 2.681 (1.887-3.808) <0.001 1.777 (1.196-2.640) 0.004
Race
White 1 (reference)
Black 0.884 (0.522-1.499) 0.647
Other 0.992 (0.607-1.620) 0974
Marital status
Married 1 (reference) 1 (reference)
Unmarried 0.955 (0.656-1.390) 0811 1.299 (0.862-1.957) 0.211
Other 3.555 (1.138-5.909) <0.001 2.344 (1.374-3.999) 0.002
Histology
Serous 1 (reference) 1 (reference)
Endometrioid 0.606 (0.368-0.996) 0.048 0.883 (0.529-1.476) 0.636
Clear cell 1.615 (0.862-3.026) 0.135 1.7056 (0.881-3.299) 0.113
Mucinous 0.384 (0.223-0.663) 0.001 0.801 (0.450-1.425) 0.450
Non-epithelial 0.134 (0.081-0.222) <0.001 0.238 (0.138-0.412) <0.001
Chemotherapy
No 1 (reference) 1 (reference)
Yes 0.448 (0.290-0.692) <0.001 0.351 (0.221-0.558) <0.001
Grade
1 1 (reference) 1 (reference)
2 2.124 (1.296-3.479) 0.003 1.603 (0.966-2.661) 0.068
3 2.555 (1.539-4.241) <0.001 2.923 (1.707-5.004) <0.001
4 5.689 (3.061-10.574) <0.001 7.065 (3.645-13.696) <0.001
FIGO
| 1 (reference) 1 (reference)
I 5.015 (3.326-7.560) <0.001 7.098 (4.633-10.874) <0.001
1] 9.989 (6.487-15.380) <0.001 9.882 (6.120-15.958) <0.001

*Bold P- value, p<0.05.
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Variable Univariate Multivariate

OR (95% CI) p-value OR (95% CI) p-value*
Age
18~30 1 (reference) 1 (reference)
31~40 0.565 (0.461-0.691) <0.001 0.737 (0.582-0.932) 0.011
Race
White 1 (reference)
Black 1.007 (0.751-1.342) 0.961
Other 1.040 (0.784-1.372) 0.785
Marital status
Married 1 (reference) 1 (reference)
Unmarried 1.828 (1.484-2.259) <0.001 1.581 (1.240-2.019) <0.001
Other 0.917 (0.566-1.447) 0717 0.925 (0.549-1.516) 0.762
Histology
Serous 1 (reference)
Endometrioid 1.612 (0.993-2.678) 0.058 1.689 (1.003-2.908) 0.053
Clear cell 2.857 (1.398-5.842) 0.004 3.047 (1.405-6.608) 0.005
Mucinous 1.1568 (0.702-1.934) 0.580 1.409 (0.826-2.452) 0.216
Non-epithelial 2.675 (1.7561-4.224) <0.001 3.103 (1.955-5.084) <0.001
Grade
1 1 (reference) 1 (reference)
2 2.150 (1.618-2.862) <0.001 2.642 (1.956-3.580) <0.001
3 4.673 (3.509-6.251) <0.001 4.560 (3.371-6.198) <0.001
4 3.079 (1.961-4.822) <0.001 2.722 (1.690-4.371) <0.001
FIGO
| 1 (reference) 1 (reference)
I 1.460 (1.040-2.037) 0.027 1.529 (1.067-2.180) 0.020
1] 4.152 (2.861-6.101) <0.001 3.765 (2.498-5.750) <0.001

*Bold P- value, p<0.05.
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Author/year Biomarkers studied Journal Country N Type of included studies Patient enroliment

Cai et al., 2020 (19) LMR Medicine China 9 Retrospective 2,809
Yin et al., 2019 (20) NLR Medicine China 10 Retrospective 2,919
Gong et al., 2019 (8) LMR J Ovarian Res China 8 Retrospective 2,259
Gao et al., 2019 (21) LMR Cancer Manag Res China 12 Retrospective 3,346
Jiang et al., 2019 (22) PLR Arch Gynecol Obstet China 10 Retrospective 2,490
Lu et al., 2019 (11) LMR Medicine China 7 Retrospective 2,343
Tian et al., 2018 (13) PLR Eur J Clin Invest China 1" Retrospective 3,574
Xu et al., 2018 (23) PLR Transl Cancer Res China 8 Retrospective 1,636
Zhao et al., 2018 (24) NLR and PLR Arch Gynecol Obstet China 13 Retrospective 3,467
Chen et al., 2018 (25) NLR Technol Cancer Res Treat China 12 Retrospective 4,064
Zhu et al., 2018 (14) NLR and PLR BMC Cancer China 10 Retrospective 2,919
Chen et al., 2017 (26) NLR Biomed Res Int China 11 Retrospective 2,892
Ma et al., 2017 (27) PLR Climacteric China 12 Retrospective 2,340
Huang et al., 2017 (28) NLR Cell Physiol Biochem China 12 Retrospective 3,854
Yang et al., 2017 (29) NLR Oncotarget China 12 Retrospective 3,154
Ethier et al., 2017 (10) NLR Gynecol Oncol Canada 12 Retrospective 3,376
Zhou et al., 2017 (30) NLR Oncotarget China 16 Retrospective 4,910

LMR, lymphocyte-to-monocyte ratio; NLR, neutrophil-to-lymphocyte ratio; N, number of included studies; PLR, platelet-to-lymphocyte ratio.
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TABLE 2 | Outcomes, heterogeneity, and publication bias in included meta-analyses.

Author/year

Biomarkers

Lymphocyte-to-monocyte ratio

Cai et al., 2020 (19)

Gong et al., 2019 (&)

Gao et al,, 2019 (21)

Luetal, 2019 (11)

LMR

LMR

MR

LMR

Neutrophil-to-lymphocyte ratio

Yin et al., 2019 (20)

Zhao et al, 2018 (24)

Zhu et al, 2018 (14)

Chen et al., 2018" (25)

Chen et al., 2017 (26)

Huang et al,, 2017 (28)

Yang et al, 2017 (29)

Ethier et al., 2017 (10)

Zhou et al., 2017 (30)

NLR

NLR

NLR

NLR

NLR

NLR

NLR

NLR

NLR

Platelet-to-lymphocyte ratio

Jiang et al., 2019 (22)

Tian et al., 2018 (13)

Xu etal, 2018 (23)

Zhao et al., 2018 (24)

Zhu et al., 2018 (14)

Ma etal, 2017 (27)

PLR

PLR

PLR

PLR

Endpoint

0S and PFS

08 and PFS

0S and PFS

08 and PFS

08 and PFS

08 and PFS

08 and PFS

08 and PFS

08 and PFS

08 and PFS

08 and PFS

08 and EFS.

08 and PFS

08 and PFS

08 and PFS

08 and PFS

08 and PFS

08 and PFS

08 and PFS

Pooled HR[95% CI]; p-value Heterogeneity (1); p-value

-0S: 1.71 [1.40-2.09]; p < 0.001
-PFS: 1.68 [1.49-1.88]; p < 0.001

-0S: 69.8%;
-PFS: 0.2%; p = 0.405

-08: 1.92 [1.58-2.34]; p < 0.001

-PFS: 1.70 [1.54-1.88]; p < 0.001
-0S: 1.85 [1.50-2.28]; p < 0.001

-PFS: 1.70 [1.49-1.94]; p < 0.001

-PFS: 24.4%; p = 0.234

-0S: 1.81 [1.38-2.37); p < 0.01
-PFS: 1.65 [1.46-1.85]; p < 0.01

-0S: 78%; p = 0.0001
-PFS: 5%; p =035

-08:2.36 [1.91-2.91]; p < 0.001
-PFS: 1.82 [1.51-2.18]; p < 0,001

-08: 70%;
-PFS: 36%; p = 0.12

-08: 64.4%; p = 0.001
-PFS: 43.2%; p = 0.062

-08: 1.70 [1.35-2.15]
-PFS: 1.7 [1.48-2.12)

Note: p-values of the overall effect
were not provided

-0S:1.34 [1.16-1.54]

-PFS: 1.36 [1.17-1.57]

Note: p-values of the overall eflect
were not provided

-0S: 1.64 [1.41-1.90}; p = 0.000

Pl .61[1.42-1.83); 0.000

-0S: 88.5%; p = 0.000
-PFS: 93.8%; p = 0.000

-0S: 88.9%; p = 0.000
-PFS: 81.8%; p = 0.000

-0S: 1.51[1.08-2.23); p = 0.04

-PFS: 1.55 [1.15-2.08]; p = 0.004

-0S: 1.69 [1.29-2.22)

:1.63 [1.27-2.09]

Note: p-values of the overal effect
were not provided

-08:1.72 [1.18-2.51]

-PFS: 1.80 [1.22-2.65]

Note: p-values of the overall effect
were not provided

-08: 153 [1.22-1.93); p < 0.001

-EFS: 1.55 [1.26-1.90]; p < 0.001
-08: 150 [1.27-1.77); p < 0.001

-PFS: 1.53 [1.28-1.84]; p < 0.001

-0S: 85%; p < 0.00001
-PFS: 61%; p = 0.03
-0S: 68.3%; p < 0.001
-PFS:56.6%; p = 0.024

-08: 73.5%; p = 0.000
-PFS: 79.1%; p = 0.000

-0S: 74%; p < 0.001
-EFS: 66%; p = 0.003
-08: 80.2%; p < 0.001
-PFS: 85.2%; p < 0.001

-0S: 1.80 [1.37-2.37]; p = 0.000
-PFS: 1.63 [1.38-1.91]; p = 0.000

-0S: 70.7%; p = 0.001
-PFS: 15.9%; p = 0.312

-0S: 1.48 [1.24-1.76]; p < 0.001

-PFS: 1.38 [1.17-1.63]; p < 0.001
-08: 5.95 [4.35-8.14]; p = 0.000

-PFS: 4.86 [3.16-7.49]; p < 0.001

-0S: 89%; p < 0.001
-PFS: 89%; p < 0.001
-08: 0%; p = 0872
-PFS: 43.4%; p = 0,132

-0S: 2,05 [1.70-2.48)
-PFS: 1.85 [1.53-2.25]

Note: p-values of the overal efiect
were not provided

-08:1.97 [1.61-2.40]
-PFS: 1.79 [1.46-2.20]

Note: p-values of the overal efiect
were not provided
-0S: 1.63 [1.05-2.56); p < 0.01

-PFS: 1.61[1.03-2.51); p < 0.01

-0S: 0%; p = 0.663
-PFS: 0%; p = 0,942

-0S: 75%; p = 0.001
-PFS: 81.2%; p = 0.000

-08: 93%; p < 0.00001
-PFS: 89%; p < 0.00001

EFS, event-free survival: OS, overall survival; PFS, progression-free survival; HR, hazard ratio.
We checked this publication bias statistical test, and we did not find it in the lterature. This was also confirmed by a statistician. We hope this was a typo.
"The data of this publication were recently updated: see here: doi: http://www.10.1177/1533033820973812.

Source of
heterogeneity
evaluated?

Yes (sensitivity
analysis)

Yes (sensitivity
analysis)

Yes (sensitivity
analysis and meta-
regression)

Yes (sensiivity
analysis)

Yes (sensiivity
analysis)

Yes (sensitivity
analysis)

Yes (sensitivity
analysis)

Yes (sensitvity
analysis)

Yes (sensitivity
analysis)

Yes (sensitivity
analysis)

Yes (sensitivity
analysis)

Yes (sensitivity
analysis and meta-
regression)

Yes (sensitivity
analysis and meta-
regression)

Yes (sensitivity
analysis)

Yes (sensitivity
analysis)

Yes (sensivity
analysis)

Yes (sensiiviy
analysis)

Yes (sensitvity
analysis)

No

Results of the sensitivity analysis

~The heterogenety was stil above 50%
when excluding each study

“The exdusion of the study of Tang
st . (31) decreased the
heterogeneity to the lowest value
(51.9%)

-None of the included studies
substantially altered final resuts

-None of the included studies
substantially altered final resuts

“The pooled HRs were not afiected
when excluding studies

“Tang et al. (31), Wang et al. (32), and
Li et al. (33) were the main sources
of heterogeneity

None of the included studies had an
excessive influence on the stability
of the final HR

~None of the included studies
substantially altered the final results
of 0S

~Exclusion of the study of Feng et al
(2016) (34) decreased the
heterogeneity to 0% with stable HR
for PFS

-None of the included studies had an
excessive influence on the stabiity
of the final HR

~The final combined resuits were not
affected considerably

-Related data were not shown by the
authors

~The final combined resits were not
affected considerably

~The final combined resits were not
affected considerably

~The final combined results were not
affected considerably

~Exclusion of studies did not aflect the
heterogenetty resuits

~The final combined results were not
affected considerably

-Exclusion of the study of Ui et al.
(2017) (33) decreased the
heterogenety significantly for OS

~The final combined results were not
affected considerably for PFS

~The pooled HRs were not aflected
when excluding studies

-The final results were the same after
the sensitivity analysis

No_heterogeneity was detected for
both OS and PFS

-None of the included studies had an
excessive influence on the stabilty
of the final HR

~Sensitivity analysis was not conducted

p-Value of publication bias tests

-PFS: p = 0.806
(Begg's test)

Stated but not assessed

-0S: Egger's test: p = 0.732
Begg's test: p = 0.272

-PFS: Egger's test: p=1.000
Begg's test: p = 0.887

-0S: Begg's test: p = 0.368
Egger's test: p = 0.185

-PFS: condiions not met to

conduct statistical analysis

-0S and PFS: funnel plotting
only, no p-values provided
for Egger's and Begg's tests

-0S: Begg's test: p = 0.150

Egger's test: p = 0,052

-PFS: Begg's test: p = 0.755

Egger's test: p = 0,015

Only funnel plots were provided

-0s: Egger's test: p = 0.161
-PFS: Egger's test: p = 0.230

Begg's test: p = 0.175
Egger's test: p = 0.160

-08: Egger's test: p = 0.061

Beggar's test’: p = 0.150

-PFS: Eqger's test: p = 0.203
e test

BBt 1682206

Begg's test: p = 0.15
-PFS: Egger's test: p = 0.26

Begg's test: p = 0.55
Only funnel plots were provided

-0S: Egger's test: p < 0000
-PFS: Egger's test: p = 0,001
Assessed for both OS and PFS by

Begg’s and Egger's tests but included
other cancer types.

Funnel plotting only.

-0s: Egger's and Begg's tests:
p=0269

-PFS: Egger's and Begg's tests:
p=0243

-0S: Begg's test: p = 0.452

Egger's test: p = 0.558

-PFS: Bogg's test: p = 0.221

Egger's test: p = 0.255
Funnel plotting only

Funnel plotting only
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Cai et al., 2020 (19)
Yin et al., 2019 (20)

Gong et al., 2019 (8)

Gao et al., 2019 (21)
Lu et al,, 2019 (11)
Tian et al., 2018 (13)

Xu et al., 2018 (23)
Zhao et al., 2018 (24)
Chen et al., 2018 (25)

Zhu et al., 2018 (14)

Chen et al., 2017 (26)
Ma et al., 2017 (27)
Huang et al., 2017 (28)
Yang et al., 2017 (29)
Ethier et al., 2017 (10)

Zhou et al., 2017 (30)

Registered on PROS-
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No
No
No
No

No
No

No
No

Yes (CRD42016052250)"

The reporting
guideline
used?’

Yes (PRISMA)
No

No

Yes (PRISMA)
No
No

Yes (PRISMA)
Yes (PRISMA)
No

Yes (PRISMA)

No
No
Yes (MOOSE)
Yes (MOOSE)
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used?

Yes
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Yes

Yes

Yes
Yes
Yes
Yes
No
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analysis
provided?

Yes
No
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No
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Yes
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Gray literature
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Yes
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Yes
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Yes
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Meta-analysis
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Yes
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NOS, Newcastle-Ottawa Scale; PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses; MOOSE, Meta-analyses Of Observational Studies in Epidemiology.

"MOOSE or PRISMA.

*Not updated on PROSPERO database.
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sEV Pre-operation Post-operation P-value

Csa 20.88 + 23.02 11.31+8.48 0.044
CA125 226.71 + 254.05 97.1 £ 129.9 0.008
HE4 40.11 + 65.58 6.06 + 4.19 0.025

All of the data are presented as the mean + sd. Statistically significant differences are shown in bold. sEV, small extracellular vesicles.
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Serum
CA125
HE4
ROMA
sEV
C5a
CA125
HE4

Early stage - Healthy™

Early stage - Late stage™

Early stage - Benign diseases’

Early stage - Gl cancers’

mean difference* P-value
141.27 + 138.30 0.221
161.62 + 51.48 <0.001
1.95 +0.49 0.139
8.73 £ 2.80 0.007
80.37 + 35.61 <0.001
14.30 + 6.66 <0.001

mean difference

-285.58 + 132.83
-230.21 + 49.45
-3.31 £ 0.49

-25.97 + 2.69
-109.41 + 34.31
-19.39 + 6.41

P-value

0.001
<0.001
<0.001

<0.001
<0.001
0.004

mean difference

24.13 + 130.12
98.47 + 48.44
0.52 + 0.47

7.66 + 2.64
73.97 + 33.69
12.15 £ 6.30

P-value

0.596
0.017
0.296

0.085
<0.001
<0.001

mean difference

-107.69 + 140.78
75.40 £ 52.41
0.47 + 0.50

0.13+285
53.21 + 36.25
1218 £6.78

P-value

0.057
0.222
0.590

0.061
<0.001
<0.001

*All of the mean difference data are presented as the mean + sd. TThe mean difference refers to the difference of the early-stage EOC group minus the respective group. Statistically
significant differences are shown in bold. EOC. epithelial ovarian carcinoma; SEV, small extracellular vesicles; early stage, early-stage EOC group;, late stage, late-stage EOC group; healthy,
healthy subject group; Gl cancer, gastrointestinal cancer group; ROMA, risk of ovarian malignancy algorithm.





OPS/images/fonc.2021.707658/table5.jpg
Serum
CA125

HE4

ROMA

sEV
C5a

CA125

HE4

Stage | Stage Il Stage Il Stage IV
Mean = SD Mean + SD P-value Mean + SD P-value Mean + SD P-value
243.77 + 360.43 67.45 + 100.69 1.000* 335.05 + 445.98 1.000* 10261 + 1714.07 0.012*
1.000* 0.002*
0.022"
200.25 + 318.99 224.99 + 349.82 1.000* 418.59 + 451.61 0.003* 540.11 + 489.96 0.002*
0.055* 0.013%
1.000*
3.58 +3.09 3.59 + 3.54 1.000" 6.5+3.26 <0.001* 852 +2.17 <0.001*
<0.001* <0.001*
0.128*
18.02 = 27.71 14.08 + 10.39 1.000* 42132135 <0.001* 43.72 £21.76 <0.001*
<0.001* <0.001*
1.000*
100.38 + 185.13 55.28 + 146.66 1.000* 148.24 + 28745 1.000 387.56 + 446.33 <0.001*
0.465* <0.001*
<0.001*
16.26 + 25.29 18.49 + 26.03 1.000" 29.53 + 47.39 0.826" 68.1+118.35 <0.001*
1.000* <0.001*
0.004"

“Statistical analysis of protein levels between patients and stage | patients. *Statistical analysis of protein levels between patients and patients with stage | and Il of EOC. *Statistical analysis
of protein levels between stage IV patients and other stage patients. All of the data are presented as the mean = sd. Statistically significant differences are shown in bold. ROMA, risk of
ovarian malignancy algorithm; sEV, small extracellular vesicles.
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Sensitivity Specificity PPV (%) NPV (%)

serum HE4 (Overall)* 0.32 0.74 32 74
serum HE4 (pre-/post-menopause)f 0.29 0.63 19 75
serum CA125" 0.50 0.65 36 77
ROMA** 0.40 0.62 24 v
sEV model (cut-off at 0.370) 0.58 0.68 83 85
sEV model (cut-off at 0.154)A 0.88 0.74 57 94

‘the cut-off was at 105.10 pmol/L; *the cut-off of pre-menopause was at 68.96 pmol/L, post-menopause was at 114.90 pmol/L; *the cut-off was at 35 U/mL; *'the cut-off of pre-
menopause was at 1.14, post-menopause was at 2.99; “the cut-off was at 0.370; A, the cut-off was at 0.154. PPV, positive predictive value; NPV, negative predictive value; sEV, small
extracellular vesicles; ROMA, risk of ovarian malignancy algorithm.
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Parameter Category No. of studies Sensitivity Specificity P

meanage> 50 Yes 6 0.81 (0.68-0.94) 0.62 (0.52-0.73) 0.38
No 1 0.77 (0.42-1.00) 0.81 (0.63-0.99)

cutoff> 140 Yes 5 0.69 (0.61-0.78) 0.66 (0.52-0.80) 0.00
No 2 0.98 (0.94-1.00) 0.69 (0.47-0.90)
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Parameter Category No. of studies Sensitivity Specificity P

meanage> 50 Yes 4 0.87 (0.77-0.98) 0.85 (0.73-0.97) 0.84
No 1 0.78 (0.45-1.00) 0.84 (0.59-1.00)

cutoff> 140 Yes 4 0.87 (0.77-0.98) 0 89 (0.83-0.95) 0.04
No 1 0.81 (0.53-1.00) 63 (0.47-0.79)
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Author Year Area Meanage Detection time Samplesize  Cutoff TP P N TN Method Histological
Angioi, R, et al. (12) 2014 italy 50 prechemotherapy 42 70 36 14 0 2 EA EOC
Pelissier, A., et al. (14) 2016 French 62.7 prechemotherapy 30 115 11 5 1 13 ECLIA EOC
Braicy, E. 1., et al. (20) 2013 Germany 58 prechemotherapy 275 250 49 109 20 o7 EA oc
Braicu, E. 1., et al. (20) 2013 Germany 58 prechemotherapy 275 400 40 8 29 122 EA oc
Steflensen, K., et al. (15) 2012 Danish 64 prechemotherapy 187 502 45 34 14 44 ELISA EOC
Sun, X, M (16) 2018 china 525 prechemotherapy 31 7157 9 1 4 17 ECLA EOC
Shen, Y. and L. Li (17) 2016 china 492 prechemotherapy 52 495.04 A 6 5 25 ECLIA EOC
Angioi, R., et al. (12) 2014 Italy 50 After the third chemotherapy 42 70 36 6 0 34 EA E0C
Sun, X, M (16) 2018 china 525 After the third chemotherapy 31 7743 10 3 3 15 ECLIA EOC
Shen, Y. and L. Li (17) 2016 china 492 After the third chemotherapy 52 127.4 10 3 3 15 ECLIA EOC
Liang Ye (18) 2020 china 54.3 After the third chemotherapy 69 66.58 16 18 4 31 EIA oc
Francesco Plotti et al. (13) 2021 Switzerland. 61 After the third chemotherapy 69 70 26 1 7 35 EIA EOC
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Index Merge value 95%Cls 12(%) Cochran-Q P

Sen 0.80 0.65-0.90 81.29 32.07 0.00
Spe 0.67 0.54-0.77 88.31 51.34 0.00
DOR 8.00 3.00-22.00 87.26 47.11 0.00
PLR 2.40 1.60-3.60 82.04 53.76 0.00
NLR 0.29 0.15-0.58 86.13 43.26 0.00
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Index Merge value 95%Cls 12 (%) Cochran-Q P

Sen 0.86 0.72-0.94 55.71 9.03 0.06
Spe 0.85 0.70-0.93 77.84 18.056 0.00
DOR 33.00 10-122 61.45 10.38 0.03
PLR 5.50 27-114 55.56 17.01 0.00
NLR 0.17 0.08-0.36 32.77 5.95 0.20
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OPS/images/fonc.2021.638295/table1.jpg
Author Phase Masking Line No.of Median Follow- Group Regimen No. of Median HR (95% Median OS HR (95%
year patients age, up, patients PFS Cl) for PFS  (months)  CI) for OS
years months (months)
Oza I Open- >1 156 60.5 47.7vs Intervention Olaparib + 81 12.2 (9.7 - 0.51 33.8(269- 1.17(0.79-
2015 label (27-79) 45.7 arm Chemotherapy 15.0) (0.34-0.77) 38.5) 1.73)
Control arm  Chemotherapy 81 9.6(9.1- 37.6(27.8 -
9.7) 44.6)
Liu I Open- >1 90 NA 59  Intervention Olaparib + 44 165 (NA) 050 (0.30- 442 (NA)  0.64 (0.36 -
2019 label arm Cediranib 0.83) 1.11)
Control arm  Olaparib 46 8.2 (NA) 33.3 (NA)
Mirza I Open- >1 97 66.5 20.9 Intervention  Niraparib + 48 11.9(8.5- 0.35(0.21 - NA NA
2019 label (68-70) arm Bevacizumab 16.7) 0.57)
Control arm  Niraparib 49 5.5(3.8- NA
6.3)

NA, not available.
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Adverse events RR (95% Cl)

All Grade Grade >3

Nausea 1.14 (0.97, 1.33) 1.33 (0.30, 5.85)
Fatigue 1.20 (1.00, 1.44) 2.34 (1.12, 4.89)
Diarrhea 2.85(1.95, 4.17) 8.32 (1.60, 43.21)
Headache 3.44 (2.06, 5.76) 5.17 (0.62, 43.33)
Myalgia 1.67 (1.04, 2.67) ——

Vomiting 1.32 (0.90, 1.95) 3.10(0.383, 29.25)
Abdominal pain 1.53 (0.92, 2.53) 1.20 (0.38, 3.80)
Neutropenia 1.17 (0.85, 1.61) 1.27 (0.88, 1.82)
Anemia 1.07 (0.77, 1.50) 0.92 (0.47, 1.81)
Thrombocytopenia 1.28 (0.83, 1.98) 0.81(0.36, 1.80)
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Study identifier

Phase No. of patients

Intervention model

Group

Regimen

Primary endpoint

Study completion time

NCT03278717

NCT04734665

NCT04566952

NCT04149145

NCT02571725

NCT03579316

NCT02657889

i

618

44

68

40

50

88

122

Parallel
Single group
Single group
Single group
Single group
Single group

Single group

Intervention arm
Control arm
Intervention arm
Control arm
Intervention arm
Control arm
Intervention arm
Control arm
Intervention arm
Control arm
Intervention arm
Control arm
Intervention arm
Control arm

Olaparib + Cediranib
Olaparib
Niraparib + Bevacizumab
/

Olaparib + Anlotinib
/

Niraparib + M4344
/

Olaparib + Tremelimumab
/

Olaparib + Adavosertib
/

Niraparib + Pembrolizumab
/

PFS + 08

PFS +0S

PFS

ORR

PFS + ORR

ORR

ORR

December 2023
March 2024
October 2023
December 2027
July 2027
October 2023

July 2021
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