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Editorial on the Research Topic 


Advances of Targeted Therapy in Gynecologic Malignancies



Introduction

Gynecologic malignancies, a heterogeneous group of female reproductive system tumors (including ovarian, endometrial, cervical, vaginal and vulvar cancer), are the second most commonly diagnosed female cancers worldwide (1). Among these cancers, cervical cancer is the most common malignancy of the female genital tract, followed by endometrial cancer and ovarian cancer. Most patients with early stage gynecological cancers are cured with surgery alone or a combination of surgery, radiation and chemotherapy. However, patients with advanced, recurrent, or metastatic disease lack effective therapeutic options and often have poor prognosis despite appropriate managements. Therefore, there is an urgent need to develop new-targeted therapies based on the molecular features of gynecological cancers and their microenvironment.



Ovarian Cancer

In addition to these genetic aberrations, epigenetic regulation of key genes has been reported in ovarian cancer (2). Two studies on this Research Topic described the roles of DNA methylation in ovarian cancer. First, Li et al. detected that down-regulation of MGRN1 caused by hypermethylation was significantly associated with platinum resistance and worse survival in high-grade serous ovarian cancer (HGSOC) patients. Furthermore, knockdown of MGRN1 notably reduced the sensitivity of cell to cisplatin in vitro. Second, in a cohort of 16 matched primary-recurrent advanced serous epithelial ovarian cancers, Visco et al. found a stronger correlation between Claudin-1 (CLDN1, a tight junction protein) expression and methylation in recurrent versus primary ovarian cancer at multiple CpG sites, which was stronger in patients with poor prognosis (overall survival < 3 years). In addition, another study demonstrated that ALOX5AP was significantly up-regulated in serous ovarian cancer and was associated with poor prognosis. Further analysis revealed that ALOX5AP was predominantly overexpressed in these immunoreactive cases and correlated with immunocyte infiltration, especially M2 macrophage polarization. Their findings suggest that ALOX5AP acted as a prognostic predictor for serous ovarian cancer and deserved further exploration in clinical studies as an immunotherapeutic target.

Compared to the well-defined effects of conventional chemotherapeutic drugs such as platinum and paclitaxel), exploring novel targets and designing efficient regimens have become crucial for the treatment of ovarian cancer. In this Research Topic, two candidate therapeutic targets were reported. Wei et al. demonstrated that targeting ACLY can inhibit PI3K/AKT pathway and activate the AMPK/ROS pathway, thereby inhibiting the tumor growth and reversing the acquired chemo-resistance of ovarian cancer. Another study found that BTG2, a member of anti-proliferative gene family, induced G1/S phase arrest and inhibited migration by targeting Cyclin D1, CDK4, p-AKT, and p-ERK MMP2/9 and MMP-9, suggesting BTG2 as a potential therapeutic candidate for ovarian cancer. Tran et al. evaluated the efficacy of SPR965, a dual inhibitor of PI3K/mTOR pathway, in serous ovarian cancer cell lines and a transgenic mouse model of ovarian cancer. They confirmed that SPR965 significantly inhibited the proliferation, adhesion and invasion in ovarian cancer cells and the mouse model, indicating SPR965 may have potential to treat ovarian cancer.

PARP inhibitors are now well known and widely used in ovarian cancer patients, while more precise molecular markers are needed to select patients and monitor treatment response (3). Nakanishi et al. demonstrated that a lower NLPN scores [recurrent neutrophil-lymphocyte ratio (rNLR) × number of previous regimens] was associated with favorable outcomes of olaparib. However, these patients with high rNLR should start the olaparib treatment as early as possible to obtain a lower NLPN score. This may provided a novel strategy to predict the effects of PARP inhibition regardless of BRCA or HRD status.



Cervical Cancer

The persistent infection with high-risk HPV is a well-established risk factor of cervical cancer. Extensive screening with HPV testing and liquid-based cytology has greatly reduced the incidence of precancerous lesions and invasive cervical cancer over the past few decades (4). For these early-stage tumors, (radical) hysterectomy ± adjuvant chemo-radio-therapy usually yields satisfactory outcomes, but the situation is quite different in advanced or recurrent cervical cancer (5). In addition to conventional approaches, researchers are now focusing on investigating novel therapeutic targets for cervical cancer. In this Research Topic, Jiang et al. found that TIPE1 can promote the growth of cervical cancer through inhibiting cellular apoptosis and facilitating chemo-resistance in a wild-type p53-dependent manner. Liu et al. demonstrated that CD155 can form a complex with AKT to activate the downstream mTOR/NF-κB pathway in cervical cancer cells, and targeting CD155 significantly inhibited autophagy and apoptosis via blocking the AKT/mTOR/NF-κB signal pathway. Wang et al. provided the first direct evidence of crosstalk between NGF and Hippo signaling pathways in cervical cancer progression. They proposed the dual blockade of NGF and Hippo signals represented a novel therapeutic strategy. CircRNAs played imported roles in cancer and several of them have been proved as candidates for targeting therapy. Herein, Liao et al. revealed that low expression of hsa_circ_0107593 was negative correlated with tumor diameter, FIGO stage, and myometrial invasion in cervical cancer. In vitro, hsa_circ_0107593 serves as a sponge of hsa-miR-20a-5p, hsa-miR-93-5p, and hsa-miR-106b-5p, functioning as a tumor suppressive circRNA.

There are still some controversies in the treatment of locally advanced cervical cancer (6). Dang et al. evaluated the efficacy of neoadjuvant chemotherapy combined with brachytherapy in a panel of 183 stage IB2 and IIA (FIGO 2009) cervical cancers. Neoadjuvant chemotherapy plus brachytherapy improved PFS by 29% and decreased the need for postoperative adjuvant pelvic radiotherapy. Adenosquamous carcinoma of the cervix (ASCC) presented both the characteristics of adenocarcinoma and squamous cell carcinoma and usually requires more attention in the treatment and surveillance. Cui et al. summarized the information on 1142 ASCC patients in a population-based study. They then constructed a nomogram which precisely predicted 3- and 5-year cancer-specific survival, and exhibited more clinical benefits than the FIGO staging system.

In two other articles, the authors focused on the tumor microenvironment and immune status in cervical cancer. Rossetti et al. found that expression increase and p65 NF-κB increased the expression of STAT3 and decreased the expression of p65 NF-κB in circulating leukocytes were related to lesion grade. Inhibition of STAT3 results in slow tumor growth, increased anti-tumor T cell responses and decreased the accumulation of myeloid cells in the spleen in a tumor experimental model. They also found that local and systemic STAT3 and p65 NF-κB expression can serve as progression markers and functional targets for cervical cancer; Chen et al. developed an immune-based prognostic score (IPRS) based on the immune signatures of 296 cervical cancer patients. Multivariate analysis revealed that IPRS was an independent prognostic factor for overall survival (OS) and progression-free survival (PFS). Furthermore, higher IPRS were associated with better survival, which was further validated in the validation set.



Endometrial Cancer

Although most endometrial cancer was estrogen-dependent, progestin resistance was not uncommon in the clinic (7). Cui et al. demonstrated that Chlorpromazine (CPZ) reversed the progestin resistance by inhibiting PI3K/AKT signal and up-regulating PRB level in vitro and in vivo. Sequential but not simultaneous treatment with CPZ and medroxyprogesterone acetate (MPA) showed more synergistic effect in suppressing tumor growth endometrial cancer. Therefore, CPZ may be an appropriate option for these patients with progesterone-resistant endometrial cancer. The AMPK signaling pathway as a cellular energy sensor is involved in regulation of the glucose metabolism and has been proved to be a potent target for the treatment of type I endometrial cancer. Roque et al. tested the anti-tumor activity of NT-1044, a new biguanide with higher affinity for the OCT1 and OCT3 transporters in endometrial cancer cells and a transgenic mouse model of endometrial cancer. Through increasing AMPK phosphorylation and decreasing S6 phosphorylation, NT-1014 caused G1-phase arrest, enhanced apoptosis and increased ROS production in endometrial cancer cells. As compared to metformin, NT-1044 exhibited the similar anti-tumor activity in LKB1fl/flp53fl/fl mouse model of endometrial cancer under obese and lean conditions. Cai et al. identified LMTK 3 as a novel therapeutic target for endometrial cancer. They found LMTK3 was mainly over-expressed in the cytoplasm of cancer cells, and knockdown of LMTK3 decreased cellular viability, increased G1-phase arrest and promoted apoptosis in endometrial cancer cells.



Comprehensive Studies and Others

In order to discriminate the common/exclusive genomic alterations, Guo et al. conducted whole-exome sequencing in 209 cervical, endometrial and ovarian cancer samples. Their results suggested the three cancer types shared a common reprogramming process during early carcinognensis, including PI3K activation, mismatch repair, and defects in ciliary organization, as well as disruption of interferon signaling and immune recognition. While cell-type specific programs were detected in the late-stage of tumor development, ultimately leading to tumor proliferation and migration. Similarly, Alldredge et al. explored the integrative transcriptomic profiles of clear carcinoma originated from ovarian and endometrium. Besides the common comparative analysis, the authors identified out 3,252 differentially expressed genes between PD-L1+/− ovarian clear cell cancers, which were enriched in immune response, cell death, and DNA repair networks As for the immune cells, PD-L1+ tumors had more resting NK cells and memory B cells, while CD8 T-cells, monocytes, eosinophils, and activated dendritic cells were the main cell types in PD-L1− tumors. These findings revealed novel characteristics of clear carcinoma and might be helpful for drugs selection, especially for patients who planned to take immunotherapy.

Besides the original studies mentioned above, there were several reviews in this Research Topic. Reyes-González et al. discussed the frequency of c-MYC deregulation in ovarian cancer and the consequences of its targeting. In another review, Chen et al. focused on the features of endometrioid ovarian cancer, a relative rare form of epithelial ovarian cancer. They compiled the potential mechanisms of endometrioid ovarian cancer, molecular characteristics, and molecular pathological types, which might provide guidance for the stratified management of ovarian cancer.

Overall, these multi-angle articles in this Research Topic presented broad advances in targeted therapy for ovarian, endometrial and cervical cancer. We hope that these valuable findings will contribute to further development of effective targeted therapies for the benefits of patients with gynecologic cancers
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Background

Gynecologic cancers have become a major threat to women’s health. The molecular biology of gynecologic cancers is not as well understood as that of breast cancer, and precision targeting is still new. Although viewed collectively as a group of cancers within the female reproductive system, they are more often studied separately. A comprehensive within-group comparison on molecular profiles is lacking.



Methods

We conducted a whole-exome sequencing study of cervical/endometrial/ovarian cancer samples from 209 Chinese patients. We combined our data with genomic and transcriptomic data from relevant TCGA cohorts to identify and verify common/exclusive molecular changes in cervical/endometrial/ovarian cancer.



Results

We identified shared molecular features including a COSMIC signature of deficient mismatch repair (dMMR), four recurrent copy-number variation (CNV) events, and extensive alterations in PI3K-Akt-mTOR signaling and cilium component genes; we also identified transcription factors and pathways that are exclusively altered in cervical/endometrial/ovarian cancer. The functions of the commonly/exclusively altered genomic circuits suggest (1) a common reprogramming process during early tumor initiation, which involves PI3K activation, defects in mismatch repair and cilium organization, as well as disruption in interferon signaling and immune recognition; (2) a cell-type specific program at late-stage tumor development that eventually lead to tumor proliferation and migration.



Conclusion

This study describes, from a molecular point of view, how similar and how different gynecologic cancers are, and it provides a hypothesis about the causes of the observed similarities and differences.





Keywords: cervical cancers, endometrial cancers, ovarian cancers, integrated molecular analysis, TCGA, PI3K-Akt-mTOR signaling, mismatch repair, cilium organization



Introduction

Gynecologic cancers have been estimated to claim more than 1.3 million (16.5% of all cancers in women) new cases worldwide in 2018, according to world cancer data (1). Surgical resection + chemotherapy and/or radiotherapy (in some advanced cases, only chemo/radiotherapy) remains as the mainstream of gynecologic cancer treatment. The molecular biology of this group of cancers is yet to be fully established, posing difficulties in molecular subtyping and precision targeting. Although the discovery of the predisposing effects of HPV infection has greatly improved the diagnosis and prevention of cervical cancer (CC), there is still a lack of effective screening methods for other gynecologic cancers, mainly endometrial cancer (EC) and ovarian cancer (OC).

How similar are different types of gynecologic cancers? And how are they distinguished from each other? On one hand, they all originate from the Mullerian ducts and all reside within the female reproductive system, which is under the regulation of female hormones (2). On the other hand, they arise from different cell types, having different clinical outcomes (survival, risks of recurrence/metastasis) and are thought to be caused by different mechanisms. For example, squamous cell carcinoma accounts for most of CC, while adenocarcinoma (from glandular cells) is the major histotype of EC, and serous cell carcinoma is mostly seen in OV. Unlike CC, which is most likely to be caused by HPV infection, the majority of EC is thought to be associated with long-term irritations by imbalanced female hormones. OV is generally believed to be the most aggressive gynecologic cancer type, and the cause of OV is controversial, with recent hypotheses suggest a non-ovarian origin (fallopian tube epithelium) (3). However, we have not seen many studies addressing the above questions from a molecular point of view. Although the TCGA molecular study on “Pan-Gyn” (gynecologic + breast) cancers (2) is the one with the largest sample size and the most comprehensive platforms, it included a large number of breast cancers (accounting for more than 40% of total samples) into the Pan-Gyn category, which may have affected the characterization of gynecologic cancer samples. Another study with a relatively small sample size (n = 117, 68 OC + 32 CC + 17 EC) focused on calculating tumor mutational burden (TMB) in Chinese gynecologic cancer patients (4). The study showed that EC have a higher median TMB than CC or OC, and mutations in PTEN, TSC2, or POLE are associated with increased TMB. To the best of our knowledge, a clear summary or conclusion of what molecular features are shared/exclusive in various types of gynecologic cancers is absent in existing literature.

While it is important to find out what the shared/exclusive molecular features are, it is even more important to understand why they are so. What intrinsic mechanisms drive these closely related cell types to develop into cancers with distinct phenotypes? Are there any common processes involved during the development of different types of gynecologic cancers, as reflected by their close distances? We believe the answers to these questions will help advance our understandings of the development of gynecologic cancers.

We conducted a whole-exome sequencing study in a total of 209 (74 CC, 68 EC, and 67 OC) Chinese gynecologic cancer patients. We examined the mutation landscape of the samples and validated our results with genomic and transcriptomic data from TCGA gynecologic cancer cohorts, namely TCGA-CESC (5), TCGA-UCEC (6), and TCGA-OV (7). Significant consistency was observed between the Chinese and the TCGA data. Similar mutation patterns were found among CC, EC, and OC at all levels (chromosomal changes, mutation signature, signaling pathways, and biological processes), indicating a common reprogramming process of cells at early stages of tumor development. We also identified transcription factors (TFs) and their relevant pathways that were exclusively altered in each cancer type, which suggest a possible cell-type specific program that further makes each cancer type form into shape.



Materials and Methods


Samples

We initially included surgically resected tumor samples from 263 sporadic gynecological cancer patients treated at The Six Affiliated Hospital of Sun Yat-sen University and The First Affiliated Hospital of Sun Yat-sen University from January 2017 to June 2019. The inclusion criteria for patients were (1) aged 20–82 years old; (2) initial diagnosis of primary cancer, confirmed by post-operative pathology; (3) previously untreated; (4) over 50% tumor cell content observed in hematoxylin and eosin stain slides under microscope. The exclusion criteria: (1) metastatic cancer; (2) ambiguous pathology; (3) accompanied by malignant tumors of other organs; (4) failed sample quality or insufficient amount of sample for experiment. Another two samples of rare cancer types (vaginal cancer and sarcoma) were excluded due to too small sample sizes. The final data set (n=209) included 74 cervical cancer (CC) cases, 67 ovarian cancer (OC) cases, and 68 endometrial cancer (EC) cases. Clinical information of each case was extracted from medical records, including age of diagnosis, classification and staging (TNM), progression status, and HPV status detected using HPVDetector (8). Informed written consent was obtained from each patient. This study was approved by the Ethics Committee of The Sixth Affiliated Hospital of Sun Yat-sen University. All procedures performed within this study were done in accordance with the Chinese ethical standards and with the 2008 Helsinki declaration.



Whole-Exome Sequencing

All tumor tissue samples were sent to TopGene Medical Laboratory (Zhongshan, China) for whole-exome sequencing. Genomic DNA extraction was performed using Mag-bind blood and tissue DNA HDQ 96 kit (Omega Bioservices, Norcross, GA, USA), according to the manufacturer's instructions. A UV spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) was used to check DNA quality. DNA quantification was performed with Qubit fluorometer 3.0 (Thermo Fisher Scientific, Waltham, MA, USA). Exome capture from the genomic DNA was performed with the AIExomeV1 panel (iGeneTech, China). PCR products were subjected to quality check with LabChip GX Touch24 (PerkinElmer). Pair-end sequencing was performed using MGISEQ-2000RS. The average depth of each sample was ~100X and the read length was 150bp.



Data Processing and Mutation Analysis

Raw sequencing reads QC and filtering were done with Fastp (9). Read mapping to human genome hg19 was performed using BWA MEM (version 0.7.15-r1140) (10). GATK4 (11) were used for reads processing and the generation of base-quality recalibrated bam files. Somatic variants were first detected using GATK4 Mutect2; these variants were then further verified with samtools mpileup (12) and SomVarIUS (13) (the variant must also be detected by at least one of the two callers); variants with population allele frequency > 0.05 were excluded from the list. Somatic variants with allele fraction < 5% were filtered to reduce false discoveries caused by lack of matched normal and sequencing errors. Germline variants were called using GATK4 Haplotype Caller, and putative germline variants were separately marked. Driver gene analysis was performed using MutSigCV (14). Copy number variation (CNV) was called using GATK4 with a panel of normal, made of 32 normal tissue samples. Default threshold (2.0 z-score of non-log2 copy ratio) was used for the calling. The raw segment files generated by GATK4 CNV caller were then used as input for GISTIC2.0 (15) to calculate significant copy-number alterations with a threshold of ±0.3.The R package maftools (16) was used for the visualization of mutated genes and calculation of differentially mutated genes with Fisher’s Exact Test (p<0.05). Genomic data of TCGA were downloaded from https://portal.gdc.cancer.gov/, and transcriptomic and survival data were downloaded via the RTCGA R package. Enrichment analysis was done using the online tool WebGestalt (17).




Results

Demographic information of the 209 patients is summarized in Supplementary Table S1, which includes histology subtypes, age of diagnosis (ranged from 22–82, mean±SD:51.8±10.3, median: 52), TNM staging, HPV status, and tumor cell differentiation status.


Mutation Landscape of Gynecologic Cancers

The mutation landscape of the studied Chinese gynecologic cancer cohort as represented by top frequently mutated genes are shown in Figure 1. We found that EC have the highest mean number of small-scale mutations but the lowest average frequency of CNV; CC have the lowest small-scale mutations and medium frequency of CNV, while OC samples harbor most CNV events. The cancer driver PIK3CA was frequently mutated in all three cancer types (122/209, 58%). Among the frequently altered were other known tumor-related genes such as PTEN (25%), TP53 (24%), CDC27 (23%), ZFHX3 (22%), MUC16 (20%), ARID1A (18%), KMT2C (15%), KRAS (9%), and BRCA2 (9%). We found TP53 mutated in 49% of the OC samples, PTEN mutated in 51% of EC samples, which are consistent with findings in the previous Chinese study (4). The ovarian cancer biomarker MUC16 (also known as CA125) was mutated even more frequently in EC (20%) and CC (29%) samples (compared to 12% in OC), suggesting a common role of MUC16 among gynecologic cancers. Interestingly, a novel gene HYDIN (43%, 90/209) was found highly mutated in all three cancers. The gene has previously been associated with defects in cilia motility but rarely reported in cancer studies. We have further confirmed the HYDIN small-scale mutations with Sanger sequencing.




Figure 1 | Mutation landscape represented by top 30 frequently mutated genes (small-scale mutations + copy number variations) in the studied gynecologic cancer cohort (n=209). Both small-scale mutations and CNV (Amp/Del) were taken into account. Annotations include cancer type of each sample, age groups (age < 45 - group 1; 45 ≤ age < 55 - group2; 55 ≤ age < 65 - group 3; age ≥ 65 - group 4), TNM overall staging, tumor cell differentiation status, HPV status, and mitochondrial copy number variation (MT_CNV). Likely germline mutations are highlighted with white dots.



Recurrent CNV events for each cancer type were identified with GISTIC2.0 (q value < 0.05). OC differed from the other two cancer types by having more peaks and much wider peaks, indicating large-scale instability of the genome (Figure 2). Four focal CNV events seemed to occur recurrently in all three cancer types at 12p13.33 (amplification; 75/209, 36%), 15q26.3 (amplification; 33/209, 16%), 9p24.3 (deletion; 69/209, 33%), and 11p15.5 (deletion; 47/209, 22%). The recurrently amplified regions include genes encoding retinal proteins FAM138D (12p13.33) and FAM138E (15q26.3), while the recurrently deleted regions include tumor-suppressor genes, e.g., DOCK8 and KANK1, as well as genes that participate in interferon alpha/beta (IFN-α/β) signaling (IRF7, IFITM1/2/3/5). In addition, PIK3CA (3q26.32) and CDC27 (also known as MLL3; 17q21.32) amplifications, HYDIN and ZFHX3 (16q24.2) deletions, SYNE1 (6q25.3) deletions, and ARID1A and CROCC (1p36.13) deletions frequently occurred in OC samples; PIK3CA and CDC27 were also frequently amplified in CC and EC (Figure 1).




Figure 2 | Chromosome plots showing recurrent CNV events identified by Gistic2 in each cancer type (OC, EC, CC) of the studied cohort. Amplifications are colored in red and deletions colored in blue. Common CNVs that occurred in all three cancer types are highlighted with circles. For each cancer type, the results are compared with the corresponding TCGA cohort, and all the overlapping recurrent regions are highlighted in yellow background.



Driver gene analysis was performed on each cancer type (Supplementary Table S2). We confirmed TP53 (q< 0.01) as a significantly mutated gene (SMG) for all 3 cancer types; PIK3CA (q<10-11) as SMG for CC and EC; KRAS (q < 0.1) as SMG for EC and OC; PTEN, PIK3R1, and ARID1A (q<10-3) as SMGs for EC. We also identified PDE4DIP, ZNF285, CDC27, CES1 (q< 0.05) as novel SMGs for CC; CDC27, CYP2D6, UGT2B11 (q< 0.1) as novel SMGs for EC; VHL and ZNF285 as novel SMGs for OC.



Distinguishing Characteristics Among Gynecologic Cancers, Validated by TCGA Data

Table 1 summarizes some features that characterize similarities and differences among the three gynecologic cancer types of the studied cohort, validated with genomic and/or transcriptomic data from the gynecologic cohorts of TCGA. Considerable horizontal similarities were found between TCGA vs Chinese for each cancer type, especially for EC with 60% overlap on top10 frequently mutated genes. The Chinese and TCGA data together revealed that EC have the highest average mutation load while OC have the highest average CNV frequency. All three cancer types contained a group of samples with COSMIC (v3) mutation signature indicative of deficiency in mismatch repair (dMMR); a group of CC samples were enriched with signature of APOBEC mutagenesis, while EC differed by having a group with mutation signature indicating defects in the polymerase POLE. The composition of COSMIC signatures for each cancer type were highly similar between Chinese and TCGA data, except TCGA-OV having a group with signature of homologous recombination repair deficiency and CHI-OC with a group of unknown signature. Note that TCGA-OV only consisted of high grade serous carcinoma, whereas the histotype composition of CHI-OC was much more complicated (Supplementary Table S1). The distinct histotype composition of the two OV cohorts may explain the dramatic difference in TP53 mutation prevalence (~90% in TCGA-OV and ~50% in CHI-OC) as well as in other molecular features (Table 1). Hence the molecular profiles of TCGA-OV and CHI-OC may be incomparable.


Table 1 | Summary of genomic characteristics of CC, EC, and OC.



To identify molecular pathways that distinguish CC, EC, and OC, we selected transcription factor (TF) genes that are exclusively activated/suppressed (amplified/deleted) for each cancer type in the Chinese cohort. Then we used the corresponding TCGA transcriptomic data to verify whether there are significant differences in expression of these TFs and their target genes among the three gynecologic cancers. Here we define a candidate TF as “exclusively altered” if its expression value in the corresponding cancer type exceed 1.5 (or -1.5) fold-change to the other two cancer types. Pathways deemed significantly and exclusively altered for each cancer type were summarized in Table 1. We found 3q amplifications as a signature of CC samples, which resulted in SOX2 (3q26.33), TP63 (3q28), SHOX2 (3q25.32), EAF2 (3q13.33) amplifications in CHI-CC; these genes were also proved significantly over-expressed in TCGA-CESC (Figure 3A) as compared with TCGA-UCEC and TCGA-OV. The Sox2-p63 complex is known to promote tumor cell survival through up-regulation of GLUT1 (SLC2A1) that drives glucose influx to empower antioxidant production (18); the Sox2-p63-klf5 complex has been shown to enhance tumor growth by activation of ALDH3A1 (19). Overexpression of these effector genes within the sox2-p63 pathways in TCGA-CESC as compared with TCGA-UCEC and TCGA-OV are shown in Supplementary Figure S1. Shox2 has been reported as an epithelial-to-mesenchymal transition (EMT) inducer by up-regulating transforming growth factor β receptor I (TβR-I) expression (20). Eaf2 has been shown to activate Wnt3a signaling to protect cells from oxidative stress-induced apoptosis (21). The exclusive activation of Shox2-TβR-I and Eaf2-wnt3a in TCGA-CESC are also shown in Supplementary Figure S1. Two TFs, PBXIP1 and CREB3L4 (both at 1q21.3), were found exclusively amplified and over-expressed in EC (Figure 3B). Over-expression of PBXIP1 (HPIP) has been shown to inhibit apoptosis by up-regulating BCL2, to promote tumor cell proliferation via activation of ER, and to mediate EMT by regulating mesenchymal genes such as N-cadherin and Vimentin (22). The CREB3L4 transcription factor up-regulate the co-chaperone DNAJC12 (23), which has been proposed as a mediator of gastric cancer progression by regulating proliferation and invasion (24). Supplementary Figure S2 shows the exclusive activation of PBXIP1-regulated genes and the CREB3L4-DNAJC12 axis in TCGA-UCEC. For OC (Figure 3C), we found exclusive amplifications and over-expression in HSF1 (8q24.3), FOXH1 (8q24.3), and ZFPM2 (8q23.1). Hsf1 is known as a master regulator in tumorigenesis that mediates cell survival and EMT via up-regulation of effector genes such as HSPA8 (hsp70), RMB23, and MTA1 (as validated in TCGA-OV, shown in Supplementary Figure S3) (25, 26). Foxh1 is a binding partner of Smad2/3/4 proteins and the Foxh1-Smads complex has been an activator of the Nodal signaling pathway that is required for maintenance of pluripotency (Supplementary Figure S3) (27–29). The ZFPM2 encodes the Fog2 (Friend of Gata, 2) protein, which can interact with Gata2/4/5/6. GATA6 has been shown to up-regulate expression of genes encoding important enzymes (e.g., CYP17A1) for androgen biosynthesis (30). We found over-expression of ZFPM2, GATA6, CYP17A1, and AR (androgen receptor) by TCGA-OV, as compared with TCGA-CESC and TCGA-UCEC (Supplementary Figure S3). All other exclusively altered TFs without known target/functional information are summarized in Supplementary Figure S4.




Figure 3 | Exclusively altered transcription factors for (A) cervical cancer, (B) endometrial cancer, and (C) ovarian cancer. Box plots show the natural logarithm of (1 + expression value) of TCGA-CESC, TCGA-UCEC, and TCGA-OV drawn from RTCGA.rnaseq package. ****p < 0.0001.





Characteristics Shared Among Gynecologic Cancers, Validated by TCGA Data

Besides the above-mentioned common recurrent CNV events and a dMMR group found in each cancer type, comparative analysis with TCGA data revealed other commonly altered biological processes/pathways. We performed GO enrichment analysis (over-representation, FDR cutoff 0.05) on frequently mutated genes (altered in >= 5 samples) for CHI-CC, CHI-EC, CHI-OC, and their TCGA counterparts. Commonly enriched biological processes were listed in Supplementary Table S3. The large number of overlapping biological processes indicated similarity at a high level between the two populations and among cancer types. For example, genes within the PI3K-Akt-mTOR pathway were found commonly altered in each cancer type with more than 70% prevalence (Supplementary Figure S5).

We also noticed an enrichment of frequently mutated genes associated with cilium organization (GO:0044782) and cilium or flagellum-dependent cell motility (GO:0001539), including top mutated genes HYDIN (43%), CROCC (16%), DNAH11 (10%), and RP1 (9%) (Figure 1; Figure 4A). More than 70% of samples in our Chinese cohort carried mutations in at least one cilia component gene (Figure 4B), and 56–66% of TCGA gynecologic cancer samples (only counting small-scale mutations) also carried mutations in these genes (Supplementary Figure S6). However, we noticed a difference at gene level (Supplementary Figure S7). The Chinese cohort (CHI-CC, CHI-EC, CHI-OC) showed a strong, centered preference in HYDIN, CROCC, and RP1 mutations, while their TCGA counterparts favored mutations in SYNE2, HTT, RTTN, and the dyneins (DNAH and DYNC) family genes, and having a more even distribution.




Figure 4 | (A) Mutation spectra of the frequently altered cilia-related proteins. Scale bars represent length of the protein sequences, lollipops represent protein-altering mutations (excluding splice site/silent/UTR/intron/intergenic region mutations). Recurrent mutations (n≥3), nonsense and frameshift mutations are highlighted with text specifying amino acid changes and frequency (bracket). Functional domains are shown in different colors. (B) Cilium component genes are frequently altered in Chinese gynecologic cancers.





Statistically Significant Prognostic Factors for Each Cancer Type

We further asked if expression level of exclusively altered genes for each cancer type is associated with survival. EAF2 was identified as a strong candidate for CC with p=0.00018, with low expression associated with poor prognosis. EAF2 has been proposed as a prognostic factor in prostate cancer (31). Interestingly, we found in the TCGA-CESC that APOBEC high/low (p=0.98) and CNV high/low (p=0.81) alone was statistically insignificant for predicting prognosis, but become significant (p=0.017) when combined together (Figure 5A), i.e., patients showing consistently high or low levels of APOBEC and CNV have better survival. PUF60 was one of the TFs exclusively up-regulated in OC (Supplementary Figure S4) and was found significantly associated with OC survival (p=0.043; Figure 5B). However, while a better outcome for PUF60 over-expressing OC patients was indicated in TCGA-OV transcriptomic data, others reported association of PUF60 over-expression with breast cancer progression through down-regulation of PTEN (32). Further verification about the roles of PUF60 in different cancers is awaited. ESR1 and PGR were found associated with patient survival in EC (Figure 5C), which is consistent with previous study (33).




Figure 5 | Statistically significant prognostic factors for (A) cervical cancer, (B) ovarian cancer, and (C) endometrial cancer. Survival plots show the correlation of gene expression level and survival probability of TCGA-CESC, TCGA-OV, and TCGA-UCEC drawn from RTCGA.rnaseq and RTCGA.clinical packages. Note that the TCGA-CESC study has defined the level of APOBEC mutagenesis (high/low) and CNV (high/low) level, and here we define “consistent” as consistently high or low in APOBEC and CNV, and “opposite” as inconsistent at APOBEC and CNV levels.






Discussion

We have performed a series of analysis to study the question of whether there are molecular characteristics shared/exclusive among gynecologic cancers, and more importantly to probe for the intrinsic causes of them. Using TCGA gynecologic cancer data as a validation, we confirmed that there are considerable similarities and differences among CC, EC, and OC, in frequently mutated genes, recurrent CNV events, affected molecular pathways, and biological processes. The molecular similarities shared among gynecologic cancers reflect the close proximity and functional connections among them, while the differences may reflect their distinct cell types of origin (e.g., squamous cells, serous cells, glandular cells).

The functions of the shared molecular features of gynecologic cancers reveal their associations with early tumor initiation. According to our results, all three gynecologic cancer types (both Chinese and TCGA) share a dMMR-signature, four recurrent CNV events, as well as the extensive alterations in PI3K-Akt-mTOR signaling and cilium component genes. It is well-established that accumulated genomic lesions caused by malfunction of DNA repair drive tumorigenesis (34), and that dMMR is viewed as a key inducer of tumor initiation. Mutant PIK3CA-induced constitutive PI3K activation has been shown to be essential for tumor initiation in mouse models of breast cancer (35) and able to dedifferentiate normal lineage-restricted cells by reactivation of multi-potency at early stage of tumor initiation (36). In line with early PI3K activation, ciliary defects have also been proposed with key roles in early stages of tumor development. Loss of primary cilia has been observed in breast pre-malignant lesions (37), and loss of motile cilia in Fallopian tube increases the exposure of epithelial cells to oxidative stress caused by follicular fluid (38). The recurrent CNV events shared by gynecologic cancers are predicted to cause amplifications of retinal proteins FAM138D and FAM138E, and deletions of genes associated with IFN-α/β signaling, which can be viewed as a strategy of immune evasion. Indeed, the immune system has been proven the ability of rapid sensing of oncogene-transformed cells (39); however, instead of effective killing, the tumor-associated immune cells may become protective upon interactions with the preneoplastic cells (40). These shared molecular changes suggest a common, non-random reprogramming of cells at the early stages of tumorigenesis. The reprogramming process involves changes in specific chromosome regions, resulting in up/down-regulation of genes with key roles in tumor biology, and through these alterations the preneoplastic cells become able to satisfy the minimal requirement for the establishment of a tumor. Future investigations are required to explore the potentials of the involved molecules as candidates for early biomarkers of gynecologic cancers.

Unlike the shared molecular changes that are associated with tumor initiation, the functions of exclusively altered pathways for each cancer type suggest roles in satisfying the needs for more advanced, later-stage cancer development, such as the maintenance of stemness, tumor growth, and migration. For CC, this may be at least partially powered by 3q amplifications that lead to the activation of the squamous lineage transcription factors Sox2 and p63, which are the master regulators of stem cell pluripotency (19); the activation of Shox2-TβR1 may serve as an inducer of EMT (20). There is a potential link between Sox2 amplification/over-expression and HPV-positivity in vulva cancer (41), which could also apply to the explanation of exclusive Sox2-p63 activation in CC. EC may handle these tasks by activation of PBXIP1/HPIP signalling and CREB3L4-DNAJC12 axis, while OC by Hsf1, Foxh1, and Fog2. Although different cancer types may activate/inactivate different TFs and pathways, eventually their consequences are similar (i.e., eventually achieving cell survival, proliferation, and EMT). This suggests that the downstream effector genes for various TFs could be overlapping or redundant, because they all eventually lead to cancer progression. These exclusively altered drivers indicate the existence of a cell-type specific developing trajectory, from which different types of pre-malignant cells gradually acquire cell-type specific molecular changes that eventually distinguish them (e.g., mutation load, CNV frequency, significantly altered genes, mutational signatures). The program may offer the ability of self-renewal and infinite proliferation, as well as the ability of tumor cell migration. Prognostic or diagnostic biomarker candidates for specific cancer type could be found within these exclusively altered molecules.

The molecular characteristics of Chinese gynecologic cancers can provide some implications for targeted therapies. More than 10% of the OV samples carried BRCA1/2 mutations, and some more with mutations in genes involved with homologous recombination repair, rending these patients potential sensitivity to PARP inhibitors, which is currently an available option for Chinese OV patients (42–44). Moreover, over 70% of the samples showed alterations in PI3K-Akt-mTOR signalling, which suggest great application potentials for PI3K/Akt/mTOR inhibitors.

Our results showed significant consistency with previous studies (2, 4). It is important to note that our study was based on tumor-only sequencing, i.e., no matched-normal samples were used. Such a condition represents a very common situation in the clinical setting where matched-normal samples were usually not available. One may question the reliability of the detected somatic variants for each individual sample because of the lack of normal control. We were fully aware of this concern and have added many extra filters (see Materials and Methods for details) to maximally avoid false positives; small-scale mutations of HYDIN were further validated with Sanger sequencing. The principle behind our study is the assumption that false discoveries occur randomly and their effects will be diluted if the sample size is large enough, while true mutations occur specifically on particular regions that will accumulate their effects as the sample size grows. The disadvantage of single-sample sequencing is thought to be negligible when focusing only on recurrent (>5% frequency) events. Indeed, the validation by TCGA data has proven the accuracy of our Chinese cohort data at the gene/pathway/process level. More efficient analytical tools are pending for the full exploitation of the large body of tumor-only samples.

In conclusion, we present here currently the largest molecular characterization of multiple types of Chinese gynecologic cancers. Using relevant TCGA data as a validation, we identified common molecular features among gynecologic cancers, which suggest a common reprogramming process of cells in early tumor initiation. We also identified exclusively altered TFs/pathways for CC, EC, and OC, which indicate a later-stage, cell-type specific tumor development process for each cancer type. From a molecular point of view, we have provided a summary of what is shared and what is not among gynecologic cancers and have given hypotheses about the causes behind these observations. Validations of our findings require further experimental research and large-scale cohort studies including multiple gynecologic cancer types.
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Cervical cancer, which main etiologic factor is Human Papillomavirus (HPV) infection, continues to be a burden for public health systems in developing countries. Our laboratory has been working with the hypothesis that signals generated in the tumor microenvironment can modulate local and systemic immune responses. In this context, it would be reasonable to think that tumors create pro-tumoral bias in immune cells, even before they are recruited to the tumor microenvironment. To understand if and how signaling started in the tumor microenvironment can influence cells within the tumor and systemically, we investigated the expression of key proteins in signaling pathways important for cell proliferation, viability, immune responses and tolerance. Besides, we used detection of specific phosphorylated residues, which are indicative of activation for Akt, CREB, p65 NFκB, and STAT3. Our findings included the observation of a significant STAT3 expression increase and p65 NFκB decrease in circulating leukocytes in correlation with lesion grade. In light of those observations, we started investigating the result of the inhibition of STAT3 in a tumor experimental model. STAT3 inhibition impaired tumor growth, increased anti-tumor T cell responses and decreased the accumulation of myeloid cells in the spleen. The concomitant inhibition of NFκB partially reversed these effects. This study indicates that STAT3 and NFκB are involved in immunomodulatory tumor effects and STAT3 inhibition could be considered as therapy for patients with cervical cancer.




Keywords: cervical cancer, human papillomavirus, immunomodulation, immunoevasion, nuclear factor – kappa B, signal transducer activator of transcription 3



Introduction

Cervical cancer continues to be a public health system problem in several countries worldwide (1). Persistent infection with high oncogenic risk Human Papillomavirus (HPV) is the main etiologic factor for cervical and other anogenital and oropharyngeal cancers (2, 3). In spite of the efficient prophylactic vaccines available, there is still demand for therapeutic tools against HPV associated cancers.

Signals generated in the tumor microenvironment may modulate immune cellular responses locally as well as systemically. HPV transformed cells secrete a variety of molecules such as IL-6, IL-8, G-CSF, TGFβ, lactate, PGE2 and, others (4–6). These factors can signal through receptors coupled to major intracellular pathways that regulate the tumor cell phenotype and immune responses, helping to determine tumor fate. For example, through NFκB activity, cervical cancer cells secrete IL-6, which in turn activates STAT3 with a pro-tumoral effect (7). However, IL-6 together with PGE2 can promote tolerogenic phenotype on antigen-presenting cells, therefore, facilitating tumor growth (5). Moreover, signaling triggered by G-CSF, also expressed by cervical cancer cells, activates STAT3 and has been shown to promote the accumulation of tolerogenic myeloid cells facilitating tumor growth (6, 8). Data obtained from experimental HPV-associated tumor models also showed that these tumors cause several effects on the immune system including triggering of regulatory T cell responses and accumulation of myeloid-derived suppressor cells in secondary lymphoid organs (4, 9).

Based on the premise that tumors can systemically signal to modulate immune responses, which may lead to recruitment of pro-tumoral biased leukocytes to the tumor microenvironment, our laboratory decided to investigate the expression and potential activation status of proteins involved in major intracellular signaling pathways involved in cell proliferation, inflammation, immune responses, and tolerance. Moreover, we investigated the expression of these protein s in cervical biopsies and peripheral blood leukocytes from patients with high-grade cervical lesions and invasive cancer. Our chosen targets were STAT3, p65 NFκB, Akt, and CREB. Cells tightly control the expression and activity of these proteins. A key event in these proteins’ activity control is phosphorylation. We took advantage of commercial antibodies that recognize phosphorylated residues that are indicative of activation so we could not only investigate the protein expression but also detect potential activation of each of the indicated pathways (10–13). STAT3 is considered an oncogene due to its activity regulating transcription and metabolism (14). It is involved in inflammatory responses, in the differentiation of CD4 T lymphocytes, in epithelial-mesenchymal transitions, cell proliferation, and tolerance to tumor antigens (15). NFκB comprises a family of transcription factors involved in inflammation and immune responses, as well as cancer cell proliferation and survival (16). The PI3K/Akt pathway controls cell survival, proliferation, and metabolism, and is essential for lymphocyte activation (17). Finally, we also investigated CREB activation, which through cAMP-responsive element-binding protein is a transcription factor that can be activated by the PI3K/Akt pathway. CREB controls cell metabolism and is involved in tolerogenic and anti-inflammatory responses (18).

We were able to show that all these proteins display a basal expression level in biopsies, with little variation in expression depending on lesion grade. In the peripheral blood, however there was an increase in STAT3 expression and a decrease in p65 NFκB expression in the circulating leukocytes dependent on lesion grade. Moreover, we were able to perform Pearson correlation with the protein expression data and could show that blood cells from cancer patients have a different correlation profile than cells from clinically healthy donors. We also studied an HPV associated experimental model to better understand the potential effects of blocking STAT3, one of the signaling proteins investigated, on tumor growth and anti-tumor immune responses. Finally, here we describe how tumor cells co-opt signaling pathways in the tumor microenvironment and systemically to promote immune suppression, tumor growth, and progression. Our results suggest that inhibiting STAT3 may be a useful tool for cervical cancer or high-grade lesions treatment.



Materials and Methods


Patients’ Study Design

This study was approved by the Institutional Review Boards from Instituto de Ciências Biomédicas, Hospital Universitário and Instituto do Câncer do Estado de São Paulo, Comissão Nacional de Ética em Pesquisa process number 02083912.6.0000.5467. All patients and control subjects signed an informed consent form before sample harvesting. All methods followed the guidelines established by the Brazilian National Committee in Ethical Research. Patients with diagnosis of high-grade lesions or cervical cancer were enrolled at Hospital Universitário or Instituto do Câncer do Estado de São Paulo at the moment of the first treatment. For the patients’ cohort, the inclusion criterion was the diagnosis of a high-grade lesion or cervical cancer. The exclusion criteria were immunosuppression or immunodeficiency, previous treatment for cervical disease, other treatments that could change the systemic status of the signaling pathways that were investigated, previous cervical biopsy in less than a month, and age below 18 years old. For control subjects, exclusion criteria were immunosuppression or immunodeficiency, any type of cancer diagnosis, treatments that could change the systemic status of the signaling pathways that were investigated, and age below 18 years old. We collected blood and cervical biopsy from the patients and only blood from the control subjects. After harvesting, biopsies were immediately transferred to a conical tube containing 5 ml of sterile RPMI 1640 (Thermo Fisher Scientific, Carlsbad, CA). Peripheral blood was harvested to a Vacutainer tube containing EDTA to prevent coagulation (Becton-Dickinson, Sunnyvale, CA). We harvested approximately 10 ml of blood per patient or control subject. Both biopsies and blood samples were processed within 2 h after harvesting. We enrolled 26 patients with CIN3 (cervical intraepithelial neoplasia 3), 20 with squamous cell carcinoma, 7 with adenocarcinoma, and 11 clinically healthy donors. From these samples, we were able to obtain data from 17 biopsies from high-grade lesion bearing patients, 15 from patients with squamous cell carcinoma, and 6 from patients with adenocarcinoma. The reason for this was the low yield of cells in some of the biopsies. In many cases, we had to prioritize one of two signaling pathways because we did not have enough cells for labeling with the antibodies to all signaling proteins. Our priority list was NFκB, STAT3, Akt, and CREB based on: 1) we had previously shown that in experimental models NFκB was linked to anti-tumor immune responses (19); 2) we had previously shown that patients with cancer had higher plasma concentration of G-CSF than controls and this cytokine activates STAT3; 3) data in the literature also indicate that STAT3 is involved in the carcinogenic process induced by HPV (8, 20, 21); finally, the Akt pathway is involved in tumor progression and metabolic changes in tumor cells (17). Therefore, the data presented in our work is not uniform regarding the number of samples for each signaling pathway. Each figure legend specifies the number of samples analyzed per experiment.



Biopsy Processing and Flow Cytometry Analyses

Biopsies were digested with Collagenase I and IV (Worthington Biochemical Corp. Lakewood, NJ) and filtered to obtain a single-cell suspension. This method is very efficient to release leukocytes from biopsies, but not so efficient to release epithelial cells, without decreasing cell viability. Therefore, the percentages of leukocytes in biopsies will seem higher than expected. Single-cell suspensions were then labeled with anti-CD3 (clone HIT3a), anti-HLA-DR (clone G46-6), and anti-CD45 (clone HI30) (BD Biosciences, San Jose, CA). For the intracellular staining, first cells were fixed with 3.7% buffered formaldehyde, washed with phosphate-buffered saline (PBS), and then permeabilized with ice-cold 90% methanol at −20°C for 10 min and washed with PBS again (22). Cells were split into tubes to be incubated with rabbit polyclonal antibodies against the signaling proteins: phosphorylated-Akt (Thr308), total Akt, phosphorylated-p65 NFκB (Ser536), total p65 NFκB, phosphorylated-STAT3 (Tyr705), total Akt, phosphorylated-CREB (Ser133), total CREB (Cell Signaling Technology, Danvers, MA). Detection of the signaling proteins was through labeling with secondary anti-rabbit antibody conjugated with Alexa 488 or Alexa 647 (Cell Signaling Technology, Danvers, MA). Cells were analyzed in a FACSCanto (BD Biosciences, San Jose, CA), where at least 10,000 events per sample were acquired. We tested each antibody using HeLa cells, which are positive to all investigated markers (Supplementary Figure 1). We also saved a fragment of each biopsy for DNA extraction and HPV genotyping as described below.



HPV Genotyping

An aliquot of 150 ng of phenol/chloroform purified DNA from each cervical biopsy was used for PCR amplification with PGMY09/11 primers (23). The amplicons were hybridized with probes from the LinearArray HPV genotyping test (Roche Molecular Diagnostics, Alameda, CA) for HPV genotyping.



Peripheral Blood Processing and Flow Cytometry Analyses

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Paque PLUS density gradient (GE Health Care Life Sciences, UK). Cell suspensions were treated similarly as described for biopsies, except for labeling with anti-CD45 antibody. Also, flow cytometry acquisition was at least 10,000 events.



Murine Tumor Model

All studies in mice were approved by the Animal Ethics Committee at the Instituto de Ciências Biomédicas, process number 5/2015-E, and followed the guidelines established by the National Council for Control of Animal Experimentation. Five to 7 weeks old C57Black/6 female mice were inoculated with 105 TC-1 tumor cells, a murine tumor cell line that expresses HPV16 oncogenes (24), in 100 µl of 0.5 mM MgCl2, 1mM CaCl2 supplemented PBS subcutaneously on the right flank. Cell viability for injection was always above 95%. Mice were observed daily until tumors were palpable, approximately 2 mm diameter, achieved at 7 to 10 days post tumor cell inoculation. Once tumors were palpable, mice were randomized into groups and treated with neutralizing antibodies, purified rat IgG anti-IL-6 or anti-G-CSF or the combination of both every other day through intraperitoneal injections in a final volume of 100 µl PBS/mouse. As antibody treatment control group, we used an injection of irrelevant rat IgG isotype. Alternatively, mice were treated with 5 mg/Kg STAT3 inhibitor (NSC74859) alone or together with 3 mg/Kg p65 NFκB inhibitor (JSH-23) every day for 7 days (Tocris Bioscience, Minneapolis, MN). Both inhibitors were diluted in 2% DMSO/PBS for injection, therefore, tumor-bearing control mice were treated with the same solution minus inhibitors. Mice were euthanized before tumors reached 1cm maximum diameter, or even before that to maintain the observed differences between controls and treated mice. We harvested spleens, tumors, and lymph nodes from each mouse. Cell suspensions were prepared as previously described (19). Tumor and spleen cell suspensions were used for immunophenotyping. Tumor and spleen fragments were also snap-frozen for immunofluorescence detection of STAT3 and NFκB. Immunofluorescence was performed on 5 µm cryosections incubated with rabbit anti-phosphorylated STAT3 or anti-phosphorylated p65 NFκB. Detection was performed with Alexa 488 conjugated anti-rabbit antibody. Tissues were then mounted with DAPI containing Fluorshield (Sigma Aldrich, San Luis, MO). Images were acquired using a BX61 fluorescence microscope and a DP70 camera and software (Olympus, JP).

The lymph node cell suspensions were used for the lymphocyte chimeras and T cell proliferation analysis. For the lymphocyte chimeras, cells obtained from the peripheral lymph nodes were counted, washed, sedimented, and resuspended in 0.5 mM MgCl2, 1mM CaCl2 supplemented PBS, and then injected into TC-1 tumor-bearing RAG1-/- mice. At the end of the experiment, tumors and lymph nodes were harvested for immunophenotyping. For flow cytometry we used the following antibodies: anti-CD45 (clone 30-F11), anti-CD4 (clone RM4-5), anti-CD8 (clone 53-6.7), anti-CD11b (clone M1/70), anti-Ly6C (clone AL-21), anti-Ly6G (clone 1A8). Antibodies were purchased from BD Biosciences (Carlsbad, CA), BioLegend (San Diego, CA), or R&D Systems (Minneapolis, MN). For the signaling proteins staining, we used the same antibodies as described before.

For the T cell proliferation assays lymph node suspensions were labeled with a violet proliferation dye (BD Biosciences, Carlsbad, CA) before seeding 2x105 cells/well of a U bottom cell culture plate. Cells were left untreated or treated with 5 µg/ml HPV16 E6 and E7 peptides (25, 26), or treated with 1 µg/ml ionomycin and 10 ng/ml TPA (Phorbol-12-myristate-13-acetate - Cell Signaling Technology, Danvers, MA). At the end of 4 days incubation, cells were labeled with anti-CD4 and anti-CD8 for flow cytometry analysis, using a FACSCanto (BD Biosciences, Carlsbad, CA), where at least 30,000 events were acquired per sample.



Data Analysis

Cell frequency data from both human and mouse experiments were compared by ANOVA. Protein expression from flow cytometry assays was represented as median fluorescence intensity (MFI) and the values (subtracting the MFI signal from unstained controls) were plotted on boxplots. For studies comparing protein expression levels with disease grade, data were compared by ANOVA. Pearson correlations were also performed to compare the expression of one given protein against all others in the same sample. The R values obtained were plotted as heatmaps, where * indicated that the positive or negative correlation had statistical significance. To increase statistical power, we have pooled together data from both cervical cancer histologic types. However, it is important to bear in mind that there are differences between squamous cell and adenocarcinoma of the uterine cervix. Notably, they have different origins, ecto and endocervix, respectively and they also have molecular differences (25). Nevertheless, squamous cell carcinomas and adenocarcinomas have many similarities, including the expression of HPV oncoproteins on tumor cells and the tumor microenvironment. In the experimental models, tumor growth kinetics were compared using the Mann Whitney U test. T cell proliferation and cytokine secretion data was also tested by ANOVA. In all cases, p values ≤ 0.05 were accepted to confirm that differences between results were significant.




Results


Cervical Cancer Patients Display Alterations in the Expression of Signaling Proteins In Circulating Leukocytes

A significant percentage of cervical intraepithelial neoplasia 3 (CIN3) progress to cervical cancer (26). Tumors originated from the ectocervix cells are squamous cell carcinomas (SCC) and the ones that originated from the endocervix are adenocarcinomas (AdC). Besides the histologic origin difference, patients with AdC usually have a poorer prognosis and there is discussion in the literature about the value of different treatments to each type of cancer (27, 28). We have studied a cohort of 53 patients with CIN3, SCC, and AdC (Table 1). Patients were enrolled either at the Hospital Universitário or at Instituto do Câncer do Estado de São Paulo, both at the metropolitan area of the city of São Paulo. From the patients, we harvested a biopsy and peripheral blood before treatment or surgery. The majority of cancer patients had grade I stage, according to the International Federation of Gynecology and Obstetrics (FIGO) classification. Our patients displayed a similar lesion profile to what has been described in other studies: 74% of the cancer patients had SCC and 26% AdC. Regarding HPV infection, as expected, only high oncogenic risk types were detected in CIN3 and cancer samples. HPV16 genotype was the most frequent (32%), followed by HPV18 (15%) and 26% of other high-risk genotypes (Table 1). A percentage of samples, although positive for control DNA, were negative for the HPV genotypes included in our detection kit. Regarding age, the CIN3 bearing patients were significantly younger than the other groups. Other known risk factors for cervical cancer did not vary among groups: smoking habits, parity, hormonal contraceptive, number of sexual partners, and age of first intercourse (data not shown).


Table 1 | Patients’ cohort description.



Our first step was to evaluate the frequency of leucocyte infiltration in the tumor biopsies (Supplementary Figure 2A shows the gate strategy analysis for immune cell populations). As we have already shown in a previous study (20), our current data also showed that cervical cancer samples displayed higher leukocyte infiltration (CD45+) than CIN3 samples (Figure 1A). Within the leukocyte population (CD45+), we did not observe significant changes in the frequency of T lymphocytes (CD3+) or antigen-presenting cells (CD3-HLA-DR+). As it was not possible to acquire normal cervical tissue, we performed stratified analyses only between CIN3, SCC, and AdC biopsies. Next, we investigated the expression and phosphorylation of the intracellular signaling proteins p65 NFκB, Akt, STAT3, and CREB among the samples (Figure 1B). Except for the higher phospho-Akt expression observed in SCC compared to CIN3, there were no other significant alterations in the phosphorylated status of these proteins in the tumor microenvironment, related to lesion grade. All samples displayed similar levels of protein phosphorylation, both in the leukocyte (CD45+) compartment as in other tumor cells (CD45-). Total protein expression also displayed similar levels between CIN3 and cancer samples, with exception of p65 NFκB, which expression was lower in AdC, and Akt, with a similar pattern as observed with the phosphorylated protein (Supplementary Figure 2B).




Figure 1 | Expression of signaling proteins in cervical biopsies. (A) Frequency of infiltrating leukocytes in cervical biopsies. Cells suspensions labeled with anti-CD45, anti-CD3, and anti-HLA-DR were analyzed by flow cytometry, where we acquired at least 10,000 events per sample. Experimental groups were CIN3 – biopsies from patients with high-grade lesion, squamous cell carcinomas (SCC), and adenocarcinomas (AdC) – biopsies from patients with squamous cell carcinoma and adenocarcinoma, respectively. (B) Tumor cell suspensions labeled with anti-CD45 to identify CD45- and CD45+ cells were fixed, permeabilized, and intracellularly labeled with antibodies against the indicated phosphorylated proteins. Data is represented as the median of fluorescence intensity (MFI) in boxplots. The indicated values are the signal obtained for each protein minus the MFI values of the unstained controls. Significant differences are indicated in the figure. Experimental groups contained: CIN3 - 7, SCC 13, and AdC – 5 samples.



As mentioned before, we expected to find systemic alterations triggered by cervical lesions. To investigate that, we also analyzed the expression and phosphorylation status of the signaling proteins described above, in the peripheral blood mononuclear cells from our patients’ cohort together with a control group of clinically healthy donors. Supplementary Figure 2C shows one example of the gating strategy for the identification of mononuclear cell populations. First, we found a significant decrease in the T cell population (CD3+) and increase in antigen-presenting cells (CD3-HLA-DR+) frequency in cancer patients compared to clinically healthy controls (C) (Figure 2A). In spite of that, within the T cell population, there was no difference between activated (CD3+HLA-DR+) and resting T cells (CD3+HLA-DR- cells).




Figure 2 | Expression of signaling proteins in circulating leukocytes. (A) Frequency of leukocyte populations in the peripheral blood. Peripheral blood mononuclear cells were isolated by density gradient, and cells were labeled with anti-CD3 and anti-HLA. At least 10,000 events were acquired per sample using a FACSCanto. Populations were defined as shown in Supplementary Figure 2C. Data are represented as the percentage of the measured population in relation to the total population in the upper plots, and as the percentage within the CD3+ T lymphocyte population in the lower plots. Experimental groups were: C – healthy donor controls, CIN3 – patients with high-grade lesions, squamous cell carcinomas (SCC), and adenocarcinomas (AdC) – patients with squamous cell carcinoma and adenocarcinomas. Significant differences among experimental groups are indicated in the graphs. (B) STAT3 and p65-NFkB proteins expression in circulating leukocyte populations according to lesion grade. Peripheral blood mononuclear cells (PBMCs) were labeled with anti-CD3 and anti-HLA-DR, then fixed and permeabilized and intracellularly stained with antibodies against the indicated proteins. Cells were analyzed in a FACSCanto, where, at least 10,000 events were acquired per sample. Data is represented as boxplots using the median fluorescence intensity (MFI) value of each sample minus the background signal obtained with a sample incubated only with the secondary antibody. Experimental groups are: C – healthy donors controls, CIN3 – patients with high-grade lesions, SCC and AdC – patients with squamous cell carcinoma and adenocarcinomas. Significant differences among experimental groups are indicated by bars and corresponding p values. Sample sizes for STAT3 and NFκB: CIN3 n=11, SCC=15, AdC=6. In all cases, we had 11 healthy donor controls.



Next, we analyzed the protein expression and the phosphorylation status within the total peripheral blood mononuclear cells (PBMC), antigen-presenting cells (APC – correspondent to CD3-HLA-DR+ cells), and T cells (total CD3+ population). We observed a clear pattern of downregulation of p65 NFκB and upregulation of STAT3 total protein expression and phosphorylation among the high-grade cancer patients compared to healthy donors (Figure 2B). Besides that, we found a significant increase in the expression of total Akt in the T cell population in cancer patients and phosphorylated-CREB in patients with CIN3 compared to healthy donors (Supplementary Figure 3).

In both peripheral blood and biopsy samples, there was a reasonable spread in the protein expression data. This was not surprising, since these are human samples, and biopsies are from an anatomical site subjected to hormonal changes and exposed to environmental factors. Therefore, we may have missed significance in some situations that might be achieved had we been able to collect more samples. For example, phosphorylated-STAT3 expression seemed to be higher in CD45+ cells in cancer samples than in CIN3 biopsies (Figure 1B), which would correlate with the pattern observed in blood samples (Figure 2B). Another similarity was the downregulation of p65-NFκB in cancer patients in both peripheral blood samples and biopsies (Figure 2B). Therefore, there was a possibility that protein expression in the cancer leukocyte compartment and cells in the peripheral blood could display similarities that we could not see by evaluating expression dependent on lesion grade.

The proteins we chose to study not only are involved in biological processes important for cancer progression, but they may display interactions among themselves and with other factors within cells. Trying to access the potential interactions among these proteins, we decided to use the protein expression data we already had and calculate if each protein expression was correlated with all others. We used the MFI data to perform Pearson correlations and plotted the values as a heatmap. In Figure 3, we show the correlations found from protein expression data from biopsies populations in A, and peripheral blood populations in B. In Figure 3B we also showed data from peripheral blood populations from clinically healthy donors. If our premise that biochemical signals generated in the tumor microenvironment could trigger signaling pathways locally and systemically, we should be able to observe similar protein expression correlations in leukocytes within the tumor microenvironment and circulating ones.




Figure 3 | Protein expression and phosphorylation status correlation between tumor and blood leukocytes. For both tumor cells and circulating leukocytes, we used Pearson correlation to compare the expression data (MFI value) of all evaluated proteins, pairwise (data showed in Figures 1 and 2). We pooled together data from squamous cell carcinomas (SCC), and adenocarcinomas (AdC) patients for statistical power. For these analyses, we used data from patients with the complete panel of antibody labeling, and therefore had to exclude from the analysis patients with incomplete data. A total of 18 cancer patients were analyzed regarding their biopsy and peripheral blood data. (A) Biopsy data, where we highlighted in yellow the correlations within the infiltrating leukocyte population (CD45+), and in orange, a cluster including most of the statistically significant correlation values within the non-leukocyte population, mainly tumor cells (CD45-). (B) Peripheral blood data. Top panels are related to cancer patients’ samples and bottom panels to clinically healthy controls data (n=10). In healthy donor samples, some proteins could not be labeled therefore had to be excluded from the analysis (gray areas). Specific leukocyte populations within the peripheral blood mononuclear cells are specified in the figure. * indicates significant correlations. P- indicates phosphorylated proteins.



In cancer biopsies (Figure 3A), it was clear that leukocytes (CD45+) and cancer cells (CD45-) displayed different protein expression correlation patterns. In CD45- cells there were significant positive correlations among the expression of all total proteins, and there was a positive correlation among phosphorylated-Akt, phosphorylated-CREB, phosphorylated-STAT3 expression (highlighted in orange). There was also a positive correlation between NFκB and phospho-CREB expression. Among the leukocytes (CD45+) (highlighted in yellow), however, we only observed significant positive correlations among the expression of total Akt, STAT3, and CREB. These results indicated that, although, in the same microenvironment, different cell populations integrated signals differently, depending on their lineage, as expected.

In peripheral blood samples (Figure 3B), as mentioned before, we had the opportunity to compare data from cancer patients and clinically healthy controls. First, regarding the expression correlation patterns among cell populations, either in cancer patients or controls. We could observe that each analyzed population (antigen-presenting cells, resting or activated T cells), had a distinct expression correlation pattern. For example, in all cell populations from cancer patients, there was a positive expression correlation between STAT3 and Akt. However, while there was a positive correlation between p65 NFκB and CREB expression in T cells, the same was not true in antigen-presenting cells or activated T lymphocytes. Similarly, in controls, we could observe a significant negative correlation between phosphor-Akt and NFκB, but not in the other populations, just to mention one example. The PBMCs pattern was mainly similar to the pattern observed in T lymphocytes (CD3+HLA-DR-), in both cancer patients and control subjects blood samples. This was to be expected since among the populations analyzed, T lymphocytes were the most abundant within PBMCs.

Interestingly, as observed in the CD45+ population in cancer biopsies, in PBMCs from cancer patients, there was a positive correlation between Akt and STAT3 and CREB expression. These correlations were not found in control subjects’ PMBCs, where we found, instead, a negative correlation between p65 NFκB and phospho-Akt.

The most interesting point to take from Figure 3, however, came from the observation that expression patterns in circulating leukocytes from cancer patients were more similar to the pattern in cancer infiltrating leukocytes, than to the pattern observed in peripheral blood cells from clinically healthy donors (Figure 3B upper panels – cancer patients, lower panels – controls). These data clearly showed that cervical cancer triggers alterations systemic signaling, indicating that cells recruited to the tumor microenvironment already have a biased phenotype.



STAT3 Promotes Tumor Growth Through Immune Response Suppression, in A Mechanism Partially Dependent on NFκB Downregulation

The results described above clearly showed that cervical cancer displayed systemic effects on cancer patients’ immune system. The robust effect we observed in the upregulation of STAT3 expression dependent on lesion grade could be related to inflammatory cytokine signaling. Others and we have shown that HPV transformed cells, both human and murine; secrete IL-6 and G-CSF (4, 7, 19–21), both inducers of STAT3 activation (29). Our patients’ data together with experimental evidence that chronic activation of STAT3 promotes tolerance toward cervical cancer antigens (5, 8) led us to investigate if IL-6 and G-CSF could have a role in tumor growth and modulation of tumor systemic effects. We used the HPV16 associated murine tumor model, TC-1 (24), to test this hypothesis. We treated TC-1 tumor-bearing mice with neutralizing anti-G-CSF and/or anti-IL-6 and observed a significant decrease in tumor growth compared to the control group treated with irrelevant antibody (Figure 4A). The tumor growth inhibition was even more effective when the animals were injected with both antibodies simultaneously (Figure 4A). Cytokine neutralization also promoted a significant increase in the frequency of tumor-infiltrating T lymphocytes: at least 2-fold for both CD4 and CD8 T cells (Figures 4B, C). We did not observe significant differences in the frequency of tumor-infiltrating myeloid cells or total leukocyte infiltration (data not shown). Systemically, neutralization of IL-6 and G-CSF led to a decrease in the frequency of CD11b+Ly6C+Ly6G+ myeloid cells in the spleen (Supplementary Figures 4A, B) and also reverted the tumor triggered inhibition of NFκB in antigen-presenting cells and T lymphocytes (Supplementary Figure 4C). Because antibody treatment can promote off-target effects and face distribution resistance inside of the tumor microenvironment to block cytokine signaling, we decided to inject TC-1 tumor cells an IL-6 deficient mice, where was observed a significant reduction in the TC-1 tumor growth compared to wild type mice growth curve (Figure 4D), confirming IL-6 role as a pro-tumoral signal.




Figure 4 | Neutralization of IL-6 and G-CSF inhibits tumor growth, through changes in immune responses. (A) Tumor-bearing C57Black/6 mice were treated with 50 µg of anti-IL6 or IL-G-CSF or combination of both every other day. Controls were tumor-bearing mice treated with an equivalent concentration of irrelevant IgG (irr IgG). Tumor growth kinetics is represented by tumor volumes measured with a pachymeter (volume = D*d2/2, where D is the largest diameter and d is the smallest diameter). (B, C) Tumor cell suspensions, from mice described in (A), were labeled with antibodies to determine T cells infiltration by flow cytometry. After debris and doublets exclusion, we gated on CD45+ CD11b- cells for the identification of CD4+ and CD8+ T lymphocytes. (B) shows a representative experiment and (C) the quantification of data from two experiments with a total of eight mice. (D) TC-1 cells were injected in IL-6-/- mice and control C57Black/6 mice. Tumor measurements were performed as described above. Significant differences indicated by bars or corresponding p values, in (A) * also mark significant differences between control group and the others at specific time points. Even if not specified, p<0.05. Tumor growth kinetics were compared by the Mann-Whitney U test and the T cell infiltration by ANOVA.



Both IL-6 and G-CSF, through their specific receptors can activate more than one signaling pathway. For example, both can ctivate the PI3K/Akt pathway that, as previously shown, was activated in both tumor microenvironment and circulating leukocytes. Therefore, to test if signaling through STAT3 was important for tumor growth and systemic effects, we used the STAT3 inhibitor, NSC74859 (30) to treat tumor-bearing mice. Mice were injected with 5mg/Kg NSC74859 daily for 7 to 9 days. STAT3 inhibitor treatment significantly decreased tumor growth (Figure 5A). We also observed that the treatment inhibited the expression of phosphorylated-STAT3 and increased the expression of phosphorylated-p65-NFkB in comparison to control tumors (Figure 5B). Moreover, treatment significantly increased T lymphocyte tumor infiltration, both CD4 and CD8 T cells (Figures 5C, D). Again, there were no significant differences in the myeloid populations infiltrating tumors from the different experimental groups (data not shown).




Figure 5 | STAT3 inhibition inhibits tumor growth and promotes anti-tumor T cell responses. Tumor-bearing C57Black/6 mice were treated with 5 mg/Kg NSC74859 alone or combined with 3 mg/Kg JSH-23 every day from day 9 post tumor cell inoculation until day 16. Controls were treated with 2% DMSO in phosphate-buffered saline (PBS), which was de dilution solution for the inhibitors. (A) Tumors were measured with a pachymeter to determine tumor volume (volume = D*d2/2, where D is the largest diameter and d is the smallest diameter). (B) Expression of phosphorylated STAT3 and p65 NFκB proteins in tumors detected by immunofluorescence. Cryosections from fresh tumors from animals treated as described above were labeled with antibodies against the indicated targets (fluorescence obtained from secondary Alexa 488 anti-rabbit antibody) and counterstained with DAPI. (C, D) Tumor single-cell suspensions were used to determine the frequency of tumor-infiltrating T lymphocytes by flow cytometry. After debris and doublets exclusion, we gated on CD45+CD11b- cells to identify the CD4+ and CD8 T lymphocytes. (C) Shows a representative experiment. (D) Shows the quantification of data from four experiments with a total of 12 mice. Significant differences indicated by bars or corresponding p values in (A) * also mark significant differences between control group and the others at specific time points. Even if not specified, p<0.05. Tumor growth kinetics were compared by the Mann-Whitney U test, and the T cell infiltration by ANOVA.



In patients, we observed that cancer progression was associated with both increase in STAT3 expression and decrease in NFκB expression in peripheral blood cells. Added to that, in our experimental tumor model, the inhibition of STAT3 increased p65-NFκB expression in TC-1 tumors (Figure 5B), which could be a direct or indirect mechanism. That led us to test whether STAT3 mediated tumor growth and evasion mechanisms could involve p65-NFκB modulation. We treated tumor-bearing mice with a combination of STAT3 inhibitor and NFκB inhibitor, JSH-23. Treatment with the NFκB inhibitor partially reversed the effects observed with STAT3 inhibition regarding both tumor growth and T lymphocyte tumor infiltration (Figures 5A, C, D). This result indicated that part of the STAT3 pro-tumoral effect involves the inactivation of NFκB. We cannot tell at this point if this is a direct or indirect effect.

As in tumors, treatment with STAT3 inhibitor also promoted downregulation of phosphorylated STAT3 expression systemically, while causing phosphorylated p65-NFkB expression to increase to levels similar to those observed in spleens from naïve mice (Supplementary Figure 5A). Moreover, TC-1 tumors caused CD11b+Ly6C+ and CD11b+Ly6C+Ly6G+ myeloid cell accumulation in the spleen. But this effect was completely abrogated by treatment with the STAT3 inhibitor (Supplementary Figure 5B). Treatment did not affect on the frequency of spleen T lymphocytes (CD3+) (Supplementary Figure 5B).

Our results up to this point indicated that STAT3 inhibition could impair tumor growth, increase tumor T lymphocyte infiltration, and decrease tumor systemic effects. An increase in tumor T lymphocyte infiltration could reflect activation of antigen specific anti-tumor immune responses. To test if this was the case, we stimulated cells from peripheral lymph nodes from tumor-bearing mice treated with NSC74859, tumor-bearing mice without any treatment, and from naïve mice with peptides correspondent to E6 and E7 MHC-I epitopes. T lymphocyte activation was measured by dilution of a cell proliferation dye, as exemplified in Figure 6A and quantified in Figure 6B. As we can observe, inhibition of STAT3 promoted antigen-specific CD8 T lymphocyte proliferation (Figure 6B) indicating that treatment enabled the activation of cytotoxic immune responses. To confirm this hypothesis, we transferred lymph node cell suspensions from tumor-bearing C57Black/5 mice donors to tumor-bearing RAG1-/- recipient mice. Recipient mice that received cells from donors treated with STAT3 inhibitor displayed impaired tumor growth compared to both mice that receive lymphocytes from control tumor-bearing mice or non-reconstituted RAG1-/- mice (Figure 6C). Importantly, transferred cells from treated and control tumor-bearing donors had the same potential to engraft mice recipient (Figure 6D - upper dot plots). However, we found more T lymphocytes in tumors from mice that were transplanted with cells from STAT3 inhibitor-treated donors (Figure 6C - bottom dot plots). These results indicated that STAT3 inhibition increased anti-tumor immune responses, possibly allowing the generation of memory T lymphocytes.




Figure 6 | STAT3 inhibition increases antigen-specific anti-tumor responses. (A, B) T lymphocyte proliferation assay. Lymph node cell suspensions (stained with violet proliferation dye) were treated with 5 µg/ml HPV16 E6 and E7 peptides or 1µg/ml ionomycin and 10 ng/ml TPA for 4 days and then labeled with anti-CD4 and anti-CD8 and analyzed by flow cytometry. (A) Cell proliferation representative experiment. (B) Quantification of data from a total of five mice per experimental group. Data is presented as the percentage of cells that diluted the CellDye and compared by ANOVA. (C) Lymph node single-cell suspensions were transferred from 2% DMSO or NSC74859 treated tumor-bearing mice donor to tumor-bearing RAG1-/- recipient mice. A group of recipients was not reconstituted to be used as controls. Tumors were measured for 5 days and, by the end of this period peripheral lymph nodes and tumors were harvested from RAG1-/- recipient mice. (D) Tumors were processed to determine the frequency of tumor-infiltrating T lymphocytes. The average frequencies of infiltrating CD4 or CD8 T lymphocytes indicated in the graphs refer to the total number of tumor cells. As controls, the frequency of CD8 and CD4 T lymphocytes in the peripheral lymph nodes of transplanted mice is shown. A total of six reconstituted mice per group were analyzed.






Discussion

Tumor cells are dependent on the microenvironment for survival, growth, invasion, and even resistance to drugs (31). Data in the literature indicate that solid tumors display systemic effects, including alteration in leukocyte circulating populations. There are two important questions that this observation raises: 1) if leukocytes recruited to the tumor microenvironment are already biased toward a pro-tumoral phenotype due to systemic tumor effects; 2) if these altered cells have any role in modulating immune responses systemically.

Dissecting the roles of individual signaling pathways in the tumor ecosystems is complex because it is difficult to distinguish the source of the reciprocal paracrine and endocrinal signals as a consequence of the interactions between populations of neoplastic cells and tumor-associated inflammatory cells. Moreover, it has been described that HPV transformed cells display activated p65-NFκB, STAT3, and Akt (8, 32–35). Indeed, we found positive expression of all proteins studied in CIN3 and cancer biopsies, in both the CD45+ and CD45- cell compartments. Besides, when we compared the expression levels (MFI values) between each protein and all others by Pearson correlation, we found a correlation pattern in CD45+ cells different than the correlation pattern in CD45- cells. This was to be expected since tumor cells and leukocytes are completely different cells and would respond to the environment in different manners. Moreover, tumor cells express HPV oncoproteins that trigger several signals in tumor cells, as mentioned before. In HPV associated tumor cells, STAT3 expression may be indirectly activated by NFκB, since IL-6 is a transcription target of the later and known activator of the STAT3 pathway. This seems to be the case in cervical cancer cells according to Morgan and Macdonald’s data, which could explain the positive correlation between the expression of these two proteins in tumor cells (CD45-). Of notice, HPV oncoproteins E6 and E7 can activate NFκB and Akt, which corroborate our data related to cancer cells (7, 33).

The blood neutrophil to lymphocyte ratio (NLR) in cancer patients has been used as a prognostic marker for many types of cancer, including cervical cancer (36–39). What our data points out is that not only circulating cell populations’ frequency was altered in cancer patients, but their phenotype is also changed. Data in experimental models have been showing this for a long time. Observation of accumulation of myeloid-derived suppressor cells in the spleen of tumor-bearing mice, for instance, reflexes our observations (8, 9, 40). The very clear and significative increase in STAT3 and decrease in NFκB expression in circulating leukocytes not only can evidence the systemic effects of cervical cancer, as actually may have an important biological significance.

HPV transformed cells secrete IL-6 and G-CSF, as shown by different research groups (5, 9, 20). Macrophages in the tumor microenvironment also secrete IL-10. All these cytokines activate the STAT3 pathway (41). Some researchers consider STAT3 an oncogene, with a role in cellular proliferation, survival, and epithelial/mesenchymal transition (42). STAT3 activity is also part of the molecular mechanism leading tolerance toward tumor antigens (43). Systemically, it can promote tolerance toward tumor antigens through the increase in the frequency of myeloid-derived suppressor cells (8). The ability of STAT3 signaling networks to integrate and promote regulatory roles in both, tumor cells and immune cells suggests that this pathway must act as a signaling node, responding to multiple inputs and regulating different effector outputs. Within the evaluated leukocyte populations, we found that the protein expression correlation pattern observed in peripheral blood cells, mainly T lymphocytes, was more similar to the pattern observed in the CD45+ population in cancers than in leukocytes from clinically healthy donors. These results are proof of the modulatory effect that tumors can have on circulating leukocytes, indicating that cells recruited to tumors are already biased by the tumor microenvironment (Figure 7).




Figure 7 | Representation of the tumor systemic effects on immune cells and the result of STAT3 inhibition. In the top panel, we show that both leukocytes and tumor cells express STAT3 and p65NFκB, both phosphorylated, indicating activation. Factors secreted by cells in the tumor microenvironment, as IL-6 and G-CSF, signal systemically controlling not only leukocyte populations frequency but also phenotype, through an increase in STAT3 expression and decrease in p65 NFκB expression in secondary lymphoid organs or peripheral blood. In the lower panel, neutralization of IL-6 and G-CSF or inhibition of STAT3 impairs tumor growth, reduces the frequency of myeloid cells in secondary lymphoid organs, and increases anti-tumor T cells responses.



Our data showing the opposite expression of STAT3 and p65-NFκB according to lesion grade in peripheral blood leukocytes led us to speculate whether these signaling pathways could be part of the immunomodulatory effects of cervical cancer. Of notice, we did not observe a negative correlation between these proteins expression in the analysis displayed in Figure 3. However, it is important to differentiate, direct protein expression correlation in cancer samples (Figure 3), and expression variation according to lesion grade (Figure 2). In our mouse tumor model, STAT3 inhibition led to an increase in phoshorylated-p65-NFκB expression, both in the tumor as in the spleen. This could be due to the loss of direct STAT3 interference on NFκB activation. However, these protein expression patterns in both the tumor and spleen were too different for this hypothesis to be the case. While phosphorylated-STAT3 expression per cell was high, it had a discrete expression pattern relatively well distributed throughout the tumor and spleen tissue (Figure 5 and Supplementary Figure 4A). Phospho-p65 NFκB expression, on the other hand, displayed more diffuse expression in heterogeneous tumor and spleen areas. This indicated that switch in protein expression triggered by treatment was occurring in different cells. Therefore, either STAT3 could generate paracrine signals capable of inhibiting NFκB activation; or tumors could inhibit NFκB, through other mechanisms that do not directly involve STAT3, but that were reduced as treatment with STAT3 inhibition reduced tumor growth. For example, we have shown that lactate, a metabolite secreted by cervical cancer cells downregulated phosphorylated-p65-NFkB expression (35). We did not investigate the expression of p50-NFκB. It is possible that in cells from tumor-bearing hosts we might find p50/p50 homodimers, which may suppress inflammatory and immune responses (44). In the past, we showed that IL-10, secreted by tumor-associated macrophages, could reduce phosphorylated-p65-NFκB expression in splenocytes of tumor-bearing mice as part of the tumor evasion mechanism (19). IL-10 also signals through STAT3 to inhibit inflammatory and immune responses, corroborating the data presented in this manuscript (45).

Pharmacologic and antibody-based inhibitors that target signaling proteins in tumors have had a significant impact on cancer treatments. The use of STAT3 inhibitors for cancer treatment has been discussed in the literature for some time. Several ongoing clinical trials are using different approaches for STAT3 inhibition in cancer patients. There are, however, indications that the use of STAT3 inhibitors could hamper immune responses, which would be expected, mainly for Th17 responses. In the specific case of cervical cancer, there is no consensus regarding the role of CD4 Th17 lymphocytes. Punt and collaborators have shown that a high number of Th17 in cervical cancer improved prognosis, while high IL-17 expression by granulocytes and innate lymphoid cells represented poor prognosis (46). Interestingly, there is also data indicating that Th17 response can cause chronic inflammation and promote cancer progression (47). Moreover, our experimental data shows that inhibition of STAT3 increases anti-tumor immune responses. Therefore, we suggest that patients with cervical cancer, or even other HPV associated cancers, may benefit from treatment with STAT3 inhibitors, mainly if associated with other treatments, possibly chemo and radiotherapy, but even better combined with immunotherapies that could trigger Th1 immune responses (Figure 7).
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Supplementary Figure 1 | Intracellular antibody labeling optimization. After labeling surface antigens, cells were fixed and permeabilized, and then intracellularly labeled with antibodies against total or phosphorylated (P-) Akt, CREB, STAT3, and p65 NFκB proteins. In this figure, we displayed representative histograms related to signaling protein labeling. As negative control cells were incubated with only the FITC conjugated anti-rabbit secondary antibody, and HeLa cells were used as a positive control.

Supplementary Figure 2 | (A) Example of flow cytometry analysis for protein expression profile in the biopsies populations. After the exclusion of debris and doublets (first two dot plots), the labeling with anti-CD45 allowed us to identify the tumor cell (CD45-) and the leukocytes (CD45+) populations. Within the leukocytes, it was possible to identify two main subpopulations, the antigen-presenting cells (CD3-HLA-DR+) and the T lymphocytes (CD3+). (B) Total protein expression in the biopsies. Tumor cell suspensions labeled with anti-CD45 were fixed, permeabilized and intracellularly labeled with antibodies against the indicated total proteins. Data is represented as the median of fluorescence intensity (MFI) in boxplots. The indicated values are the signal obtained for each protein minus the MFI values of the negative controls. Significant differences are indicated in the figure. Experimental groups contained: CIN3 - 7, SCC 13, and AdC – 5 samples. (C) Representation of the gating strategy for flow cytometry for the peripheral blood cells. After exclusion of debris and doublets (first two dot plots), we used labeling with anti-CD3 and anti-HLA-DR to identify T lymphocytes (CD3+), activated T lymphocytes (CD3+HLA-DR+), and antigen-presenting cells (CD3-HLA-DR+).

Supplementary Figure 3 | Akt and CREB expression in circulating leukocyte populations according to lesion grade. PBMCs were labeled with anti-CD3 and anti-HLA-DR, then fixed and permeabilized and intracellularly stained with antibodies against the indicated proteins. Cells were analyzed in a FACSCanto, where, at least 10,000 events were acquired per sample. Data is represented as boxplots using the MFI value of each sample minus the background signal obtained with a sample incubated only with the secondary antibody. Experimental groups are: C – healthy donor controls, CIN3 – patients with high-grade lesions, SCC and AdC – patients with squamous cell carcinoma and adenocarcinomas. Bars and corresponding p values indicate significant differences between experimental groups. Sample sizes for Akt: CIN3 n=9, SCC=10, AdC=4; for CREB: CIN3 n=7, SCC=10, AdC=3. The samples sized for the AdC group were considered insufficient for analyzes. In all cases, we had 11 health donors.

Supplementary Figure 4 | Systemic effects of IL-6 and G-CSF neutralization. Spleens were harvested from the mice described in Figure 4. Naïve mice and irrelevant IgG treated tumor-bearing mice, when applicable, were used as controls (naive and irr IgG, respectively). Splenocytes were labeled with antibodies and analyzed by flow cytometry to determine the frequency of leukocytes (A and B) and expression of phosphorylated p65-NFκB, after fixation and permeabilization (C). A. Gating strategy to identify spleen populations. To identify the myeloid populations first, we gated in the CD11b+ population, and within this population, we analyzed the Ly6C and Ly6G subpopulations. B. Frequency of splenocytes in naïve or tumor-bearing mice treated with the indicated antibodies. Average of 9 different animals per group is represented in the histograms. C. Phosphorylated-p65 NFκB expression measured by flow cytometry. Splenocytes labeled with anti-MHC-II (APC) and anti-CD3 (T cells), were fixed, permeabilized, and labeled with antibodies against phosphorylated-p65 NFκB. Histograms represent the median fluorescence intensity (MFI). Values indicated on the right side of histograms are the average and standard deviation of the MFI results from 3 mice. The indicated values are the signal obtained minus the MFI values of the unstained control.

Supplementary Figure 5 | Systemic effects of STAT3 inhibition. A. Phosphorylated STAT3 and p65 NFκB expression in spleen cryosections from different experimental groups (as described in Figure 6): – tumor-bearing mice treated with STAT3 inhibitor (NSC748590), tumor-bearing mice treated with 2%, and naïve – control mice without tumor cell inoculation. The negative control is a spleen section incubated only with Alexa 488 conjugated anti-rabbit antibody. B. Frequency of populations in the spleen of the indicated experimental groups. Splenocytes were labeled with antibodies against the indicated cell surface antigens and analyzed by flow cytometry. The histograms indicated the average of each population frequency in the different experimental groups. * indicate significant differences between the control tumor-bearing mice and naïve mice or mice treated with STAT3 inhibitor.
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Purpose

Ovarian and uterine clear cell carcinomas (CCCs) are rare but associated with poor prognosis. This study explored RNA transcription patterns characteristic of these tumors.



Experimental Design

RNA sequencing (RNA-seq) of 11 ovarian CCCs and five uterine CCCs was performed and compared to publicly available data from high grade serous ovarian cancers (HGSOCs). Ingenuity Pathway Analyses were performed. CIBERSORT analyses estimated relative fractions of 22 immune cell types in each RNA-seq sample. Sequencing data was correlated with PD-L1 immunohistochemical expression.



Results

RNA-seq revealed 1,613 downregulated and 1,212 upregulated genes (corrected p < 0.05, |FC |≥10) in ovarian CCC versus HGSOC. Two subgroups were identified in the ovarian CCC, characterized by ethnicity and expression differences in ARID1A. There were 3,252 differentially expressed genes between PD-L1+/− ovarian CCCs, revealing immune response, cell death, and DNA repair networks, negatively correlated with PD-L1 expression, whereas cellular proliferation networks positively correlated with expression. In clear cell ovarian versus clear cell uterine cancer, 1,607 genes were significantly upregulated, and 109 genes were significantly downregulated (corrected p < 0.05, |FC|≥10). Comparative pathway analysis of late and early stage ovarian CCCs revealed unique metabolic and PTEN pathways, whereas uterine CCCs had unique Wnt/Ca+, estrogen receptor, and CCR5 signaling. CIBERSORT analysis revealed that activated mast cells and regulatory T cell populations were relatively enriched in uterine CCCs. The PD-L1+ ovarian CCCs had enriched resting NK cells and memory B cell populations, while PD-L1− had enriched CD8 T-cells, monocytes, eosinophils, and activated dendritic cells.



Conclusions

Unique transcriptional expression profiles distinguish clear cell uterine and ovarian cancers from each other and from other more common histologic subtypes. These insights may aid in devising novel therapeutics.





Keywords: ovarian clear cell cancer, uterine clear cell carcinoma, transcriptome (RNA-seq), PD-L1, immune microenvironment



Introduction

Ovarian and uterine carcinomas are gynecologic malignancies with significantly associated morbidity and mortality. Clear cell carcinoma (CCC) is a histologic subtype of both ovarian and uterine cancer that demonstrates unique clinical behavior. While other histologies display microarray gene expression patterns unique to their tissue of origin, CCCs show a remarkably similar gene expression pattern in the endometrium, kidney, and ovary (1, 2). Both uterine and ovarian clear cell carcinoma are rare and have early metastasis, high risk of recurrence, and poor prognosis (3). Given that these represent less than 5% of all uterine or ovarian cancers, optimal management strategies are extrapolated from more common histologies and incorporate comprehensive surgical staging and combination cytotoxic chemotherapy (4).

Tumor growth and responsiveness to therapy have foundations in tumor-induced immune suppression, primarily regulated by programmed death-ligand 1 (PD-L1), which promotes a regulatory T cell population and thereby facilitates immune evasion. The immunohistochemical expression of PD-L1 is correlated with poor outcomes in renal CCC (5) and ovarian CCC (6). Additionally, mutations in TP53, PIK3CA, PRKC1, and KRAS oncogenes as well as ARID1A and PTEN tumor suppressor genes have been studied as key drivers of ovarian CCCs, revealing therapeutic targets (7–9). Explorations of the genetic and epigenetic pathophysiology of CCCs are limited by the rarity of the tumors. Two studies analyzing DNA from 39 ovarian CCCs or 16 uterine CCCs report on mutational loads, microsatellite stability, and frequency of pathologic somatic mutations (10, 11).

An emerging field of study in tumorigenesis is the study of the tumor microenvironment, which includes the cellular and non-cellular components surrounding a tumor that allow it to acquire attributes of immune evasion, unchecked replication, invasion and metastasis. In renal CCC, breast, lung and colon cancers, immune signatures have been identified in the microenvironment with prognostic implications as well as a potential for precision immunotherapeutic targeting (12–15). This study is the first assessment of the tumor microenvironment of uterine and ovarian CCCs.

The primary aims of this retrospective cohort study were to describe whole-genome RNA sequencing patterns in uterine and ovarian CCC populations and to explore differential gene expression between tissues of different origins, stage, different expression of PD-L1, and between ovarian CCC and the more common high-grade serous histology. This study also explores the immune microenvironment of ovarian and uterine CCCs by evaluating the relative fractions of immune mediator cells in each cancer.



Materials and Methods


Patient Selection

Ovarian and uterine tumors were identified in the University of California, Irvine, Tissue Biorepository, that had been collected between 1992 and 2017 for women aged 18 years and over and were reviewed again to ensure they had pure clear cell histology and adequate available paraffin-embedded formalin-fixed tissue for staining. Mixed tumors that had any non-CCC histology were excluded, as were patients with incomplete medical records. A total of 41 patients met these criteria, of which 11 ovarian CCC tumors and five uterine CCCs were selected for this exploratory analysis.

A HIPAA-exempt IRB approval was obtained (UCI IRB HS#2015-2464). Available clinical information included age, ethnicity, tumor origin, International Federation of Gynecology and Obstetrics (FIGO) tumor stage (1–4), date of diagnosis, and date of death or last documented encounter. These data were abstracted from the electronic medical record system as well as the University of California, Irvine, Tumor Registry. Overall survival was calculated in months by subtracting date of death from the date of original diagnosis. Censored survival time was used for living patients, utilizing the last documented follow-up exam date to calculate survival in months.



Immunohistochemistry

All immunohistochemistry was done using the automated Ventana Medical Systems-Ultra Roche Tissue Diagnostics platform. For PD-L1, Ventana SP263 rabbit monoclonal antibody was used, and the results were reported as 0% (negative) or >0% (positive), based on institutional standards. As there is not an FDA-approved companion diagnostic anti-PD-L1 assay for gynecologic cancers at this time, the Ventana SP263 antibody was chosen as this was the institutional standard of care and data suggest that it is comparable to other clonal assays. We also calculated the PD-L1 combined positive score (CPS) as the number of PD-L1 positive cells (including tumor cells, lymphocytes and macrophages) divided by the total number of viable tumor cells, multiplied by 100. The CPS results were reported as <1 or ≥1 (16). Immunohistochemical expression of PD-L1 in ovarian and uterine CCC has been in explored in further detail in a larger cohort, from which this patient sample was selected (17).



RNA Sequencing

Tissue blocks were evaluated by a pathologist to identify the most homogeneous area of CCC from which RNA could be extracted. The FFPE RNA/DNA Purification Plus Kit (Cat # 54300, Norgen Biotek Corp) was used to isolate total RNA from patient specimens. RNA quality and quantity were assessed using an Agilent 2100 Bioanalyzer and a Qubit fluorimeter, respectively. All samples exhibited a DV200 metric of >30% of RNA with fragment sizes >200 nucleotides, as described previously (18, 19).

The Illumina TruSeq RNA Access library preparation kit was used for gene expression profiling of the 11 ovarian and five uterine tumors, as described previously (18, 19). Publicly available raw RNA-seq data using TruSeq RNA Access library prep kit from 10 BRCA-mutated high grade serous ovarian cancers (HGSOC) (GSE141142) was collected and directly compared with our ovarian CCC RNA-seq data (20). The same methods of library preparation (i.e., TruSeq RNA Access of Illumina) were used in both studies allowing for direct comparison of transcriptome between the two different histologic subtypes. The Access method of Illumina is based on 400,000 oligonucleotides (the Manifest) that are complementary to coding RNA. Sequencing reads that mapped to the Truseq RNA Access oligonucleotides were used for further analysis. A multiple comparison correction using a Benjamini–Hochberg FDR of 0.05 was used. Similarly, raw RNA-seq data was collected from 10 pairs of matched metastatic and primary HGS ovarian cancers, and seven pairs of matched primary HGS ovarian tumors and normal fallopian tubes (GSE137237) (21). We used oligo capture method (Illumina) to obtain sufficient RNAseq data from ovarian CCC samples, whereas this publicly available data used whole transcriptomes (Illumina). Thus, it was necessary to perform these comparisons indirectly although we applied the same alignment and normalization methods to our data and the external dataset. The transcriptome profile of PD-L1+ versus PD-L1− ovarian CCC was compared to 10 matched metastatic HGSOC with matched primary tumors, as well as seven primary HGSOC and matched normal fallopian tubes (GSE137237) (21).



Statistical Analysis

Transcript quantification was performed using DESeq2 normalization (Strand NGS) followed by normalization to the median of all samples (22). Pooled analysis was performed using the Audic-Claverie Test (AC) test (23). The Benjamini–Hochberg correction was applied to account for multiple testing and a corrected p-value of 0.05 was used as the threshold for detection of differentially expressed genes. Molecular pathway and functional analyses of statistically significantly differentially expressed genes of multiple experiments were analyzed using the Ingenuity Pathway analysis (IPA) package (QIAGEN Inc, USA). Canonical pathways and diseases/functions were deemed overrepresented at –log10 (p-value) >1.3, which is p<0.05.



Metadata Analysis of Ovarian Cancer RNA-Seq

For a meta-analysis of ovarian cancer RNA-seq data, we reanalyzed recently published GEO RNA-seq (GSE137237) data from seven matched pairs of primary HGS ovarian tumors and normal fallopian tubes, as well as ten matched pairs of metastatic and primary HGS ovarian cancer separately (21). Raw RNA-seq data were collected from the European Nucleotide Archive (ENA, https://www.ebi.ac.uk/ena) and imported into the Strand NGS tool to be analyzed at meta levels with our RNA-seq data from clear cell ovarian cancer patients.



Identification of the Immune Microenvironment Using CIBERSORT

We used the computational tool “Cell-type Identification By Estimating Relative Subsets Of RNA Transcripts” (CIBERSORT) (24) to characterize the immune cell-type composition (22 immune cell types) of multiple cohorts with varying gene expression profiles (i.e. ovarian CCC versus uterine CCC, PD-L1+ versus PD-L1− ovarian CCC, HGS metastasis versus matched primary, and ovarian HGS primary tumor versus matched normal fallopian tube. We used normalized quantified values as input to CIBERSORT. In this exploratory analysis, we calculated the relative immune fraction score, which estimates the fraction of each immune cell type such that the sum of all fractions is equal to 1 (total leukocyte content) for a given mixture sample. Stacked bar graphs were generated by the CIBERSORT server (Figures 1I, 2D, 3C).




Figure 1 | RNA-seq analysis of clear cell ovarian cancer. (A) Eleven clear cell ovarian carcinoma specimens were compared to ten high grade serous ovarian cancer patients (HGSOC). 1,212 genes were upregulated and 1,613 genes downregulated in ovarian CCCs compared to HGSOC (corrected p-value < 0.05, |FC| ≥ 10). Two distinct subgroups (SG1 and SG2) are revealed. (B) A non-linear dimension reduction (t-SNE) 2D plot on the 2,825 statistically differentially expressed genes in ovarian CCC and HGSOC revealed the same two distinct subgroups as in (A). Orange squares are HGSOC. (C) Kaplan–Meier curve for 11 Asian and 19 White patients with ovarian CCC displaying the effects of race on ovarian cancer overall survival. (D, E) Log2 expression levels of tumor suppressor genes ARID1A and PTEN in eleven ovarian CCCs and ten HGSOC patients. (F) Scatter plot of the expression of mucin gene families. Mucin gene family were expressed at significantly higher levels (p < 0.0001) in ovarian CCC than in HGOC. (G) Box plots depicting the expression levels of significantly differentially transcribed genes (corrected p < 0.0001, |FC| ≥8) in PD-L1 CPS+ patients (n = 6) compared to PD-L1 CPS− patients (n = 5). (H) Four top ranked gene networks of up and downregulated genes in PD-L1+ as compared to PD-L1− ovarian CCC patients. Green colored nodes indicate downregulated and red indicates upregulated gene expression in PD-L1+ versus PD-L1− ovarian CCC cases. Darker shades of the nodes indicate higher expression values. Solid lines represent direct interactions. Dotted lines represent indirect interactions. White colored nodes are in the pathway, but not in our dataset. (I) CIBERSORT analysis of 22 immune cell types in PD-L1 positive (n = 6) and negative ovarian CCC (n = 5) cohorts (1,000 permutations). (OVA CCC, ovarian clear cell carcinoma; HGSOC, high grade serous ovarian cancer; FC, fold change; OS, overall survival; PD-L1, programmed death ligand 1; SG1, subgroup 1); SG2, subgroup 2.






Figure 2 | RNA-seq metadata analysis of ovarian cancer. (A) Kaplan–Meier curve displaying the effects of PD-L1 expression on ovarian cancer overall survival (11 PD-L1+ and 21 PD-L1−). (B) Venn diagram depicting the number of unique and overlapping differentially transcribed genes among top 2,000 genes across three different comparisons: (i) PD-L1+ (n = 6) vs PD-L1− (n = 5) CCC ovarian cancers; (ii) seven pairs of primary high grade serous ovarian cancers (HGSOC) and normal fallopian tubes; (iii) ten pairs of metastatic and primary HGSOC. (C) Comparative pathway analysis across the three datasets, sorted based on significantly enriched pathways (−log10 p-value > 1.9) in ovarian CCC compared to HGSOC patients. (D) CIBERSORT analysis of the relative proportions of 22 tumor infiltrating immune cell types (25) between HGSOC metastatic versus primary tumor, and between HGSOC primary tumors versus matched normal fallopian tubes (1,000 permutations). OVA CCC, ovarian clear cell carcinoma; HGSOC, high grade serous ovarian cancer; MET, metastatic tumor, high grade serous ovarian cancer; PT, primary tumor, high grade serous ovarian cancer; FT, normal fallopian tube.






Figure 3 | RNA-seq analysis of clear cell ovarian and clear cell uterine cancer. (A) Heat map showing the hierarchical clustering of 1,716 differentially expressed genes (corrected p < 0.05, |FC| ≥10) in clear cell ovarian (n = 11) versus clear cell uterine (n = 5) cancer. (B) Bar diagrams depicting the top 20 significant pathways (p < 0.05) associated with upregulated genes and top five significant pathways (p < 0.05) associated with downregulated genes in OVA CCC as compared to UTE CCC. (C) CIBERSORT analysis of immune cell compositions in clear cell ovarian and uterine carcinomas. The frequency of infiltrated immune cell types was estimated using gene expression profiling data of the two sites. OVA CCC and OVA ovarian clear cell carcinoma; UTE and UTE CCC, uterine clear cell carcinoma.






Results


Patient Characteristics

Of the 11 patients in the ovarian CCC cohort, there were three at FIGO stage 1, three at stage 2, three at stage 3 and two at stage 4. Patients self-identified as Asian (4/11) or white (5/11), with 2/11 unidentified. Mean overall survival (OS) was 15.2 months (range 0–43). Within the five patients in the uterine CCC cohort, three were at FIGO stage 1, one at stage 3 and one at stage 4. Patients self-identified as white (2/5), or black (2/5), with 1/5 unidentified. Mean OS was 30.08 months (range 7.3–48.8). Patients’ characteristics and PD-L1 staining results are included in Table S1.



RNA-Seq Analysis of Clear Cell and High Grade Serous Ovarian Carcinoma

A comparison of the transcription profiles of ovarian CCC to the more common high-grade serous ovarian carcinoma (HGSOC) histology is critical to developing targeted therapeutic strategies. This analysis identified 1,212 genes that were statistically significantly upregulated and 1,613 that were statistically significantly downregulated (FDR < 0.05 and |FC| ≥10) in clear cell ovarian versus HGSOC (Figure 1A, Supplementary Dataset 1, ST1A).



Pathway Analysis of Differentially Expressed Genes in Ovarian CCCs Compared to HGSOC

The core pathway analysis in the IPA tool was used to identify the most significant pathways represented among the 1,613 downregulated and 1,212 upregulated genes in ovarian CCC (n = 11) compared to HGSOC (n = 10). Among the top canonical pathways associated with downregulated genes in ovarian CCC as compared to HGSOC are mitochondrial dysfunction, oxidative phosphorylation, protein ubiquitination, PI3K/AKT pathways, NER pathways, integrin signaling, BMP, ATM signaling, hypoxia signaling, and several immune response pathways including IL-2 and IL-17. Downregulated genes in ovarian CCC as compared to HGSOC include NDUFA1, NADUFA12, NDUFA13, NDUFAB1, NDUFB5, NDUFB9, NDUFS6, NDUFS8, UBE2B, UBE, PTEN, SUMO1, and CDC34 (Supplementary Dataset 1, ST1B-C). The significantly upregulated pathways in ovarian CCC as compared to HGSOC include multiple metabolic pathways (nicotine degradation, role of lipids, thyroid hormone metabolism, glucocorticoid receptor signaling, serotonin degradations, glycine, and retinoate biosynthesis) and immune response pathways (RIG1-like receptors in antiviral innate immunity, and the role of cytokines in mediating communication between immune cells) (Supplementary Dataset 1, ST1C)



Subcategorization of Clear Cell Ovarian Cancer

RNA-seq analysis of the ovarian CCC samples revealed two potential distinct subgroups in a tSNE plot (Figures 1A, B). This distinction was not observed with conventional pathology approaches (i.e. cell morphology). Subcategorization of clear cell cancers has not been previously described. The differences in gene expression in these two subgroups of CCC ovarian cancer patients dichotomized based on ethnicity. Subgroup 1 contained 66% white patients (4/6 white and 2/6 unknown), whereas subgroup 2 contained 80% women of Asian ancestry (4/5 Asian and 1/5 white). Using a larger ovarian CCC IHC-only cohort of 30 patients from which our pilot population was derived, Kaplan–Meier analysis of disease-specific overall survival suggests a trend that White women with ovarian CCC may have worse overall survival at a median 53.8 months compared to Asian American women at a median 4,101 months (p = 0.29) (Figure 1C) (6) (17).

We investigated the expression levels of genes that are well-established targets of somatic mutations within clear cell ovarian cancers as possible drivers of these two subgroups. Within the overall ovarian CCC cohort, ARID1A was expressed at significantly higher levels (corrected p-value < 0.05 and log2 FC = 0.91) and PTEN at significantly lower levels (log2 FC = −4.16) when compared to HGSOC (Figures 1D, E). Expression of ARID1A between the two ovarian CCC subgroups was significantly upregulated in subgroup 2 containing Asian American women, but not in subgroup 1 (log2 FC =2.78). In contrast, PTEN expression was significantly downregulated in both subgroups when compared to HGSOC (log2 FC = −4.12 in SG1 and log2 FC = −4.20 in SG2) (Figure 1E).

We found increased mRNA expression of several mucin genes in ovarian clear cell carcinoma patients (n = 11), when compared to HGSOC (n = 10), including MUC2, MUC4, MUC6, MUC7, MUC12, MUC13, MUC17, MUC19, MUC21. MUC22, and MUC5B (Figure 1F). Additional overexpressed genes were those encoding fork-head box transcriptional factor FOXA1 and FOXD4. Among significantly differentially under-expressed genes in ovarian CCC compared to HGSOC were F-box leucine-rich repeat proteins (FBXL2, FBXL13, FBXL3) and several cytochrome genes (COX15, COX17, COX18, COA6, SCO1, and SCO2) (Supplementary Dataset 1, ST1A).



Pathway Analysis of Ovarian CCCs With or Without Immunohistochemical PD-L1 Expression

Patients were divided into two groups, where PD-L1 combined positive scores (CPS) <1 was considered negative and PD-L1 CPS ≥1 was considered positive (26). Of the 11 investigated ovarian CCC samples, six were positive for PD-L1 expression and five were negative. The expression of 332 genes was positively correlated with PD-L1 expression, and 2,920 were negatively correlated (corrected p-value < 0.05 and |FC| ≥8) (Supplementary Dataset 1, ST1D). Among significantly negatively correlated genes with PD-L1 expression are genes of DNA repair (MYH3, MYH6, MYH7, and MYH13), antigen presentation and innate immune response (IFI27, IFI44L, IFIT1, IFIT5, IFNA4, DDX58, IFNA2, TLR9, TRB, and IFNAR2) (Figures 1G, H, Supplementary Dataset 1, ST1D). PD-L1 expression positively correlated with high expression levels of tumor promoting genes such as CD68, ADAM12, FXYD5, S100A11, CD46, and MED19 (Figures 1G, H, Supplementary Dataset 1, and ST1D).

To identify networks associated with the genes significantly up- or downregulated genes in PD-L1+ as compared to PD-L1− patients, we used the “core analysis” module in IPA (Supplementary Dataset 1, ST1E-F). Among the top networks negatively correlated with PD-L1 expression are (a) “Antimicrobial Response, Infectious Diseases, Inflammatory Response” and (b) “Cell Death and Survival, Connective Tissue Disorders, DNA Replication, Recombination, and Repair” (Figure 1H, Supplementary Dataset 1, ST1E). Two important hub genes that negatively correlated with PD-L1 expression are IFNA2 (interacting with IFI27, IFIT5, DDX58, TRIM14, IFI44L and HSH2D) and TCR (interacting with IFIT1, PGK2, IFI44L, BCL2A1, P2RX7, MARF1 and STK17B). Additionally, cell death and repair network including CDC6, MCM6, ITGA7, GATA2, PTP4A3 and SKA2 are negatively correlated with PD-L1 expression (Figures 1G, H, Supplementary Dataset 1, and ST1E).

Networks associated with genes positively correlated with PD-L1 include “Cancer, Gastrointestinal Disease, Gene Expression” and “Cellular Development, Cellular Growth and Proliferation, Hematological System Development and Function”). In the first network, Histone 3 (H3F3A) is a key hub protein, and the RNA of this gene is downregulated in PD-L1+ OVA CCC patients (Figures 1G, H, Supplementary Dataset1, ST1D, and ST1F). This gene has network interactions with several proteins whose transcripts are upregulated including HDAC2, ID4, SF3B, DPY30, USP3 and RNA polymerase 2 (Figures 1G, H, Supplementary Dataset 1, ST1F). The second network centered on several genes including CD46, TGFBR2, and ALCAM. These genes have network interactions with several proteins with higher mRNA expression levels in PD-L1 expressing cases, including ADAM12, MYOF, SPP1 and SNX2 (Figures 1G, H, Supplementary Dataset 1, ST1F).



The Immune Microenvironment of Ovarian CCCs With and Without PD-L1 Expression

CIBERSORT was used to estimate the relative fractions of 22 tumor infiltrated leukocyte types in PD-L1− (n = 5) as compared to PD-L1+ (n = 6) clear cell ovarian cancer patients. Our data revealed higher average fractions of some immune system cell types in the five PD-L1− as compared to the six PD-L1+ CCC tumors. These included monocytes (26 vs 2%), resting memory CD4 T-cells (20 vs 2%), CD8 T− cells (11 vs 6%), eosinophil (12 vs 0.6%), and neutrophils (10 vs 2%), activated dendritic cells (6 vs 0%), activated mast cells (7 vs 0%), and plasma cells (4 vs 0%). In contrast, memory B cells (16%) and resting NK cells (15%) were present in PD-L1+ and completely absent in PD-L1− (Figure 1I).



Metadata Analysis of RNA-Seq for Ovarian PDL-1+ and PD-L1− CCC and Non-Clear Cell Populations

Existing data suggests that PD-L1 expression may be associated with poor prognosis in several cancer types. Using a larger sample from our larger cohort of IHC-only patients (n = 32), a Kaplan–Meier curve for disease-specific survival in the ovarian CCC cohort suggests a trend that women with positive PD-L1 have worse overall survival (undefined), compared to PD-L1 negative women at a median OS of 101 months (p = 0.35) (6) (Figure 2A).

To compare the transcriptome profile of PD-L1 positive versus negative ovarian CCCs with metastatic HGS and primary HGSOCs, we collected publicly available raw RNA seq data from Mitra et al. study (GSE137237) (20). The top 2,000 statistically significantly differentially expressed genes (corrected p < 0.05) for various group comparisons were analyzed, including ovarian PD-L1+ versus PD-L1− CCC, HGS metastatic versus matched HGS primary tumors, and HGS primary tumor versus normal fallopian tubes (Supplementary Dataset 2, ST2A-C). These comparisons revealed 987 genes that were uniquely regulated when metastatic HGS tumors were compared with HGS primary tumors, 989 such genes when primary HGS tumors were compared to normal fallopian tubes, and 1,552 such genes when PD-L1 positive ovarian CCCs were compared to PD-L1 negative ovarian CCCs (Figure 2B, Supplementary Dataset 2, ST2A−C). When those genes with differential expression in the PD-L1+ versus PD-L1 negative groups were compared with those in the HGS metastatic tumor versus HGS primary tumor groups, we identified 281 overlapping genes of which 206 (73%) were concordant (Figure 2B, Table 1). Examples of upregulated concordant genes between PD-L1+ ovarian CCC and metastatic HGS include ARPC4, CD53, IGFN1, PSMD4, TGFBR2, TMSB10, and WDR1. Among downregulated concordant genes between both PD-L1+ ovarian CCC and metastatic HGS ovarian patients were WNT3A, WNT5A, and H3F3A. Pathway analysis of these concordant genes suggests alterations in the role of NANOG in mammalian embryonic stem cell pluripotency, aldosterone signaling in epithelial cells, STAT3 pathway, axonal guidance, and PTEN signaling (Supplementary Dataset 2, ST2A–B, ST2D). In addition, ovarian CCC shared 279 overlapping genes with primary HGS tumors, of which 179 were concordant genes (64%) (Table 1).


Table 1 | Statistical evaluation of comparative gene expression.



Core canonical pathway analysis for the most significantly differentially expressed 2,000 genes in each dataset was used to identify 56 pathways that were enriched for differential gene transcription in PD-L1+ ovarian CCC as compared to PD-L1− ovarian CCC, 164 such pathways for metastatic HGS cancer compared to primary HGS tumors, and 201 such pathways for primary HGSOC compared to normal tubal tissue. Comparison of these data was performed across the three datasets then sorted according to the top 40 pathways enriched for differential gene transcription in the ovarian PD-L1+ versus PD-L1− cohorts of ovarian CCC (Figure 2C, Supplementary Dataset 2, ST2E). Of the top 40 signaling pathways with −log10 (p-value) >1.9, nine showed enrichment exclusively in PD-L1+ clear cell ovarian cancer as compared to metastatic HGS and primary HGS ovarian cancer including circadian rhythm, several metabolic pathways such as pentose phosphate, WNT/Ca+ signaling and GABA receptor signaling. There were two signaling pathways corticotropin releasing hormone and synaptogenesis showing similar enrichment in both PD-L1+ clear cell and HGS metastatic ovarian cancer. Moreover, when considering ovarian PD-L1+ CCC and HGS primary ovarian cancers an additional 15 signaling pathways were identified with similar enrichment of differential gene transcription, including Gαi and colorectal cancer metastasis (Figure 2C, Supplementary Dataset 2, ST2E).



Identification of Leukocytes Infiltrating the Tumors of Non-Clear Cell Ovarian Cancer

CIBERSORT analysis was performed to compare the immune cell type composition in paired HGS metastatic versus primary ovarian tumors (n = 10) and paired HGS primary tumors versus normal fallopian tubes (n = 7). Metastatic HGS tumors showed higher fractions of M2 macrophages (32%) as compared to their matched primary tumors (17%). Conversely, activated mast cell and M0 macrophages represented 2 and 4% in metastatic HGS tumors, as compared to 16 and 19% in matched primary HGS tumors. When immune cell type composition in HGS primary tumors were compared to their matched normal fallopian tubes, both show high fractions of M2 macrophages at 45 and 35% respectively. There are higher proportions of resting mast cells (6 vs 8%) and resting CD4 memory T cells (8 vs 12%) in HGS primary tumors as compared to normal fallopian tubes respectively (Figure 2D).



Transcriptome Analysis of Clear Cell Ovarian and Clear Cell Uterine Carcinomas

The RNA-seq data from 11 ovarian CCCs and five uterine CCCs were compared to detect differences based on tumor type. In clear cell ovarian versus clear cell uterine cancer, 1,607 genes were statistically significantly upregulated, and 109 genes were statistically significantly downregulated (FDR < 0.05, |FC| ≥10) (Figure 3A, Supplementary Dataset 3, ST3A). IPA analysis of these 1,607 upregulated genes revealed significant enrichment in several metabolic pathways (including mineralocorticoid biosynthesis, nicotine degradation and glucocorticoid biosynthesis) and cell signaling pathways (including TNFR2, LXR/RXR, and FXR/RXR activation, inflammasome, IL-12 signaling and production in macrophages, iNOS, T-cell exhaustion, activation of IRF by cytosolic pattern recognition receptors). Among signaling pathways associated with significantly downregulated genes in ovarian CCCs versus uterine CCCs are NADH repair, PRPP biosynthesis and IL17 in inflammatory airway (Figure 3B, Supplementary Dataset 3, ST3B–C).

We performed comparative pathways analysis of IPA to compare the top 2,000 significantly differentially expressed genes (corrected p-value <0.05 and |FC| ≥10) in late-stage (stages 3 and 4) and early-stage (stages 1 and 2) disease in both the ovarian CCC and uterine CCC cohorts (Supplementary Dataset 3, ST3D-F). Comparative pathway analysis identified pathways uniquely different in late-stage versus early-stage disease in ovarian CCC as compared to uterine CCC patients, including several metabolic pathways (D-myo-inositol (1,3,4)-trisphosphate biosynthesis, melatonin, nicotine,3-phosphoinositide degradations, tyrosine biosynthesis), as well as PTEN and interferon signaling, DNA double-strand break repair by homologous recombination. Additionally, there were unique pathways in Gap Junction, renin angiotensin, estrogen receptor, CCR5 signaling in macrophages, and Wnt/Ca+ pathway (Supplementary Dataset 3, ST3F)

Finally, CIBERSORT was used to compare the immune cell infiltration between the two clear cell cohorts (Figure 3C). Activated mast cells were increased in uterine CCC at 20%, naïve- B cells at 5%, T-reg at 6%, T cells follicular helper at 4%, and M2 macrophages at 4% while they were absent in ovarian CCC. The proportions of resting NK cells were increased in the uterine CCC cohort, while neutrophils, activated DCs, eosinophil, monocytes, CD8 T-cells and naïve CD4 T-cells were decreased, relative to ovarian CCC. The proportion of activated DCs and monocytes were significantly higher in ovarian CCC (Figure 3C).




Discussion

Whole genome sequencing within serous ovarian cancers, endometrioid and carcinosarcoma uterine cancers of The Cancer Genome Atlas (TCGA) has identified clinically relevant mutations and epigenetic alterations that have applications in both prognosis and treatment. Similar data is largely missing in rare gynecologic cancer histologies. This study identified the unique transcriptomes of uterine and ovarian CCCs, using exploratory correlations with demographic factors and tumor characteristics.

Our RNA sequencing results are consistent with prior data that suggests numerous MUC genes are expressed at higher levels in ovarian cancers (Figure 1F) (27). Overexpression of the MUC genes is clinically relevant as mucins are large extracellular proteins allowing them to serve as biomarkers (indeed, MUC16 is also known as CA125), and their overexpression is well established as prognostic indicators (28). We found FOXA1 to be upregulated whereas COX15, COX17, FBXL2, and cytochrome genes (SCO1 and SCO2) were down regulated in ovarian CCC as compared to HGS tumors. Over expression of FOXA1 in ovarian cancer is consistent with existing literature, with aberrant expression implicated in tumorigenesis and invasive phenotype (29). Potential tumor suppressor activities of FBXL2 utilizing the ubiquitin-mediated degradation of crucial cell cycle regulators have been reported (30). Genes of cytochrome oxidase C also function as tumor suppressors, including low expression of SCO2, which in breast cancer populations is associated with poorer prognosis (31).

Our population showed downregulated genes in the ovarian CCC cohort as compared to the HGS ovarian cancers in several canonical pathways including the PI3K/AKT pathway, as well as in mitochondrial dysfunction, oxidative phosphorylation, protein ubiquitination, NER pathways, integrin signaling, BMP, and ATM signaling. The disproportionately high rate of mutation of PI3K/AKT in ovarian CCC has been established with a role in cell survival, proliferation and angiogenesis – indeed, therapeutic targeting with PI3K/AKT inhibitors and mTOR inhibitors has been investigated (32). The role of downregulation of ATM signaling in clear cell carcinomas is not reported, although high ATM protein and mRNA in HGS carcinomas correlates with poor survival and platinum resistance (33). There is compelling evidence suggesting the role of deregulation of mitochondrial, oxidative phosphorylation, and ubiquitination pathways in tumorigenesis (31, 34). There were numerous NADH dehydrogenase (uniquinone) 1 alpha (NDUFA) genes that were downregulated in our cohort relative to HGS cancers, which is in contrast to renal clear cell carcinoma in which NDUFA4L2 expression is high, serving as a novel molecular target for treatment (35). Suppression of NDUFA has been reported in tumorigenesis of basal cell carcinoma (36).

Key upregulated pathways in our ovarian CCC cohort as compared to HGS tumors included multiple metabolic pathways (nicotine degradation, role of lipids, thyroid hormone metabolism, glucocorticoid receptor signaling, serotonin degradations, glycine and retinoate biosynthesis) and immune response pathways (RIG1-like receptors in antiviral innate immunity, and the role of cytokines in mediating communication between immune cells). The upregulation of metabolic pathways in ovarian CCC cohorts as the predominant phenotypic expression of differentially expressed genes is consistent with the strong body of literature supporting that reprogramming of biosynthesis and continuous cellular proliferation are hallmarks of tumorigenesis (37). Indeed, metabolic reprogramming of glucose utilization is critical in tumor initiation and progression (38). Not unexpectedly, downregulated pathways in our data were primarily those involved in DNA damage response, which facilitate tumorigenesis through unregulated progression through the cell cycle and enable metabolic reprogramming (39). Two subtypes of renal cell carcinoma have been identified based on metabolic up- or downregulation of factors such as serotonin and glycine, both of which are upregulated in our population which is a novel observation (40).

Within the cohort of ovarian CCCs, heat maps of differentially expressed genes revealed two subgroups (Figures 1A, B). Subcategorization of clear cell cancers has not been previously described. We focused on ARID1A and PTEN given their existing associations with CCCs. Transcription of the tumor suppressor gene ARID1A was significantly upregulated in subgroup 2, while tumor suppressor gene PTEN transcription was significantly downregulated in both subgroups as compared to HGSOC. A higher fraction of Asian women contributed to the cancer specimens in subgroup 2 compared to subgroup 1. Our study suggests that Asian women presenting with ovarian CCC have better overall survival (Figure 1C). This improved survival is similar to that noted in previously published Kaplan–Meier analyses by Fuh et al., who showed that compared to Caucasian women, Asian women were younger, had earlier stage cancers, and had improved 5-year disease specific survival (41).

Downregulation of DNA repair and innate immunity genes was notable in the PD-L1+ cohort, including MYH genes, IFI genes and IFNA genes. Upregulation of tumor promoting genes in the PD-L1 positive group were notable for CD68, MED19 and CD46 (Figures 1G, H). Over expression of CD68 along with other tumor associated macrophages is associated with worse prognosis in hepatocellular carcinoma patients (42). PD-L1 expressing CD68 macrophage represent suppressor cell populations in ovarian cancer, which contribute to immune escape of ovarian cancer cells (43). MED19 in urothelial cancers promotes bone metastases and invasive behavior, and may serve as a therapeutic target (44). High CD46 expression may serve as a target for oncolytic viruses, with in-vitro studies showing promise with intraperitoneal application in ovarian cancer (45).

Our data highlighted two important gene hubs in PD-L1+ tumors, including IFNA2 and T-cell receptor (TCR) genes, with implications for downregulation of T-cell receptors and the antigen-presentation network (Figures 1G, H). Data suggests that PD-L1 expression impacts ligand-induced T-cell receptor downregulation to prepare cytotoxic T-cells against their targets. This, in combination with decreased IFNA2, activated DCs, and altered antigen presentation enables an immune-tolerant environment that allows tumor to evade host recognition (46). Our findings were notable for a negative correlation between CDC6 and PD-L1 expression, suggesting that PD-L1+ patients that do not express CDC6 may have better prognosis (Figure 1H). High expression of CDC6 is associated with poor prognosis in HGSOC, as it activates and maintains checkpoint mechanisms in the cell cycle and may allow accelerated cellular proliferation—its negative correlation with PD-L1 expression may have implications in prognosis (47).

Several important genes emerged that negatively correlated with PD-L1 expression, including Histone 3 (H3F3A) (Figures 1G, H). Histone 3F3A may be deposited at highly transcriptionally active regions of the genome, and although the impact of H3F3A in clear cell ovarian cancer is not understood, its mutation in glioblastoma and other tumors have been reported (48). Another gene network that was uniquely upregulated in PD-L1+ as compared to PD-L1− ovarian CCC included transforming growth factor (TGFβR2) and ALCAM (Figures 1G, H). Signaling via the TGFβ pathway is essential in cellular differentiation, apoptosis, invasion, angiogenesis and immune regulation and dysregulation in this pathway is established in ovarian cancer tumorigenesis and progression, revealing therapeutic targets that have been explored (49). Both transmembranous ALCAM and soluble ALCAM in ascites fluid have been investigated as possible tumoral biomarkers and may be indicators of an aggressive phenotype in ovarian cancer (50).

As data on the immune microenvironment is lacking in gynecologic populations, to date, investigation of other cancer types can be illuminating. Breast cancer is often characterized by high fractions of M0 macrophages, M1 macrophages, follicular type T cells and regulatory T cells, and low fractions of plasma cells (12). In breast cancer, immune signatures were independently predictive of disease-free survival (DFS) and overall survival (OS), with worse DFS and OS with higher cell fractions of M0 macrophages and high resting NK cell fractions (12). In a similar study within a lung adenocarcinoma cohort, poor prognosis was correlated with a lack of memory B cells, increased M0 macrophages, and high neutrophils, while follicular T helper cells were linked to more favorable outcomes (13). Within colorectal cancer populations, CIBERSORT data has been used to construct a diagnostic immune risk score as well as a prognostic immune risk score with more accuracy than traditional staging (15). Renal CCCs have particularly robust tumor-infiltrating immune cells (high Th17/Th2 cell ratio, high CD8+ T/Treg ratio), which are associated with improved survival (51). The correlation of an immune signature with patient outcomes to allow improved prognostication is novel in clear cell gynecologic cancers, and our data serves as an exploratory introduction to the unique clear cell immune microenvironment.

Data support that PD-L1 positivity may represent a more aggressive phenotype in ovarian clear cell cancers (52). Our analysis revealed an abundance of CD8 T-cells, monocytes, activated dendritic cells and eosinophils in PD-L1 negative ovarian CCCs compared to PD-L1 positive tumors (Figure 1I). In addition to CD8 T-cells, mature or activated DCs play a critical role in the generation of a clinically-favorable cytotoxic immune response in HGSOC microenvironment (53) (Figure 1I).

The microenvironment of endometrial cancers has recently been explored, with dysfunction of altered NK cells shown to be a key mediator in the lack of a cytotoxic anti-tumor response, facilitating tumor progression (54). The endometrial cancer microenvironment fosters a feedback loop of IL-6, aromatase, and in-situ estrogen elevations, which promotes tumorigenesis (55). No previous data exists for clear cell subtypes of endometrial cancer. Our CIBERSORT data shows that our sample of uterine CCC tumors were different from ovarian CCC. Uterine CCCs had higher proportions of activated mast cells, T-regs, resting NK cells and M2 macrophages and lower proportions of activated DCs suggesting less activated immune response in these patients as compared to ovarian CCC cohorts (Figure 3C).

Non-clear cell HGS ovarian cancers show a completely different immune cell type profile as compared to our sample of clear cell ovarian and uterine tumors (Figures 1I, 2D, 3C). CIBERSORT Analysis revealed evident differences in enrichment of immunosuppressive M2 tumor associated macrophages (TAM) between clear cell and non-clear cell ovarian cancers, with enrichment in metastatic HGS and primary HGS tumors, and complete absence in ovarian clear cell tumors. This is similar to results by Zhang et al., in which ovarian CCCs had lower density of M1 and M2 TAMs than HGS counterparts, which may impact prognosis (56). Interestingly, normal fallopian tube also showed evidence of an enriched M2 population (Figure 2D), which is consistent with a study by Ardighieri et al. showing an abundance of CD163+ M2 macrophages (57).

This exploratory transcriptome analysis is an important step in understanding the underlying biology of these rare tumors and has implications for biomarker development and future creation of novel therapeutics. One of the primary strengths of this study is the novel nature of the data, particularly the CIBERSORT immune composition analysis, and correlations of expression data with patient/tumor data and immunohistochemical expression data. The small sample size of this exploratory investigation is a limitation in all analyses, particularly when subsets of CCC are used. These transcriptome data and hypothesis-generating correlations will require further investigations with a larger sample size, as well as further exploration of functional analyses to provide verification and guide further clinical applicability. The intriguing correlation of subgroups with gene mutations and ethnicity highlights future areas of research.



Data Availability Statement

The original contributions presented in the study are publicly available.
This data can be found here: Gene Expression Omnibus, GSE160692.



Ethics Statement

Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements. Written informed consent was not obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author Contributions

JA, LR, DM, and FR contributed to concept development and translational relevance, methodology development and interpretation, manuscript preparation and editing. ML assisted in data collection. DM and RE, clinical pathologist, reviewed the slides. FR performed RNA sequencing and data analysis as well as creation of figures, with assistance from GD and PR. AA provided expertise in immunology and MM provided expertise in cancer and molecular genetics, allowing improved methodology and manuscript revisions. All authors contributed to the article and approved the submitted version.



Funding

This study was supported in part by institutional ACS grant 56/IRG-16-187-13, an institutional NIH T-32 training grant (Ruth L. Kirschstein NRSA Institutional Training Research Grant 2 T32 CA06039611), the Queen of Hearts Foundation as well as the Department of Pathology and Laboratory Medicine, University of California Irvine.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2020.598579/full#supplementary-material



References

1. Ji, JX, Wang, YK, Cochrane, DR, and Huntsman, DG. Clear cell carcinomas of the ovary and kidney: clarity through genomics. J Pathol (2018) 244:550–64. doi: 10.1002/path.5037

2. Glasspool, RM, and McNeish, IA. Clear cell carcinoma of ovary and uterus. Curr Oncol Rep (2013) 15:566–72. doi: 10.1007/s11912-013-0346-0

3. Goff, BA, Sainz de la Cuesta, R, Muntz, HG, Fleischhacker, D, Ek, M, Rice, LW, et al. Clear cell carcinoma of the ovary: a distinct histologic type with poor prognosis and resistance to platinum-based chemotherapy in stage III disease. Gynecol Oncol (1996) 60:412–7. doi: 10.1006/gyno.1996.0065

4. Yoshida, S, Furukawa, N, Haruta, S, Tanase, Y, Kanayama, S, Noguchi, T, et al. Theoretical model of treatment strategies for clear cell carcinoma of the ovary: focus on perspectives. Cancer Treat Rev (2009) 35:608–15. doi: 10.1016/j.ctrv.2009.07.002

5. Thompson, RH, Kuntz, SM, Leibovich, BC, Dong, H, Lohse, CM, Webster, WS, et al. Tumor B7-H1 is associated with poor prognosis in renal cell carcinoma patients with long-term follow-up. Cancer Res (2006) 66:3381–5. doi: 10.1158/0008-5472.CAN-05-4303

6. Alldredge, J, Serna-Gallegos, T, Gallegos, N, VanLeer, JP, Chang, J, Ziogas, A, et al. Erratum to “Evaluation of clear cell subtypes of ovarian and uterine malignancies with anti-PD-L1 and anti-PD1 immunohistochemical expression and their association with stage and survival” [Gynecol. Oncol. 155 (2019) 483-488]. Gynecol Oncol (2020) 157:299. doi: 10.1016/j.ygyno.2019.10.008

7. Bitler, BG, Fatkhutdinov, N, and Zhang, R. Potential therapeutic targets in ARID1A-mutated cancers. Expert Opin Ther Targets (2015) 19:1419–22. doi: 10.1517/14728222.2015.1062879

8. Wilson, MR, Reske, JJ, Holladay, J, Wilber, GE, Rhodes, M, Koeman, J, et al. ARID1A and PI3-kinase pathway mutations in the endometrium drive epithelial transdifferentiation and collective invasion. Nat Commun (2019) 10:3554. doi: 10.1038/s41467-019-11403-6

9. Sarkar, S, Bristow, CA, Dey, P, Rai, K, Perets, R, Ramirez-Cardenas, A, et al. PRKCI promotes immune suppression in ovarian cancer. Genes Dev (2017) 31:1109–21. doi: 10.1101/gad.296640.117

10. Le Gallo, M, Rudd, ML, Urick, ME, Hansen, NF, Zhang, S, Lozy, F, et al. Somatic mutation profiles of clear cell endometrial tumors revealed by whole exome and targeted gene sequencing. Cancer (2017) 123:3261–8. doi: 10.1002/cncr.30745

11. Murakami, R, Matsumura, N, Brown, JB, Higasa, K, Tsutsumi, T, Kamada, M, et al. Exome Sequencing Landscape Analysis in Ovarian Clear Cell Carcinoma Shed Light on Key Chromosomal Regions and Mutation Gene Networks. Am J Pathol (2017) 187:2246–58. doi: 10.1016/j.ajpath.2017.06.012

12. Bense, RD, Sotiriou, C, Piccart-Gebhart, MJ, Haanen, J, van Vugt, M, de Vries, EGE, et al. Relevance of Tumor-Infiltrating Immune Cell Composition and Functionality for Disease Outcome in Breast Cancer. J Natl Cancer Inst (2017) 109:1–9. doi: 10.1093/jnci/djw192

13. Liu, X, Wu, S, Yang, Y, Zhao, M, Zhu, G, Hou, Z, et al. The prognostic landscape of tumor-infiltrating immune cell and immunomodulators in lung cancer. BioMed Pharmacother (2017) 95:55–61. doi: 10.1016/j.biopha.2017.08.003

14. Xu, WH, Xu, Y, Wang, J, Wan, FN, Wang, HK, Cao, DL, et al. Prognostic value and immune infiltration of novel signatures in clear cell renal cell carcinoma microenvironment. Aging (Albany NY) (2019) 11:6999–7020. doi: 10.18632/aging.102233

15. Zhou, R, Zhang, J, Zeng, D, Sun, H, Rong, X, Shi, M, et al. Immune cell infiltration as a biomarker for the diagnosis and prognosis of stage I-III colon cancer. Cancer Immunol Immunother (2019) 68:433–42. doi: 10.1007/s00262-018-2289-7

16. Kulangara, K, Hanks, DA, Waldroup, S, Peltz, L, Shah, S, Roach, C, et al. Development of the combined positive score (CPS) for the evaluation of PD-L1 in solid tumors with the immunohistochemistry assay PD-L1 IHC 22C3 pharmDx. J Clin Oncol (2017) 35:e14589–9. doi: 10.1200/JCO.2017.35.15_suppl.e14589

17. Alldredge, J, Serna-Gallegos, T, Gallegos, N, VanLeer, JP, Chang, J, Ziogas, A, et al. Evaluation of clear cell subtypes of ovarian and uterine malignancies with anti-PD-L1 and anti-PD1 immunohistochemical expression and their association with stage and survival. Gynecol Oncol (2019) 155:483–8. doi: 10.1016/j.ygyno.2019.10.008

18. Rahmatpanah, F, Agrawal, S, Scarfone, VM, Kapadia, S, Mercola, D, Agrawal, A, et al. Transcriptional Profiling of Age-Associated Gene Expression Changes in Human Circulatory CD1c+ Myeloid Dendritic Cell Subset. J Gerontol A Biol Sci Med Sci (2019) 74:9–15. doi: 10.1093/gerona/gly106

19. Rahmatpanah, F, Agrawal, S, Jaiswal, N, Nguyen, HM, McClelland, M, Agrawal, A, et al. Airway epithelial cells prime plasmacytoid dendritic cells to respond to pathogens via secretion of growth factors. Mucosal Immunol (2019) 12:77–84. doi: 10.1038/s41385-018-0097-1

20. Przybytkowski, E, Davis, T, Hosny, A, Eismann, J, Matulonis, UA, Wulf, GM, et al. An immune-centric exploration of BRCA1 and BRCA2 germline mutation related breast and ovarian cancers. BMC Cancer (2020) 20:197. doi: 10.1186/s12885-020-6605-1

21. Mitra, S, Tiwari, K, Podicheti, R, Pandhiri, T, Rusch, DB, Bonetto, A, et al. Transcriptome Profiling Reveals Matrisome Alteration as a Key Feature of Ovarian Cancer Progression. Cancers (Basel) (2019) 11:1–22. doi: 10.3390/cancers11101513

22. Love, M II, Huber, W, and Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol (2014) 15:550. doi: 10.1186/s13059-014-0550-8

23. Audic, S, and Claverie, JM. The significance of digital gene expression profiles. Genome Res (1997) 7:986–95. doi: 10.1101/gr.7.10.986

24. Newman, AM, Liu, CL, Green, MR, Gentles, AJ, Feng, W, Xu, Y, et al. Robust enumeration of cell subsets from tissue expression profiles. Nat Methods (2015) 12:453–7. doi: 10.1038/nmeth.3337

25. Chen, B, Khodadoust, MS, Liu, CL, Newman, AM, and Alizadeh, AA. Profiling Tumor Infiltrating Immune Cells with CIBERSORT. Methods Mol Biol (2018) 1711:243–59. doi: 10.1007/978-1-4939-7493-1_12

26. Kulangara, K, Zhang, N, Corigliano, E, Guerrero, L, Waldroup, S, Jaiswal, D, et al. Clinical Utility of the Combined Positive Score for Programmed Death Ligand-1 Expression and the Approval of Pembrolizumab for Treatment of Gastric Cancer. Arch Pathol Lab Med (2019) 143:330–7. doi: 10.5858/arpa.2018-0043-OA

27. Giuntoli, 2nd, RL, Rodriguez, GC, Whitaker, RS, Dodge, R, and Voynow, JA. Mucin gene expression in ovarian cancers. Cancer Res (1998) 58:5546–50. doi: 10.1016/S1470-2045(08)70277-8

28. Singh, AP, Senapati, S, Ponnusamy, MP, Jain, M, Lele, SM, Davis, JS, et al. Clinical potential of mucins in diagnosis, prognosis, and therapy of ovarian cancer. Lancet Oncol (2008) 9:1076–85. doi: 10.1016/S1470-2045(08)70277-8

29. Wang, K, Guan, C, Fang, C, Jin, X, Yu, J, Zhang, Y, et al. Clinical significance and prognostic value of Forkhead box A1 expression in human epithelial ovarian cancer. Oncol Lett (2018) 15:4457–62. doi: 10.3892/ol.2018.7899

30. Heo, J, Eki, R, and Abbas, T. Deregulation of F-box proteins and its consequence on cancer development, progression and metastasis. Semin Cancer Biol (2016) 36:33–51. doi: 10.1016/j.semcancer.2015.09.015

31. Won, KY, Lim, SJ, Kim, GY, Kim, YW, Han, SA, Song, JY, et al. Regulatory role of p53 in cancer metabolism via SCO2 and TIGAR in human breast cancer. Hum Pathol (2012) 43:221–8. doi: 10.1016/j.humpath.2011.04.021

32. Mabuchi, S, Kuroda, H, Takahashi, R, and Sasano, T. The PI3K/AKT/mTOR pathway as a therapeutic target in ovarian cancer. Gynecol Oncol (2015) 137:173–9. doi: 10.1016/j.ygyno.2015.02.003

33. Abdel-Fatah, TMA, Arora, A, Moseley, P, Coveney, C, Perry, C, Johnson, K, et al. ATM, ATR and DNA-PKcs expressions correlate to adverse clinical outcomes in epithelial ovarian cancers. BBA Clin (2014) 2:10–7. doi: 10.1016/j.bbacli.2014.08.001

34. Hager, KM, and Gu, W. Understanding the non-canonical pathways involved in p53-mediated tumor suppression. Carcinogenesis (2014) 35:740–6. doi: 10.1093/carcin/bgt487

35. Fu, L, Minton, DR, Mongan, NP, Shevchuk, MM, Nanus, DM, and Gudas, LJ. Role of NADH Dehydrogenase (Ubiquinone) 1 Alpha Subcomplex 4-Like 2 in Clear Cell Renal Cell Carcinoma. Clin Cancer Res  Off J Am Assoc Cancer Res (2016). doi: 10.1158/1078-0432.CCR-15-1511

36. Mamelak, AJ, Kowalski, J, Murphy, K, Yadava, N, Zahurak, M, Kouba, DJ, et al. Downregulation of NDUFA1 and other oxidative phosphorylation-related genes is a consistent feature of basal cell carcinoma. Exp Dermatol (2005) 14:336–48. doi: 10.1111/j.0906-6705.2005.00278.x

37. Phan, LM, Yeung, S-CJ, and Lee, M-H. Cancer metabolic reprogramming: importance, main features, and potentials for precise targeted anti-cancer therapies. Cancer Biopsy Med (2014) 11:1–19. doi: 10.1038/nrc.2016.77

38. Hay, N. Reprogramming glucose metabolism in cancer: can it be exploited for cancer therapy? Nat Rev Cancer (2016) 16:635–49. doi: 10.1038/nrc.2016.77

39. Turgeon, M-O, Perry, NJS, and Poulgiannis, G. DNA damage, repair and cancer metabolism. Front Oncol (2018) 8:5955. doi: 10.3389/fonc.2018.00015

40. Pandey, N, Lanke, V, and Vinod, PK. Network-based metabolic characterization of renal cell carcinoma. Sci Rep (2020) 10:5955. doi: 10.1038/s41598-020-62853-8

41. Fuh, KC, Java, JJ, Chan, JK, Kapp, DS, Monk, BJ, Burger, RA, et al. Differences in presentation and survival of Asians compared to Caucasians with ovarian cancer: An NRG Oncology/GOG Ancillary study of 7914 patients. Gynecol Oncol (2019) 154:420–5. doi: 10.1016/j.ygyno.2019.05.013

42. Minami, K, Hiwatashi, K, Ueno, S, Sakoda, M, Iino, S, Okumura, H, et al. Prognostic significance of CD68, CD163 and Folate receptor-beta positive macrophages in hepatocellular carcinoma. Exp Ther Med (2018) 15:4465–76. doi: 10.3892/etm.2018.5959

43. Qu, QX, Huang, Q, Shen, Y, Zhu, YB, and Zhang, XG. The increase of circulating PD-L1-expressing CD68(+) macrophage in ovarian cancer. Tumour Biol (2016) 37:5031–7. doi: 10.1007/s13277-015-4066-y

44. Wen, H, Feng, C-c, Ding, G-x, Meng, D-I, Ding, Q, Fang, Z-j, et al. Med19 promotes bone metastasis and invasiveness of bladder urothelial carcinoma via bone morphogenetic protein 2. Ann Diagn Pathol (2013) 17:259–64. doi: 10.1016/j.anndiagpath.2012.11.004

45. Hulin-Curtis, SL, Uusi-Kerttula, H, Jones, R, Hanna, L, Chester, JD, Parker, AL, et al. Evaluation of CD46 re-targeted adenoviral vectors for clinical ovarian cancer intraperitoneal therapy. Cancer Gene Ther (2016) 23:229–34. doi: 10.1038/cgt.2016.22

46. Karwacz, K, Arce, F, Bricogne, C, Kochan, G, and Escors, D. PD-L1 co-stimulation, ligand-induced TCR down-modulation and anti-tumor immunotherapy. Oncoimmunology (2012) 1:86–8. doi: 10.4161/onci.1.1.17824

47. Deng, Y, Jiang, L, Wang, Y, Xi, Q, Zhong, J, Liu, J, et al. High expression of CDC6 is associated with accelerated cell proliferation and poor prognosis of epithelial ovarian cancer. Pathol Res Pract (2016) 212:239–46. doi: 10.1016/j.prp.2015.09.014

48. Sturm, D, Witt, H, Hovestadt, V, Khuong-Quang, DA, Jones, DT, Konermann, C, et al. Hotspot mutations in H3F3A and IDH1 define distinct epigenetic and biological subgroups of glioblastoma. Cancer Cell (2012) 22:425–37. doi: 10.3390/cancers11050668

49. Roane, BM, Arend, RC, and Birrer, MJ. Review: Targeting the Transforming Growth Factor-Beta Pathway in Ovarian Cancer. Cancers (2019) 11:668. doi: 10.3390/cancers11050668

50. Lozneanu, L, Cojocaru, E, Giuşcă, SE, Cărăuleanu, A, and Căruntu, I-D. Lesser-Known Molecules in Ovarian Carcinogenesis. BioMed Res Int (2015) 2015:321740. doi: 10.1155/2015/321740

51. Senbabaoglu, Y, Gejman, RS, Winer, AG, Liu, M, Van Allen, EM, de Velasco, G, et al. Tumor immune microenvironment characterization in clear cell renal cell carcinoma identifies prognostic and immunotherapeutically relevant messenger RNA signatures. Genome Biol (2016) 17:231. doi: 10.3802/jgo.2017.28.e77

52. Zhu, J, Wen, H, Bi, R, Wu, Y, and Wu, X. Prognostic value of programmed death-ligand 1 (PD-L1) expression in ovarian clear cell carcinoma. J Gynecol Oncol (2017) 28:e77. doi: 10.3802/jgo.2017.28.e77

53. Truxova, I, Kasikova, L, Hensler, M, Skapa, P, Laco, L, Pecen, L, et al. Mature dendritic cells correlate with favorable immune infiltrate and improved prognosis in ovarian carcinoma patients. J Immunother Cancer (2018) 6:139. doi: 10.1186/s40425-018-0446-3

54. Degos, C, Heinemann, M, Barrou, J, Boucherit, N, Lambaudie, E, Savina, A, et al. Endometrial Tumor Microenvironment Alters Human NK Cell Recruitment, and Resident NK Cell Phenotype and Function. Front Immunol (2019) 10:877. doi: 10.3389/fimmu.2019.00877

55. Sahoo, SS, Zhang, XD, Hondermarck, H, and Tanwar, PS. The Emerging Role of the Microenvironment in Endometrial Cancer. Cancers (Basel) (2018) 10:1–16. doi: 10.3390/cancers10110408

56. Zhang, M, He, Y, Sun, X, Li, Q, Wang, W, Zhao, A, et al. A high M1/M2 ratio of tumor-associated macrophages is associated with extended survival in ovarian cancer patients. J Ovarian Res (2014) 7:19. doi: 10.1186/1757-2215-7-19

57. Ardighieri, L, Lonardi, S, Moratto, D, Facchetti, F, Shih Ie, M, Vermi, W, et al. Characterization of the immune cell repertoire in the normal fallopian tube. Int J Gynecol Pathol (2014) 33:581–91. doi: 10.1097/PGP.0000000000000095



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Alldredge, Randall, De Robles, Agrawal, Mercola, Liu, Randhawa, Edwards, McClelland and Rahmatpanah. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




PERSPECTIVE

published: 15 January 2021

doi: 10.3389/fonc.2020.593615

[image: image2]


TIPE1 Promotes Cervical Cancer Cell Chemoresistance to Cisplatin in a Wild-Type p53-Dependent Manner


Jie Jiang 1, Li Gao 2, Yongting Lan 3, Yang Wang 4 and Peiqing Zhao 3*


1 Department of Clinical Laboratory, Yantai Affiliated Hospital of Binzhou Medical University, Yantai, China, 2 Department of Stomatology, Zibo Central Hospital, Shandong University, Zibo, China, 3 Center of Translational Medicine, Zibo Central Hospital, Shandong University, Zibo, China, 4 Department of Clinical Laboratory, Huantai County People’s Hospital, Zibo, China




Edited by:
 Haifeng Qiu, Zhengzhou University, China

Reviewed by: 
Silvia Di Agostino, Magna Graecia University of Catanzaro, Italy
 Yun Wei Lou, Chinese Academy of Sciences (CAS), China

*Correspondence:
 Peiqing Zhao
 bzjzzpq@163.com

Specialty section: 
 This article was submitted to Women's Cancer, a section of the journal Frontiers in Oncology


Received: 11 August 2020

Accepted: 01 December 2020

Published: 15 January 2021

Citation:
Jiang J, Gao L, Lan Y, Wang Y and Zhao P (2021) TIPE1 Promotes Cervical Cancer Cell Chemoresistance to Cisplatin in a Wild-Type p53-Dependent Manner. Front. Oncol. 10:593615. doi: 10.3389/fonc.2020.593615



Previous studies have revealed that TIPE1 serves as a tumor suppressor gene in several tumor types. However, we demonstrated that TIPE1 can promote cervical cancer proliferation by suppressing p53 activity. Here, we showed that TIPE1 inhibits cervical cancer cell apoptosis both in vivo and in vitro. Mechanistically, we revealed that TIPE1 facilitates chemoresistance in a wild-type p53-dependent manner. The results indicated that TIPE1 is responsible for the transition from chemosensitivity to chemoresistance, and that it can serve as a promising target in cervical cancer chemotherapy.
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Introduction

Gynecological tumors, accounting for approximately 18% of all female cancers, affect approximately 100 million people worldwide each year, and cervical cancer is the most common female reproductive system tumor in developing countries (1). The treatment of advanced-stage cervical cancer is primarily concurrent chemoradiotherapy, and it has better outcomes than radiation therapy or surgery alone (2). However, the success of chemotherapy is limited mainly owing to the chemoresistance, especially in patients with tumors derived from epithelial tissues such as cervical cancer (3).

Chemoresistance is exhibited via a variety of distinct mechanisms. Notably, wild-type p53(wt-p53) plays important roles in the maintenance of DNA integrity in response to anticancer drugs (2). Interestingly, the effects of p53 on the acquisition of the multidrug resistance (MDR) phenotype depend on its status. Wt-p53 globally plays an inhibitory role in drug resistance, while mutant p53(mut-p53) has the reverse function and results in resistance to chemotherapy drugs (4).

Tumor necrosis factor α-induced protein 8 (TNFAIP8)-like protein 1 (TIPE1) belongs to the TIPE family. It was first identified as an apoptotic factor involved in the process of necroptosis. Knockdown of TIPE1 inhibits necroptosis and apoptosis in L929 cells and NIH3T3 cells. Recent studies also revealed that TIPE1 probably serves as a tumor suppressor gene in several tumor types (5). However, we recently showed that TIPE1 can promote cervical cancer proliferation by suppressing p53 activity (6). Thus, we asked whether TIPE1 affects the process of cervical cancer chemoresistance depending on p53, and whether TIPE1 participates in this process relies on the status of p53.



Downregulation Of TIPE1 Leads to Increased Apoptosis in Chemoresistant Cervical Cancer

Here, we revealed that TIPE1 inhibits chemoresistant cervical cancer cell apoptosis both in vivo and in vitro. We first exposed cervical cancer cell lines to various doses of cisplatin (CDDP) to generate cisplatin-resistant cervical cancer cells (named as SiHa/CDDP and HeLa/CDDP) according to our previous report. We observed the expression of TIPE1 in cisplatin-resistant cervical cancer cell lines is increased compared to their matched sensitive cell lines (Data not shown). Next, the cell survival rate and IC50 in SiHa/CDDP and HeLa/CDDP cell lines transfected with or without TIPE1 siRNA (TIPE1-sh) were measured with increasing cisplatin treatment (from 0 to 250 μM). The results demonstrated that the cells transfected with control vectors (Ctrl-sh) were more prone to survive compared to the TIPE1-sh group in response to cisplatin (Figures 1A, B). For the apoptosis study, flow cytometry methods were used to investigate whether TIPE1 affects the apoptosis rate in cisplatin-resistant cell lines treated with cisplatin (20 μM). Not surprisingly, the results revealed that the apoptosis population was increased after TIPE1-sh overexpression (Figures 1C, D).




Figure 1 | TIPE1 decreases CDDP sensitivity both in vitro and in vivo. (A, B) TIPE1-sh overexpression significantly increased CDDP-induced cytotoxicity in CDDP-resistant cervical cancer cells. (C, D) Overexpression of TIPE1-sh enhanced CDDP-induced apoptosis by flow cytometry. (E) Xenograft tumor models with SiHa/CDDP cells containing TIPE1-sh had an overall reduction in tumor volume compared to that in the control with or without CDDP treatment (CDDP 30 ug/kg). (F) TUNEL staining confirmed that TIPE1-sh increased CDDP-induced apoptosis. (G) TIPE1-sh increased the expression level of caspase-3, as detected by using an immunohistochemistry assay. Animal experiments were repeated twice with similar results and at least three mice were included in each group. Values represent means ± SD; for all panels, ***p < 0.001.



Given that TIPE1 has been substantiated as a positive inducer in cervical cancer chemoresistance, we further verified its role in chemoresistance in vivo. The nude mice were randomly divided into four groups. Two groups contained the TIPE1-sh vector, and the others contained the control vector (Ctrl-sh). Next, two groups, including one TIPE1-sh group and one control group, were treated with cisplatin (30 μg/kg) by intraperitoneal injection. The results demonstrated that mice implanted with cells transfected with TIPE1-sh developed smaller tumor volumes than the control group. More importantly, TIPE1 more significantly offset the reduction in tumor volume caused by chemotherapy drugs (Figure 1E). Furthermore, we confirmed that the groups transfected with the TIPE1-sh vector exhibited decreased resistance to cisplatin treatment as measured by the TUNEL method (Figure 1F), and had a decreased expression level of caspase-3 using an immunohistochemistry assay (Figure 1G).



TIPE1 Enhances Cervical Cancer Chemoresistance in a Wild-Type P53-Dependent Manner

Previous studies have shown that TIPE1 can inhibit cell growth and induce cell death in several types of cancer. Supporting this, our group also found that TIPE1 inhibits breast cancer proliferation by inhibiting the ERK pathway (7). However, we recently demonstrated that TIPE1 significantly induces cell proliferation and tumor burden in cervical cancer (6). This TIPE1-mediated induction in cervical cancer cell growth was governed by inhibition of p53 activity. Similar to cervical cancer, our group also revealed that TIPE1 was upregulated in nasopharyngeal carcinoma, in which TIPE1 plays an important role in the induction of cell growth, proliferation and colony formation (8). Another study has shown that the expression of TIPE1 was upregulated in virus infection-related cancer cell lines (9). The occurrence of nasopharyngeal carcinoma is also closely related to Human Papilloma Virus (HPV) or Epstein-Barr Virus (EBV) infection. Therefore, we believe that TIPE1 may play a unique biological role in virus infection-related tumors.

Notably, only wt-p53 triggers increased apoptosis and cell cycle arrest-related genes in the cellular response to DNA damage induced by chemotherapy (10). Unlike other human malignancies that have a p53 mutation rate higher than 50%, human cervical cancer tissues generally exhibit wt-p53 (11). Our previous study revealed that TIPE1 interacted with p53 and thus suppressed its activity. This result preliminarily suggested that TIPE1 might promote resistance to cisplatin-induced apoptosis in a p53-dependent manner. To verify this hypothesis, we transfected TIPE1-sh into SiHa/CDDP and HeLa/CDDP cells and then detected cell apoptosis with a cisplatin administration (20 μM). The results showed that the cell apoptosis rate was upregulated with transfection of TIPE1-sh, but this effect was attenuated after p53 silencing (Figure 2A). Moreover, Bax levels (a target gene of p53) were also upregulated while BCL-2 was downregulated after transfection with TIPE1-sh (Figure 2B). This result preliminarily demonstrated that TIPE1 decreased the apoptosis rate in cisplatin-resistant cell lines by decreasing the expression of p53 target genes, such as Bax. Because approximately 10% of patients with cervical cancer express mut-p53, we investigated whether TIPE1 interacts with mut-p53 as well. Normally, only wt-p53 can effectively enhance the sensitivity of chemotherapy drugs (12). Thus, we constructed a series of mut-p53 vectors which including hot spot mut-p53 proteins (R175H, R248W, and R273H). SiHa cells were then co-transfected with TIPE1-Flag and wt-p53-HA or a series of mut-p53-HA expression plasmids. Interestingly, the result showed that mut-p53 proteins interact with TIPE1 to a lesser extent than wt-p53 (Figure 2C). Furthermore, we checked whether endogenous TIPE1 could interact with endogenous p53 using Doulink method, and the result showed the same phenomenon (Figure 2D). Because the effect of p53 on the acquisition of the multidrug resistance phenotype depends on its status, patients with cervical cancer who exhibit wt-p53 are notably different from patients with mut-p53 in terms of chemotherapy resistance. Finally, we transfected the TIPE1-sh vector into C33A cells (containing mutant p53273C), and then detected the apoptosis rate after treatment with cisplatin. The results showed that TIPE1 did not enhance chemoresistance in cervical cancer cells with mut-p53 (Figure 2E). These results demonstrated that TIPE1 promotes cervical cancer cells resistance to cisplatin-induced apoptosis in a wt-p53-dependent manner.




Figure 2 | TIPE1 inhibits resistant cervical cancer cell apoptosis in a wt-p53-dependent manner. (A) TIPE1 inhibited SiHa/CDDP and HeLa/CDDP cells apoptosis in a p53-dependent manner. (B) Overexpression of TIPE1-sh enhances the expression of Bax and decreases Bcl-2 levels, as detected by using western blot analysis. Western blot (C) and Doulink methods (D) showing that TIPE1 primarily interacted with wt-p53. (E) TIPE1 did not induce apoptosis in cervical cancer cells containing mut-p53. These experiments were repeated at least three times. Values represent means ± SD; for all panels, ***p < 0.001, “ns” means no statistic.





Discussion

The TIPE family plays important roles in the regulation of cell death and the development of cancers. TIPE1 was mostly found to be antitumorigenic, and downregulated in most cancers (5). Here, we revealed that TIPE1 inhibits cervical cancer cell apoptosis both in vivo and in vitro. Mechanistically, we demonstrated that TIPE1 facilitates chemoresistance in a wt-p53-dependent manner. The results indicated that TIPE1 is responsible for the transition from chemosensitivity to chemoresistance, and that it can serve as a promising target in cervical cancer chemotherapy. Although we have demonstrated that TIPE1 can facilitate chemoresistance in cervical cancer cells in a wt-p53-dependent manner, more extensive studies are required to unveil the actual roles of TIPE1 in virus infection-related cancers.
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Circular RNAs (circRNAs) are a new class of single-stranded RNAs that form a continuous loop with crucial role in regulation of gene expression. Because their circular conformation conforms numerous properties, circRNAs have been investigated recently to demonstrate their important role in the development and progression of various cancers. However, the function of circRNAs and their regulatory outcomes in cervical cancer (CC) have rarely been explored. In this study, the role and molecular mechanism of hsa_circ_0107593 in cervical cancer are demonstrated. Quantitative polymerase chain reaction (qRT-PCR) was used to determine the expression of hsa_circ_0107593 and three miRNAs (hsa-miR-20a-5p, 93-5p, and 106b-5p) in paired CC tissues (tumor tissue vs. adjacent normal cervical tissue), CC cell lines, and human normal cervical epithelial immortalized cell line. A series of functional experiments were conducted to assess the function of hsa_circ_0107593 in CC development. The Receiver Operating Characteristic (ROC) curve was plotted to estimate the diagnostic value of hsa_circ_0107593 in CC. The dual-luciferase reporter assay was used to explore the interaction between hsa_circ_0107593 and hsa-miR-20a-5p/93-5p/106b-5p. Bioinformatic analysis was conducted to predict the target mRNAs, pathways, and functional enrichment. The results revealed that hsa_circ_0107593 has low expression in CC tissues and CC cell lines. Moreover, negative correlations of hsa_circ_0107593 expression were found against tumor diameter, FIGO stage, and myometrial invasion. Also, hsa_circ_0107593 impedes CC cell proliferation, migration, and invasion. Based on ROC curve analysis, hsa_circ_0107593 could serve as a diagnostic biomarker. Its low expression may indicate increased patient’s risk to developing cervical cancer. Mechanistically, hsa_circ_0107593 serves as a sponge of hsa-miR-20a-5p, hsa-miR-93-5p, and hsa-miR-106b-5p. Collectively, our study implies that hsa_circ_0107593 has tumor-suppressing activity in CC by physically binding with hsa-miR-20a-5p, hsa-miR-93-5p, and hsa-miR-106b-5p.
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Introduction

Cervical cancer (CC) is one of most common gynecological cancers worldwide affecting women (1). In recent years, the morbidity and mortality rates of cervical cancer have gradually increased each year in China (2). Despite obvious improvements in diagnosis and therapy, CC patients’ survival remains unsatisfactory, with a 5-year survival rate of less than 40% (3). Thus, it is necessary to find ideal biomarkers and therapeutic targets to improve CC diagnosis and treatment.

With the emergence of microRNA and long non-coding RNA in the recent years, circRNAs have become a hotspot in disease research (4). CircRNAs are a novel type of endogenous non-coding RNAs, which have attracted a high level of attention due to their critical role in the regulation of gene expression (5). Compared to linear RNAs, circRNAs are more conservative and stable whose functions are specific to certain cell and tissue type as well as to particular developmental stage (6). It has been demonstrated that the possible functions of circRNAs include transcriptional regulation and miRNA sponging (7, 8). Under certain circumstances, circRNAs can be translated directly into proteins (9). Recently, circRNAs have been reported to mediate progression of many cancers (10). For instance, circ_SLC8A1 is downregulated in bladder cancer tissues and cell lines while circ_PIP5K1A is highly expressed in non-small cell lung cancer (NSCLC) cells (11, 12). CircRNAs can also play a role in metastasis. Such is demonstrated by circRNA cRAPGEF5 that inhibits the growth and metastasis of renal cell carcinoma (13). Although circRNAs are now receiving attention, little is known about their role in cervical cancer.

Previously, Liu et al. used Human circRNA Microarray V2.0 to screen CC tissues and three pair-matched adjacent nontumorous tissues. This global profiling in CC yielded 591 differentially expressed circRNAs between CC tissues and pair-matched adjacent nontumorous tissues (14). Hsa_circ_0107593 was among the downregulated circRNAs that are predicted to have crucial regulatory function in cervical carcinogenesis. Hsa_circ_0107593, with designated gene name ABCA5, is located in chr17:67270083-67280213 (http://www.circbase.org/).

Nonetheless, the relationship of hsa_circ_0107593 with cervical cancer has not been experimentally validated. In this paper, we hereby presented the association between hsa_circ_0107593 expression and its clinical significance in CC patients. We further investigated the underlying molecular mechanism of hsa_circ_0107593 in CC development and progression.



Material and Methods


Collection of Cervical Cancer Tissue Samples

The study was approved by the Medical Ethics Committee of The First Affiliated Hospital of University of South China. All subjects provided written informed consent in accordance with the Declaration of Helsinki principles. Tissue samples were collected from 52 patients who underwent surgery at The First Affiliated Hospital of University of South China from October 2018 to October 2019. None of them received preoperative chemotherapy or radiotherapy. The tissue specimens were immediately preserved in liquid nitrogen after removal from the body and then stored at −80°C until use. Pair-matched normal adjacent tissues were taken 2 cm from the edge of the visible cancerous tumor with no obvious tumor cells. Samples were also sent to three independent pathologists for histopathological analysis for confirmation. The clinicopathological data of all the patients including age, lymph node metastasis, pathologic type, tumor differentiation, tumor diameter, FIGO stage, HPV infection, and myometrial invasion were also collected.



Cell Culture

The human cervical cancer cell lines (HeLa, SiHa, C-33A, CaSki, C4-1, ME-180) and HEK-293T were gifted by Doctor Fengbo Tan in Xiangya Hospital of Central South University (Changsha, Hunan, China). The human normal cervical epithelial immortalized cell line H8 was purchased from BeNa Culture Collection (BNCC, Kunshan, China). HeLa, SiHa, CaSki, C4-1, and ME-180 cells were cultured in RPMI 1640 medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS, Gibco). H8 cells were cultured in MEM (Gibco) medium containing 10% FBS, while C-33A and HEK-293T cells were cultured in DMEM (Gibco) medium containing 10% FBS. Then 100 units/ml penicillin and 100 μg/ml streptomycin were added to the culture medium. Cells were cultured in a humidified atmosphere containing 5% CO2.



RNA Extraction and Reverse Transcription

Total RNA was extracted from human tissues and cultured cells by Trizol reagent. Two µg RNA was utilized to reverse transcribed into single-stranded cDNA. Reverse transcription of circRNA was performed using Reverted First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Vilnius Lithuania) according to the manufacturer’s instructions. The reverse transcription reaction of miRNA was carried out with TaqMan MicroRNA Reverse Transcription Kit (Thermo Fisher Scientific). The purity and concentration of RNA samples were spectrophotometrically quantified by absorbance measurements at 260 and 280 nm using Nanodrop Spectrophotometer.



Quantitative Real-Time Polymerase Chain Reaction

qRT-PCR was done with the MonAmp™ ChemoHS qPCR Mix (Wuhan, China) in StepOnePlus™ Real-Time PCR System (4376600, Thermo Fisher Scientific, USA). The primers listed in Table 1 were designed by Primer Premier 5.0 software (Premier, Canada). GAPDH was regarded as the endogenous control for circRNA, while U6 was used as an internal control for normalizing miRNA expression. The primers of circRNA were synthesized by TSINGKE Biotech Ltd. (Beijing, China), and the primers of miRNA were synthesized by Shanghai Sangon Biological Engineering Technology & Services Co., Ltd. (Shanghai, China). All experiments were conducted in triplicate. Fold changes in expression of RNAs were recorded using the 2−ΔΔCt method.


Table 1 | Primers used for qRT-PCR.





Cell Transfection

For in vitro overexpression studies, HeLa and SiHa cells were selected for they showed the lowest expression of hsa_circ_0107593. For knockdown experiments, CaSki and ME180 were selected for they showed the highest expression of hsa_circ_0107593. A plasmid overexpressing hsa_circ_0107593 was transfected into HeLa and SiHa cells. siRNAs targeting hsa_circ_0107593 were transfected into CaSki and ME180 cells. Three siRNAs (siRNA-1, siRNA-2, and siRNA-3) and corresponding negative control siRNA (si-NC) were purchased from RiboBio (Guangzhou, China). The siRNA with highest knockdown efficiency was selected for all subsequent experiments. The overexpressing plasmid and its corresponding negative control plasmid (OE-NC) were purchased from TSINGKE Biotech Ltd. (Beijing, China). Cells were harvested 48 h post-transfection, then transfection efficiency was checked by qRT-PCR. For dual-luciferase reporter assay, hsa-miR-20a/93/106b-5p mimics, as well as their respective negative control (NC mimics) were purchased from Shanghai Sangon Biological Engineering Technology & Services Co., Ltd. Cell transfection was performed with Lipofectamine 3000 (Invitrogen, Thermo Fisher Scientific, USA) following the manufacturer’s instructions.



Cell Proliferation Assay

After 48 h post-transfection with overexpressing plasmids and siRNAs, the cell proliferation assay was performed using Cell Counting Kit-8 (CCK-8, Vazyme Biotech, Nanjing, China). Briefly, a total of 100 µl cells were plated into 96-well plates at a density of 2 × 103 each well with serum-free RPMI 1640 medium. It was replicated with three independent wells. Cell proliferation was measured at 24, 48, and 72 h after seeding cells. Before observation, each well was treated with 10 μl CCK-8 reagent and then cells were incubated at 37℃ for another 3 h before measuring absorbance at 450 nm using a microplate reader (Bio-Rad, Hercules, CA, USA). All experiments were repeated thrice.



Colony Formation Assay

Colony-forming ability was evaluated using a six-well tissue culture plates. Transfected cells were resuspended with culture medium and inoculated on a six-well plate with a density of 500 cells/well. The cells were cultured at 5% CO2 at 37°C for 12 days. The cells were washed by phosphate buffer saline (PBS) three times, then fixed with methanol for 30 min and stained with 0.1% crystal violet. Colonies were counted using a light microscope.



In Vitro Wound-Healing Assay

Transfected cells were seeded onto 24-well plates and were cultured until 90% confluency. After serum starvation for 6 h, an artificial wound was made in the cell monolayer with a sterile 10 μl pipette tip. After incubation for 24 h, the percentage of wound closure was determined from three independent experiments.



Transwell Migration Assay and Invasion Assay

Transfected cells were resuspended in 250 μl serum-free medium and seeded into the upper chamber of 24-well plates of the transwell system (Corning, New York, NY, USA) with or without Matrigel-coated membranes (BD Biosciences, New York, NY, USA) for cell invasion and migration assay. For migration assay, 2.5 × 104 cells were placed into chambers of transwell inserts without basement membrane coating. For the invasion assay, 5 × 104 cells were seeded in chambers of transwell inserts with a basement membrane coating. While 450 μl medium containing 20% FBS were supplied at the lower chamber as chemoattractant. After incubation at 5% CO2/37°C for 24 h, residual cells on the upper surface of the membrane were removed with a cotton swab, while cells that had traversed through the membrane were fixed with methanol for 30 min and then stained with 0.1% crystal violet for 30 min. Cells were counted using a microscope and the relative migration rate or invasion rate were calculated.



Dual-Luciferase Reporter Assay

We used an online bioinformatic program miRanda to predict the binding sites to construct the recombinant luciferase vectors carrying wild type (WT) and mutant (Mut) hsa_circ_0107593. The WT and Mut sequences were synthesized by TSINGKE Biotech Ltd. Then WT and Mut hsa_circ_0107593 were inserted into pMIR-REPORT vector (Ambion, Waltham, MA, USA). HEK-293T cells were cotransfected with hsa-miR-20a/93/106b-5p mimics or NC-mimics, and the recombinant luciferase vectors using Lipofectamine 3000. After a 48 h incubation, luciferase activity was detected using a dual-luciferase reporter assay system (Promega Corporation) according to the manufacturer’s protocol. Renilla luciferase activity was detected and used as the internal control.



Bioinformatic Analysis

The target miRNAs of hsa_circ_0107593 were predicted by online software miRanda (http://www.miranda.org/) and RNAplex (http://www.bioinf.uni-leipzig.de/~htafer/RNAplex/RNAplex.html), and target mRNAs for those miRNAs were predicted by the online software miRanda. Network map was drawn using Cytoscape Software (http://www.cytoscape.org). Gene ontology (GO) enrichment analysis and KEGG pathway analysis were carried out based on goatool (https://github.com/tanghaibao/goatools) and KOBAS (http://kobas.cbi.pku.edu.cn/kobas3/?t=1). While GO and KEGG analysis were performed for targeted mRNAs. The complete datasets were uploaded to www.mendeley.com (https://dx.doi.org/10.17632/s78nsw6v32.1).



Statistical Analysis

All quantitative data were presented as mean ± standard deviation (SD) as indicated from at least three independent experiments. Statistical analyses were performed using GraphPad Prism 7.0 Software for Windows (GraphPad Software, La Jolla, CA, USA) and Service Solutions SPSS Software 19.0 (SPSS, Chicago, IL, USA). Between-group differences were tested for significance using one-way analysis of variance and Student’s t-test. The associations between circRNA expression and the clinicopathological parameters of CC were assessed by the Chi-square test. The receiver operating characteristic (ROC) curve was plotted to evaluate diagnostic values. Correlation analysis was performed using Spearman’s rank correlation coefficient. P < 0.05 was considered statistically significant.




Results


Hsa_circ_0107593 Is Downregulated in Cervical Cancer

To explore the differential expression of hsa_circ_0107593 in cervical cancer, we performed qRT-PCR analysis on 52 patient specimens. The overall expression level of hsa_circ_0107593 was significantly downregulated in CC tissues compared with their adjacent normal tissues. (p < 0.001, Figure 1A). When paired T test was used, the expression of hsa_circ_0107593 was also significantly downregulated in CC tissues compared with their matched adjacent normal tissues (p < 0.001, Figure 1B). When bounded by p < 0.05, significant downregulation in tumor tissue was observed in 45 paired tissues. In the remaining 7 paired tissues, no significant differences were noted between CC tissues compared with their matched adjacent normal tissues. Together, the expression of hsa_circ_0107593 was significantly downregulated in 86.54% (45/52) CC tissues compared with their adjacent normal tissues. The downregulation of hsa_circ_0107593 is consistent in six human CC cell lines (HeLa, SiHa, C-33A, CaSki, C4-1, and ME-180). In contrast, hsa_circ_0107593 is more expressed in the immortalized normal cervical cell line H8. This indicates that hsa_circ_0107593 could be related to cervical cancer.




Figure 1 | Low expression level of hsa_circ_0107593 in CC tissues. (A) The overall expression level of hsa_circ_0107593 was downregulated in CC tissues by qRT-PCR. (B) Hsa_circ_0107593 expression was assayed in 52 pairs of CC tissues and matched normal tissues by qRT-PCR. (***P-value <0.001).





Expression of hsa_circ_0107593 and Clinicopathological Characteristics of Cervical Cancer Patients

To further demonstrate the clinical significance of hsa_circ_0107593 downregulation, we performed correlational analyses of hsa_circ_0107593 expression with clinicopathological characteristics of CC patients. Our patient cohort was divided into two groups using the median expression level as cutoff value: high-expression group and low-expression group. The level of hsa_circ_0107593 expression was significantly correlated with tumor diameter (P = 0.009), FIGO (International Federation of Gynecology and Obstetrics) stage (P = 0.023), and myometrial invasion (P = 0.025). On the other hand, there were no significant associations between hsa_circ_0107593 expression and the other clinicopathological parameters including age (p = 0.577), lymph node metastasis (p = 0.465), pathologic type (p = 0.324), HPV infection (p = 0.174), and tumor differentiation (p = 0.075) (Table 2).


Table 2 | Correlation between hsa_circ_0107593 expression levels (2−ΔΔCt) and clinicopathological characteristics of cervical cancer patients.





Overexpression of hsa_circ_0107593 Impedes HeLa Cell Proliferation, Migration, and Invasion

In our screening of several CC cell lines, we found out that HeLa and SiHa cells had the lowest hsa_circ_0107593 expression (Figure 2). For this reason, HeLa and SiHa were the best two cell lines to model cervical cancer for further in vitro functional analyses. The transient overexpression of hsa_circ_0107593 significantly decreased cell proliferation (Figures 3A–D). Additionally, the colony formation assay demonstrated that overexpression of hsa_circ_0107593 significantly repressed the colony-forming capability of HeLa cells (Figures 3E, F). In vitro wound-healing assay further indicated that overexpressing hsa_circ_0107593 significantly impairs the migration capacity of CC cells (Figures 3G, H). Moreover, transwell migration assay and invasion assay confirmed that the migration rate and invasion rate of hsa_circ_0107593-overexpressed CC cells were significantly lower than those of the control (Figures 3I–L). Altogether, these data demonstrated an anti-cancer role of hsa_circ_0107593 in CC cells.




Figure 2 | The expression of hsa_circ_0107593 was much lower in CC cell lines than human normal cervical epithelial immortalized cell line H8 by qRT-PCR. (***P-value <0.001).






Figure 3 | Overexpression of hsa_circ_0107593 impedes CC cells proliferation, migration, and invasion. (A, B) Overexpression of hsa_circ_0107593 was validated by qRT-PCR in CC cells. (C, D) The CCK-8 assay showed that the proliferation rate of CC cells in hsa_circ_0107593 overexpressed group was significantly reduced than control group. (E, F) Effects of hsa_circ_0107593 overexpression on the colony-forming capacity of CC cells was assessed using a colony formation assay. The results showed that overexpression of hsa_circ_0107593 inhibited the colony-forming capacity of CC cells. (G, H) Cell migration was determined by in vitro wound-healing assay. The results showed that overexpression of hsa_circ_0107593 impeded CC cell migration. (I–L) Cell migration and invasion were determined by transwell assays. The transwell migration and invasion assay showed that overexpression of hsa_circ_0107593 inhibited the migration and invasion of CC cell. (***P-value < 0.001, **P-value < 0.01). hsa_circ_0107593-OE, hsa_circ_0107593 overexpressed group; NC-OE, negative control.





Knockdown of hsa_circ_0107593 Promotes CaSki Cell Proliferation, Migration, and Invasion

Meanwhile, CaSki and ME180 cells had the highest expression of hsa_circ_0107593. We selected these two cell lines to investigate the loss of function of hsa_circ_0107593 in vitro. The knockdown of hsa_circ_0107593 using three siRNAs were validated by qRT-PCR. Of these three, siRNA-3 showed the best interference efficiency in CaSki and ME180 cells (Figures 4A, B). Therefore, siRNA-3 was selected in the succeeding experiments. The knockdown of hsa_circ_0107593 significantly promoted cell proliferation (Figures 4C, D), increased the colony-forming capability (Figures 4E, F), and facilitated the migration capacity of CC cells (Figures 4G, H). Moreover, transwell migration assay and invasion assay confirmed that the migration rate and invasion rate of knocking down hsa_circ_0107593 in CC cells were significantly higher than those of the control cells (Figures 4I–L). These results clearly demonstrated that hsa_circ_0107593 plays a tumor-suppressing role in cervical cancer. Its low expression can promote development of cervical cancer and potentially increases its metastatic potential.




Figure 4 | Knockdown of hsa_circ_0107593 promotes CC cell proliferation, migration, and invasion. (A, B) The expression levels of hsa_circ_0107593 in CC cells were determined by qRT‐PCR after transfection with three hsa_circ_0107593 siRNAs individually (siRNA-1, siRNA-2, and siRNA-3). The results showed that siRNA-3 is the most effective siRNA, so we selected siRNA-3 for all subsequent experiments. (C, D) The CCK-8 assay showed that the proliferation rate of CC cells in si-hsa_circ_0107593 group was significantly increased than control group. (E, F) Effects of hsa_circ_0107593 knockdown on the colony-forming capacity of CC cells was assessed using a colony formation assay. The results showed that knockdown of hsa_circ_0107593 significantly increased the colony-forming capability of CC cells. (G, H) Cell migration was determined by in vitro wound-healing assay. The results showed that knockdown of hsa_circ_0107593 promoted CC cell migration. (I–L) Cell migration and invasion were determined by transwell assays. The transwell migration and invasion assay showed that knockdown of hsa_circ_0107593 could facilitate the migration and invasion of CC cell. (***P-value < 0.001, **P-value < 0.01). si-hsa_circ_0107593, hsa_circ_0107593 knockdown group; si-NC, negative control.





Diagnostic Value of hsa_circ_0107593 in Cervical Cancer

The Receiver Operating Characteristic (ROC) curve was plotted using hsa_circ_0107593 expression level in CC tissues against its pair-matched adjacent normal tissues to estimate the diagnostic value of hsa_circ_0107593. The area under the ROC curve (AUC) was 0.869, suggesting that hsa_circ_0107593 might serve as a diagnostic biomarker for CC (Figure 5). Upon using the cutoff value of 0.584, the Youden index, sensitivity, and specificity were 0.596, 0.904, and 0.692, respectively.




Figure 5 | ROC curve was conducted to evaluate the potential diagnostic value of hsa_circ_0107593 in CC (AUC = 0.869, 95% CI = 0.803–0.934, P < 0.001).





Hsa_circ_0107593 Interacts With hsa-miR-20a-5p, hsa-miR-93-5p, and hsa-miR-106b-5p

Because our tissue-based and cell-based analyses provided clues that the low expression of hsa_circ_0107593 promotes tumor formation, we performed further experiments to elucidate how hsa_circ_0107593 perform this role. Using the online bioinformatic tools miRanda and RNAplex, three microRNAs were predicted to be potential targets of hsa_circ_0107593: hsa-miR-20a-5p, hsa-miR-93-5p, hsa-miR-106b-5p. The bioinformatics prediction also showed that hsa_circ_0107593 could harbor those three miRNAs by miRNA seed sequence matching (Figures 6A–C). To validate these predictions, we overexpressed hsa_circ_0107593 in HeLa cells and then performed qRT-PCR to detect the levels of these three miRNAs. The overexpression of hsa_circ_0107593 significantly reduced the expression of the predicted targets hsa-miR-20a-5p, hsa-miR-93-5p, and hsa-miR-106b-5p (Figures 6D–F). This is consistent with the knockdown experiments demonstrating that the loss of hsa_circ_0107593 in CaSki cells upregulated the expression of the three target miRNAs (Figures 6G–I). Further, there was a strong negative correlation between hsa_circ_0107593 and hsa-miR-20a-5p/93-5p/106b-5p expression in CC tissues (Figures 6J–L). Not surprisingly, hsa-miR-20a-5p, 93-5p, and 106b-5p expressions were upregulated in CC tissues (Figures 6M–O). To further verify the interaction of hsa_circ_0107593 with these miRNAs, we then performed a luciferase reporter assay for the three miRNAs. The results showed that overexpression of hsa-miR-20a-5p/93-5p/106b-5p in HEK-293T cells significantly inhibited the luciferase activity of hsa_circ_0107593-WT reporter plasmid whereas the luciferase activity of hsa_circ_0107593-Mut constructs was not affected (Figures 6P–R). These results indicated that hsa_circ_0107593 inhibits hsa-miR-20a-5p/93-5p/106b-5p expression by directly sponging hsa-miR-20a-5p/93-5p/106b-5p.




Figure 6 | Hsa_circ_0107593 interacts with hsa-miR-20a-5p/93-5p/106b-5p. (A–C) Predicted binding site of hsa-miR-20a-5p/93-5p/106b-5p in hsa_circ_0107593 by bioinformatics analysis. (D–F) qRT-PCR analysis showed that overexpression of hsa_circ_0107593 down-regulated hsa-miR-20a-5p/93-5p/106b-5p expression in HeLa cells. (G–I) qRT-PCR analysis showed that knockdown of hsa_circ_0107593 promoted hsa-miR-20a-5p/93-5p/106b-5p expression in CaSki cells. (J–L) Expression of hsa-miR-20a-5p/93-5p/106b-5p and hsa_circ_0107593 were measured by qRT-PCR in CC tissues, then the correlation between hsa-miR-20a-5p/93-5p/106b-5p and hsa_circ_0107593 was analyzed by Spearman’s rank correlation coefficient. (M–O) qRT-PCR analysis showed that hsa-miR-20a-5p/93-5p/106b-5p was significantly upregulated in CC tissues. (P–R) Dual-luciferase reporter assays in HEK-293T cells showed that hsa-miR-20a-5p/93-5p/106b-5p significantly decreases the relative luciferase activity of the wild-type hsa_circ_0107593 luciferase plasmid compared with the mutant. (***P-value < 0.001).





Hsa_circ_0107593 Contributes to Cervical Cancer Cell Proliferation, Migration, and Invasion via Regulation of hsa-miR-20a-5p/93-5p/106b-5p

To determine whether the hsa_circ_0107593 could affect cell proliferation, migration and invasion in CC via sponging hsa-miR-20a-5p/93-5p/106b-5p, we performed CCK8 assays using HeLa cells transfected with hsa_circ_0107593 overexpressing plasmid/corresponding negative control plasmid, together with the hsa-miR-20a-5p/93-5p/106b-5p mimics or NC-mimics. As shown in Figures 7A–I the results demonstrated that hsa_circ_0107593 overexpression remarkably suppressed CC cell proliferation, whereas up-regulation of hsa-miR-20a-5p/93-5p/106b-5p in the meantime could significantly rescue the suppression effects of hsa_circ_0107593. Overall, these results demonstrated that hsa_circ_0107593 acts as a tumor suppressant by regulating the activity of hsa-miR-20a-5p/93-5p/106b-5p.




Figure 7 | Hsa_circ_0107593 contributes to CC cell proliferation, migration, and invasion via regulation of hsa-miR-20a-5p/93-5p/106b-5p. (A–C) Cell proliferation was monitored by CCK-8 assay. (D–I) Cell migration and invasion was detected by transwell migration and invasion assay. The results showed that upregulation of hsa-miR-20a-5p/93-5p/106b-5p could significantly rescue the suppression effects of hsa_circ_0107593. (***P-value < 0.001).





Prediction of circRNA–miRNA–mRNA Interaction, Gene Ontology, and KEGG Pathway Annotation for Targeted mRNAs

To further explore the molecular mechanism of hsa_circ_0107593, we investigated the potential mRNAs bound to hsa-miR-20a-5p/93-5p/106b-5p. The downstream targets of the three miRNA were presented in Figure 8A generated using Cytoscape software. The three miRNAs have overlapping downstream targets, suggesting that these microRNAs play similar roles (Figure 8B). The target genes were involved in various biological functions and signaling pathways as revealed by GO and KEGG pathway analyses (Figures 8C, D). The hsa_circ_0107593-miRNA-mRNA related GO analyses fell into three main categories: cellular component, molecular function, and biological process. In the cellular component domain, bounding membrane of organelle were the most represented terms. Protein binding was the most represented GO term under the molecular function domain. Lastly, many target mRNAs are involved in a lot of biological function processes such as cellular localization, intracellular signal transduction, and so on. Interestingly, the target mRNAs were also closely related with various cancer-related pathways, such as fatty acid degradation, AMPK, and phospholipase D signaling pathway.




Figure 8 | Prediction of the circRNA-miRNA-mRNA interaction, GO and KEGG pathway annotation for targeted mRNAS. (A) A network map comprising hsa_circ_0107593, three miRNAs, and their downstream targets was presented. (B) Venn diagram revealed the number of common downstream targets of three miRNAs. (C) The hsa_circ_0107593-miRNA- mRNA related GO analysis. (D) The hsa_circ_0107593-miRNA-mRNA related KEGG pathway analysis.






Discussion

CircRNAs were first discovered in RNA viruses in the 1970s. Because of technological and methodological limitations at that time, the detected circRNAs were generally regarded as rare splicing “mistakes” and did not receive much attention until recently (15). Since sequencing technology coupled with bioinformatics approaches has improved dramatically in the recent years, many circRNAs have been predicted and are now being explored to identify their role in physiological and pathological states. CircRNAs have recently emerged as a new class of endogenous RNAs that are formed by a covalently closed continuous loop without 5′ caps and 3′ tails compared to mRNAs, and exist extensively in mammalian cells (16, 17). CircRNAs are structurally stable, tissue-specific, and evolutionarily conserved, and usually exhibit tissue- or developmental-stage-specific expression. In addition, they cannot be degraded by RNase. Many circRNAs are derived from the exon sequence of genes that encode proteins. Only a few circRNAs are derived from introns. A large number of circRNAs do not perform protein-coding functions in cells and are therefore considered non-coding RNAs (18, 19). Previous studies have shown that the accumulation of circRNAs is involved in translation regulation through controlling modification and gene expressions (20).

In recent years, an increasing attention is poured into circRNAs in search of their clinical significance in cancer (21–23). Their abnormal expression has been detected in many malignant tumors, suggesting that circRNAs may play an important role in the occurrence and development of malignant tumors. This new area of research is extra attractive for their applications in clinical practice as tumor marker or molecular therapeutic targets are possible (24–26). In a few available studies, circRNAs are reported to play the role of oncogene or tumor suppressor gene, affecting the occurrence of tumors development, such as lung squamous cell carcinoma, colorectal cancer, hepatocellular carcinoma, thyroid cancer, and so on (27–30). However, there have been little studies on circRNAs in gynecologic malignancies.

In this study, we showed that hsa_circ_0107593 was downregulated in CC tissue and CC cell lines, illustrating that low expression of hsa_circ_0107593 might prompt progression of CC. We found that overexpression of hsa_circ_0107593 in CC cells impeded CC cells proliferation, migration, and invasion, while knockdown of hsa_circ_0107593 in CC cells promoted cell proliferation, migration, and invasion, suggesting that hsa_circ_0107593 possesses potent anti-cancer abilities in CC. Our study implies that increasing hsa_circ_0107593 expression might be an effective gene therapy for inhibiting tumor development, especially for CC patients with low expression in their cancer tissue. Moreover, we found that hsa_circ_0107593 negatively correlated with tumor size, FIGO stage, and myometrial invasion. This is consistent with our findings that hsa_circ_0107593 can inhibit the proliferation, invasion, and migration of cervical cancer cells in vitro. But hsa_circ_0107593 is not related to the other clinicopathological parameters such as age, lymph node metastasis, pathologic type, HPV infection, and tumor differentiation. In addition, we constructed a ROC curve for differentiating CC tissues from pair-matched adjacent normal tissues to estimate the diagnostic value of hsa_circ_0107593 in CC. The calculated values suggest that hsa_circ_0107593 might serve as a potential biomarker for the diagnosis of CC. Therefore, hsa_circ_0107593 may serve as a new biomarker and a potential therapeutic target for CC. However, it is needed to acquire a more robust data that can support the significance of hsa_circ_0107593 as tumor biomarker and as meaningful clinical tool for diagnosis.

The regulatory function of circRNAs is mainly due to their competitive binding with miRNAs. In turn, this binding affects the function of miRNAs and the subsequent expression levels of their downstream target genes (31). These circRNA-miRNA axes are involved in many disease pathways such as apoptosis, vascularization, invasion, and metastasis during carcinogenesis (32). From our bioinformatics and luciferase reporter assay analysis, we found that hsa_circ_0107593 could interact with three miRNAs: hsa-miR-20a-5p, 93-5p, and 106b-5p. Rescue experiments showed that hsa-miR-20a-5p/93-5p/106b-5p mimics can reverse the tumor-suppressing roles of hsa_circ_0107593 in CC. Further probing using bioinformatics analysis resulted to identification of many targets, which are involved in a lot of biological function processes such as cellular metabolism, protein binding, cellular localization, and so on. The function of these target genes can be altered by hsa_circ_0107593 via sponging the three miRNAs. Importantly, hsa_circ_0107593 was closely related with a lot of cancer-related pathways, such as fatty acid degradation, AMPK, and phospholipase D signaling pathway. This means that hsa_circ_0107593 may play a tumor suppressor role by modulating these pathways. However, further studies are needed to uncover the molecular mechanism of hsa_circ_0107593 in these cancer-related pathways in the context of cervical cancer and even in other malignancies.

In conclusion, our study revealed that the expression of hsa_circ_0107593 is decreased in CC tissue and cell lines. Its low expression contributes to the progression of the disease. The ROC curve suggested that hsa_circ_0107593 may be highly valuable in the diagnosis of CC, and that it might be a novel potential diagnostic biomarker. Moreover, hsa_circ_0107593 acts by sponging hsa-miR-20a-5p/93-5p/106b-5p to inhibit the tumor-promoting activities of those miRNAs in CC. This regulatory mechanism of hsa_circ_0107593 inhibits CC cell proliferation, migration, and invasion. The hsa_circ_0107593/hsa-miR-20a-5p/93-5p/106b-5p axis provided a novel insight into the molecular mechanisms of CC. These findings may provide new information for the diagnosis and treatment of CC.
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SPR965 is an inhibitor of PI3K and mTOR C1/C2 and has demonstrated anti-tumorigenic activity in a variety of solid tumors. We sought to determine the effects of SPR965 on cell proliferation and tumor growth in human serous ovarian cancer cell lines and a transgenic mouse model of high grade serous ovarian cancer (KpB model) and identify the underlying mechanisms by which SPR965 inhibits cell and tumor growth. SPR965 showed marked anti-proliferative activity by causing cell cycle arrest and inducing cellular stress in ovarian cancer cells. Treatment with SPR965 significantly inhibited tumor growth in KpB mice, accompanied by downregulation of Ki67 and VEGF and upregulation of Bip expression in ovarian tumors. SPR965 also inhibited adhesion and invasion through induction of the epithelial–mesenchymal transition process. As expected, downregulation of phosphorylation of AKT and S6 was observed in SPR965-treated ovarian cancer cells and tumors. Our results suggest that SPR965 has significant anti-tumorigenic effects in serous ovarian cancer in vitro and in vivo. Thus, SPR965 should be evaluated as a promising targeted agent in future clinical trials of ovarian cancer.
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Introduction

Ovarian cancer represents the second most common gynecologic malignancy and is the fourth most common cause of death for women within the United States (1). Most women who are diagnosed with ovarian cancer are diagnosed with advanced stage disease. Standard treatment for ovarian cancer involves a combination of surgical resection and platinum-based combination chemotherapy. Although this combination of treatment appears to be effective, most women will inevitably develop recurrent disease (2). Therefore, studies have shifted toward targeting specific pathways and cellular targets (3–5), with some success such as anti-angiogenic agents and poly (ADP-ribose) polymerase (PARP) inhibitors.

The phosphatidylinositol-3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) pathway has been implicated in the development of multiple types of malignancies (6–8). This pathway is responsible for the regulation of cellular growth, metabolism, and cell cycle progression (8, 9). PI3KCA, specifically, have been shown to be amplified and overexpressed in cases of high grade serous ovarian cancer (10, 11), while AKT and mTOR activation have been observed frequently in clear cell ovarian carcinoma (12). Moreover, high expression and mutation of the PI3K/AKT/mTOR pathways have shown to be a poor prognostic factor for patients with ovarian cancer (11, 13).

There are multiple trials investigating AKT and mTOR inhibitors in patients with ovarian cancer. Several AKT inhibitors in phase I or II clinical trials were tolerable and in combination with chemotherapeutic agents showed evidence of clinical activity in ovarian cancer (14–17). However, phase II trials of temsirolimus, a single agent mTOR inhibitor, have shown little activity in patients with persistent or recurrent ovarian cancer (18, 19). Although results from phase II trials of single agent inhibitors are discouraging, inhibition of a single pathway within the complex PI3K/AKT/mTOR network may not be effective. Currently, pre-clinical data shows that the dual inhibitors, CMG002 and BEZ235, may be more effective in inhibiting ovarian cancer cell proliferation and tumor growth (20, 21).

SPR965 is an orally available, novel small molecule that is an inhibitor of PI3K and mTOR C1/C2 kinases with favorable linear pharmacokinetics profiles and microsomal stability (22, 23). The oral bioavailability of SPR965 in Sprague Dawley rats and in nude mice was ∼100% and 75%, respectively. SPR965 exhibits anti-proliferative activity in multiple cell lines and in several xenograft models including multiple myeloma, prostate, and colon cancer (22, 23). Therefore, we sought to investigate the effect of SPR965 on cell proliferation and tumor growth in human serous ovarian cancer cells and a transgenic mouse model of high grade serous ovarian cancer.



Materials and Methods


Cell Culture and Reagents

Four ovarian cancer cell lines, SKOV3, Hey, OVCAR433, and OVCAR5, were used. The SKOV3, OVCAR5 and OVCAR433 cells were grown in DMEM/F12 medium supplemented with 10% bovine serum. The Hey cell line was maintained in RPMI 1640 medium supplemented with 5% bovine serum, 100 units/ml penicillin, and 100 microgram/ml streptomycin under 5% CO2.

SPR965 was obtained from Sphaera Pharma (Singapore). The Annexin V FITC kit was purchased from BioVision (Mountain View, CA). All antibodies were purchased from Cell Signaling (Beverly, MA). Enhanced chemiluminescence western blotting detection reagents were purchased from Thermo (Rockford, IL). All other chemicals were purchased from Sigma (St. Louis, MO).



MTT Assay

The SKOV3, Hey, OVCAR433, and OVCAR5 cells were plated and grown in 96-well plates at a concentration of 4,000 cells/well for 24 h. The cells were subsequently treated with varying doses of SPR965 for 72 h. MTT (5 mg/ml) was added to the 96-well plates at 5 μl/well, followed by an additional hour of incubation. The MTT reaction was terminated through the addition of 100 μl of  100% DMSO. The results were read by measuring absorption at 575 nm with a microplate reader (Tecan, Morrisville, NC). The effect of SPR965 was calculated as a percentage of control cell growth obtained from DMSO treated cells grown in the same 96-well plates. Each experiment was performed in triplicate to assess for consistency of results.



Cell Proliferation Assay Using Image Cytometry

The cell proliferation assay was performed using the Celigo Image Cytometer. First, the SKOV3 and HEY target cells were seeded in a 96-well plate (Greiner 655090) at 5,000 cells/well. After overnight incubation, the cells were treated with the SPR965 compound at 0.1, 1, 10, 100, 500, 1,000, 5,000, and 10,000 nM, including a media control (n = 4 for each condition). The plate was imaged in bright field and analyzed using the image cytometer at t = 0, 6, 24, 48, and 72 h post-treatment. The confluence percentages of the target cells at each time point were measured from the bright field images to generate the time-course data. In addition, the end point confluence percentages at 72 h were collected to generate dose response curves for both cell types. All experiments were performed at least twice to assess for consistency of results.



Cell Cycle Assay Using Image Cytometry

The cell cycle assay was performed using the Celigo Image Cytometer. First, the SKOV3 and HEY cells were seeded into two 96-well plate (Greiner 655090) at 10,000 cells/well for 24 and 36 h of subsequent drug treatment. After overnight incubation, the cells were treated with the SPR965 compound at 1, 100, 500, and 1,000 nM, including a media control (n = 4 for each condition). After 24 and 36 h of treatment with SPR965, the 96-well plates were stained using the ViaStain™ PI Cell Cycle Kit for Celigo (CS1-V0004-1, Nexcelom Bioscience, Lawrence, MA), following the manufacturer’s protocol. The plates were then imaged in both bright field and red fluorescence channels to measure the propidium iodide (PI) fluorescent signals. The fluorescent intensity data were then exported into FCS Express (De Novo Software, Pasadena, CA) to generate cell cycle plots for automated determination of G0/G1, S, and G2/M cell population percentages. All experiments were performed at least twice to assess for consistency of results.



Apoptosis Assay Using Image Cytometry

The apoptosis assay using caspase 3/7 fluorescence labeling was performed using the Celigo Image Cytometer. First, the SKOV3 and HEY target cells were seeded into 96-well plates (Greiner 655090) at 10,000 cells/well for 6 and 12 h of drug treatment. After a 2-day incubation, the cells were treated with the SPR965 compound at 1, 100, 500, and 1,000 nM, including a media control (n = 4 for each condition). After 6 and 12 h of drug treatment, the 96-well plates were fixed and stained using the ViaStain™ Live Caspase 3/7 Detection for 2D/3D Culture with Hoechst (CSK-V0003-1, Nexcelom Bioscience), following the manufacturer’s protocol. The plates were then imaged in bright field, blue, and green fluorescence channels to identify the target cells with Hoechst fluorescence and measure the Caspase 3/7 green fluorescent signals. The fluorescent intensity data was directly plotted in the Celigo software to generate quadrant plots to determine the caspase 3/7 positive cell populations. All experiments were performed at least twice to assess for consistency of results.



Reactive Oxygen Species (ROS) Assay

The alteration of total production of reactive oxygen species caused by SPR965 was measured using a DCFH-DA fluorescent dye. The SKOV3 and Hey cells (5000 cells/well) were seeded in black 96-well plates. After 24 h, the cells were treated with SPR965 for 8 h to induce ROS generation. After the cells were incubated with DCFH-DA (20 μM) for 30 min, the fluorescence was monitored at an excitation wavelength of 485 nm and an emission wavelength of 530 nm using a Tecan plate reader. All experiments were performed at least twice to assess for consistency of results.



Western Immunoblotting

The SKOV3 and Hey cells were plated at 2.5 × 105 cells/well in 6-well plates in their corresponding media and then treated with SPR965 overnight. Cell lysates were prepared in RIPA buffer. Equal amounts of protein were separated by gel electrophoresis and transferred onto a PVDF membrane. The membrane was blocked with 5% nonfat dry milk and then incubated with a 1:1,500 dilution of primary antibody overnight at 4°C. The membrane was then washed and incubated with a secondary peroxidase-conjugated antibody for 1 h after washing. Antibody binding was detected using an enhanced chemiluminescence detection system on the Alpha Innotech Imaging System (Protein Simple, Santa Clara, CA). After developing, the membrane was stripped and re-probed using antibodies against α-Tubulin to confirm equal loading. Intensity for each band was measured and normalized to α-Tubulin as an internal control. Each experiment was repeated two times to assess for consistency of results.



Genetically Engineered Mouse Model of Ovarian Cancer

The  ;p53fl/fl;Brca1fl/fl (KpB) mouse model of ovarian cancer were used (24, 25). All experimental mice were maintained in accordance with the Institutional Animal Care and Use Committee (IACUC) and the NIH guide for the Care and Use of Laboratory Animals. Recombinant adenovirus Ad5-CMV-Cre (AdCre) was purchased from the University of Iowa Transfer Vector Core at a titer of 1011–1012 infectious particles/ml. The AdCre was then injected via a needle introduced into the oviduct near the infundibulum and into the ovarian bursa to induce ovarian cancer at 6–8 week of age. The KpB mice were monitored weekly by palpation for tumor growth. SPR965 and placebo treatment was initiated after palpation of a 0.1–0.2 cm tumor in mice. The mice were randomly divided into two groups (15 mice/per group) including control and SPR965 treatment groups. The mice were treated with SPR965 (3 mg/kg, oral gavage) every 5 days for 4 weeks, All mice were euthanized after 4 weeks of SPR965 treatment. Ovarian tumor tissues were collected for immunohistochemical staining.



Immunohistochemical Staining (IHC)

Ovarian tumor tissues from mice were formalin-fixed and paraffin-embedded. After rehydration and antigen retrieval, the slides (thickness = 4 μm) were incubated with primary antibodies: anti-Ki-67, anti-Bip, anti-phos-S6, anti-phos-AKT and anti-VEGF. The staining was visualized using DAB (Invitrogen, CA). The slides were scanned by Motic (Warrendale, PA). The expression analysis of Ki67, Bip, phos-S6, phos-AKT and VEGF were extracted using the following Image-Pro software (Rockville, MD). Images of the areas of expression were selected for clarity from at least five fields for each IHC specimen. The positive cells were detected, quantified and averaged automatically in selected areas. Each group was measured in seven IHC slides.



Statistical Analysis

Data are given as the mean ± SD. Statistical significance was analyzed by the two-sided unpaired Student’s t-test from at least three replicates. Tumor growth in different treatment arms was analyzed by One-way & Two-way ANOVA test. GraphPad Prism 6 (La Jolla, CA USA) was used for all graphs and significance tests. P-values of < 0.05 were considered to have significant group differences.




Results


SPR 965 Inhibits Cell Proliferation in Ovarian Cancer Cell Lines

The effects of SPR965 on ovarian cancer cell proliferation were investigated using the MTT assay and the image cytometry-based cell counting assay. The SKOV3, Hey, OVCAR433 and OVCAR5 cells were treated with SPR965 at varying doses for 72 h. MTT assay showed that SPR965 significantly displayed cytotoxicity against four ovarian cancer cell lines in a dose dependent manner with IC50 values in the ranges of 110 nM in SKOV3, 390 nM in Hey, 490 nM in OVCAR433 and 750 nM in OVCAR5, respectively (Figure 1A). Similarly, image cytometry-based cell counting assay also showed that SPR965 reduced cell counts in a dose-dependent manner after treatment of 72 h in Hey and SKOV3 cells and both cell lines exhibited similar drug responses to SPR965 (Figure 1B). Additionally, we performed a time-course experiment to determine the inhibitory effect of SPR965 in the Hey and SKOV3 cells treated with doses of 1, 100, and 1,000 nM. The results showed that the inhibitory effects of SPR965 were significant at 12 h of exposure in the SKOV3 cells and at 24 h in the Hey cells. As treatment doses increased, cell counts decreased over time compared to controls (Figure 1C).




Figure 1 | SPR965 induced dose-dependent growth inhibition in ovarian cancer cells. The OVCAR5, OVCAR433, Hey, and SKOV3 cell were treated with various doses of SPR965 for 72 h. Cell proliferation was determined by MTT assay (A) Celigo Image Cytometer was used to determine the effect of SPR965 on cell proliferation in SKOV3 and Hey cells (B). Relative survival was determined by dividing the number of remaining DHA treated cells by the number of remaining viable DMSO. Treatment of the cells with SPR965 at 1, 100, and 1,000 nM for 24, 48, and 72 h showed that SPR965 induced inhibition of cell proliferation in time dependent manner in both cell lines (C). The images are one representative result of three independent experiments. Western blotting results showed that SPR965 reduced the expression of phosphorylated-AKT and phosphorylated-S6 in the Hey and SKOV3 cells (D). *p < 0.05; **p < 0.01.



Given that SPR965 is a dual inhibitor of PI3K and mTOR C1/C2 kinases, we investigated the effect of SPR965 on the expression of phosphorylated AKT and S6 in the SKOV3 and Hey cells. Both cell lines were treated with SPR965 at doses of 1, 100, and 500 nM for 24 h. As expected, western blotting results confirmed that the level of phosphorylated AKT and S6 was markedly inhibited by SPR965 in both cells (Figure 1D). These results suggest that SPR965 can effectively inhibit cell growth via inhibition of AKT/mTOR pathways in ovarian cancer cells.



SPR 965 Induces G1 Phase Cell Cycle Arrest But Not Apoptosis

To evaluate the underlying mechanism of cell proliferation inhibition by SPR965, the cell cycle profile was analyzed by the image cytometer after treating the Hey and SKOV3 cell lines with varying doses of SPR965 for 24 h. As illustrated in Figure 2A, SPR965 induced G1 phase cell cycle arrest and reduced S phase in a dose-dependent manner. Treatment of the cells with SPR965 at 1 μM increased cells in G0/G1 phase from 35.6% to 54.6% in Hey cells and 47.8% to 57.4% in SKOV3 cells compared to controls (p < 0.05). Western blotting results showed that SPR965 reduced the expression of CDK4 and cyclin D1 in a dose-dependent manner after 24 h of treatment in both cell lines (Figure 2B).




Figure 2 | Effect of SPR965 on cell cycle and apoptosis in ovarian cancer cells. The Hey and SKOV3 cells were treated with the indicated doses of SPR965 for 24 h. Cell cycle progression was assessed by Celigo Image Cytometer. SPR965 induced cell cycle arrest in G1 phase in the Hey and SKOV3 cells (A). Cell lysates from the Hey and SKOV3 cells were subjected to Western blotting analysis for the expression of CDK4 and Cyclin D1 (B). The results from Celigo Image Cytometer showed that SPR965 did not increase the expression of Annexin V or the activity of cleaved caspase 3/7 in either cell line (C, D). The figures represented three independent experiments. Western blotting analysis demonstrated that SPR965 did not affect the expression of BCL-XL in the Hey and SKOV3 cells after 24 h of treatment (E). Data are representative of one of three repeats *p < 0.05 and **p < 0.01.



We next investigated the effect of SPR965 on apoptosis using the image cytometer in the SKOV3 and Hey cells. Both cell lines were treated with SPR965 at varying concentrations for 12, 24, and 48 h. The results showed that SPR965 had no effect on Annexin V expression in both cell lines (Figure 2C). Treatment of both cell lines with SPR965 for 6 and 12 h did not increase the expression of cleaved caspase 3/7 (Figure 2D). Furthermore, SPR965 did not alter BCL-XL expression in the Hey and SKOV3 cells after treatment for 24 h (Figure 2E). These results suggest that SPR965 inhibits cell growth through cell cycle G1 phase arrest, but does not impact apoptosis.



SPR 965 Inhibits Tumor Growth in KpB Mouse Model

To validate the anti-tumorigenic potential of SPR965 in vivo, we utilized a transgenic model for high grade serous ovarian cancer (KpB mice). When tumors reached a size of 0.1–0.2 cm in diameter, mice were treated with SPR965 (3 mg/kg/day, oral gavage) or vehicle (saline) for 4 weeks. Tumor growth during treatment was monitored by palpation and calipers twice a week. At the end of treatment, the mice were euthanized, and the ovarian tumors were removed, photographed, and weighed. During the treatment, SPR965-treated mice tolerated the treatment well; mice showed no changes in body weight and were able to maintain their normal activity. SPR965 significantly reduced tumor volume and inhibited tumor weight compared to the control group (Figures 3A, B). Ovarian tumor weight decreased by 75.26% with SPR965 treatment when compared with control mice (p < 0.01).




Figure 3 | SPR965 inhibited tumor growth in KpB mice. KpB mice were treated with vehicle (control) or SPR965 (3 mg/kg, oral gavage) for 4 weeks when the tumors reached 0.1–0.2 cm in size. SPR965 significantly inhibited tumor volume and tumor weight (N=15 animals per group) as compared to the vehicle treated controls (A, B). Immunohistochemistry results showed that SPR965 decreased the expression of Ki-67, phos-S6, and phos-AKT in the ovarian tumor tissues (C). *p < 0.05; **p < 0.01.



To further confirm the anti-tumorigenic activity and mechanism of action of SPR965 in KpB mice, the expression of Ki-67, phosphorylated-AKT and phosphorylated–S6 was evaluated by immunohistochemistry (IHC). Consistent with our results in vitro, SPR965 significantly inhibited Ki-67 expression in the SPR965-treated mice by 24.6% (p < 0.01). As expected, we also found that the expression of phosphorylated-AKT and phosphorylated-S6 was decreased in the KpB mice treated with SPR965 (Figure 3C). These results suggest that SPR965 inhibits ovarian tumor growth through inhibition of AKT/mTOR pathway in vivo.



SPR 965 Induces Cellular Stress

To investigate the involvement of oxidative stress on the anti-proliferative effects of SPR965, intracellular ROS levels were examined using ROS fluorescence indicator DCF-DA. The SKOV3 and Hey cells were treated with SPR96 at different doses for 8 h. SPR965 significantly increased ROS production in a dose-dependent manner in both cell lines. At a concentration of 500 nM, SPR965 significantly increased the DCFH-DA fluorescence by 18.5% and 23.5% in the Hey and SKOV3 cells, respectively (Figure 4A, p < 0.01). Since Bip is a master endoplasmic reticulum (ER) regulator which activates PERK, leading to increased ROS production and ERO1 activity under abnormal conditions (26), we next analyzed the response of ER stress-related markers after treatment with SPR965 for 24 h in the Hey and SKOV3 cells. Western blot results revealed that SPR965 significantly induced the protein expression of PERK, Bip, and Ero1 in a dose-dependent manner in both cell lines. Furthermore, our immunohistochemistry results showed that Bip expression was increased by 26.1% in SPR965 treated ovarian tumors compared to control mice (Figure 4C, p < 0.05). These results indicate that an increase in ROS production and ER stress might also be involved in the anti-proliferative and anti-tumorigenic effects of SPR965 on ovarian cancer.




Figure 4 | SPR965 induced endoplasmic reticulum (ER) stress in ovarian cancer cells. The Hey and SKOV3 cells were treated with SPR965 at different concentrations for 8 h. Reactive oxygen species (ROS) products were measured by DCFH-DA assay. SPR965 significantly increased the levels of ROS in both cell lines compared to the control cells (A). Western blotting results showed that SPR965 increased the expression of cellular stress-related proteins including PERK, Ero1, and Bip in both cell lines after treatment for 24 h (B). Immunohistochemistry results showed that SPR965 increased the expression of Bip in the ovarian tumors of KpB mice (C). The results are shown as the mean ± SD and are representative of three independent experiments. *p<0.05, **p<0.01.





SPR 965 Reduces Cellular Invasion

In order to determine the effect of SPR965 on invasion of ovarian cancer cells, an in vitro transwell invasion system was employed. The Hey and SKOV3 cells were seeded into the upper chambers of the transwell and treated with SPR965 (1–500 nM) for 3 h. The invasive capacity of the Hey and SKOV3 cell lines was reduced by SPR965 treatment in a dose-dependent manner. SPR965 (500 nM) significantly reduced the invasive ability of the Hey and SKOV3 cell lines by 17.8% and 16.4% (Figure 5A, p < 0.01), respectively. We next measured VEGF productions in cell culture media of Hey and SKOV3 after treatment with SPR965 for 24 h. VEGF ELISA assay showed that SPR965 greatly reduced media VEGF levels in both cell lines. Treatment of cells with 100 nM SPR965 decreased VEGF production by 27.6% in the Hey and 46.2% in the SKOV3 cells (Figure 5B).




Figure 5 | SPR965 inhibited invasion in ovarian cancer cells. SPR965 inhibited cell invasion in the Hey and SKOV3 cells, assessed by transwell assays (A). The Hey and SKOV3 cells were treated with SPR965 for 24 h. VEGF products in the media were assessed by VEGF ELISA assay (B). Western blotting results indicated that SPR965 affected the expression of epithelial-mesenchymal transition (EMT) markers including an increase in Slug in Hey cells and a decrease in Snail in both cell lines (C). SPR965 reduced serum VEGF levels in SPR965-treated KpB mice at the end of treatment (D). Immunohistochemistry results confirmed that SPR965 significantly reduced the expression of VEGF in ovarian tumors of KpB mice (E). *P < 0.05, **P<0.01.



To further analyze the effect of SPR965 on epithelial-mesenchymal transition (EMT) in ovarian cancer cell lines, the expression of VEGF, Snail, and Slug were analyzed by Western immunoblotting. As expected, SPR965 decreased the expression of VEGF and Snail in both cell lines. However, SPR965 increased the expression of Slug in Hey cells and reduced Slug expression in SKOV3 cells, suggesting that the role of SPR965 in inhibition of cell invasion may be involved in different steps on EMT depending on the cell line (Figure 5C). Furthermore, serum levels of VEGF in KpB mice were found to be significantly decreased by 29.5% in SPR965-treated mice compared to control group (Figure 5D, p < 0.05). We also found that the expression of VEGF protein was decreased by 17.4% in SPR965-treated ovarian tumors in comparison to placebo-treated mice, as detected by immunohistochemistry (Figure 5E), p < 0.05). These results indicate that the inhibition of cell invasion by SPR965 may involve both EMT processes and angiogenesis in ovarian cancer.




Discussion

Activation of the PI3K/Akt/mTOR pathway in ovarian cancer has been associated with carcinogenesis and progression (27, 28). Activation of the PI3K/Akt signal pathway is also well known to cause drug resistance to chemotherapy (10, 12, 13). This pathway is complex with multiple feedback loops which has made targeting this pathway challenging. For instance, downregulation of mTOR has been associated with an increase in AKT phosphorylation (29). Small molecule inhibitors have been investigated in ovarian cancer but have demonstrated limited clinical efficacy. The small molecule inhibitors, ARQ 092 and ARQ 087, through AKT inhibition cause G1 cell cycle arrest without apoptotic effects; however, clinical significance was not noted in patients with ovarian cancer (30). Additionally, the rapamycin analogs, temsirolimus and everolimus, downregulate the mTOR pathway; however, clinical responses have been modest (18, 19, 31). The lack of significant clinical response can likely be attributed to the complex nature of the PI3K/AKT/mTOR pathway and multiple feedback loops whereas inhibition at one site may upregulate other regulatory proteins (32, 33). Thus, dual inhibition of PI3K and mTOR has the advantage to overcome the upregulation of PI3K due to the feedback loop caused by mTOR inhibition, which may improve treatment response for ovarian cancer (33, 34).

It has been shown that the use of PI3K and mTOR inhibitors in combination leads to increased inhibition of cancer cell proliferation and tumor growth. Data from two other small molecule dual inhibitors show that dual inhibition of the PI3K/AKT/mTOR pathway suppresses cell proliferation, induces G1 cell cycle arrest, and induces apoptosis in ovarian cancer cells and mouse models (21, 35). Our study is the first to investigate the novel AKT/mTOR dual inhibitor, SPR965, in the setting of serous ovarian cancer. Our results mirror that of other dual inhibitors by decreasing cell proliferation, causing G1 cell cycle arrest and inducing cellular stress. SPR965 specially reduced the expression of phosphorylation of AKT and S6 and significantly inhibited tumor growth in our KpB mice accompanied by decreased levels of Ki-67, VEGF, phosphylated-AKT and phosphylated-S6 protein expression, as well as increased the expression of Bip in tumor tissues. Furthermore, we have confirmed that SPR965 was able to reduce the ability of adhesion and invasion in ovarian cancer cells and ovarian tumors of KpB mice.

Cell cycle arrest and apoptosis are common mechanisms responsible for the inhibition of cancer cell proliferation and tumor growth (36, 37). Many studies have identified that the PI3K/AKT/mTOR pathway is critical in control cell cycle in cancer cells. Most of the dual AKT/mTOR inhibitors significantly led to cell cycle G1 arrest and apoptosis (38, 39). However, several reports suggest that apoptosis has a controversial role in the anti-cancer effect of dual AKT/mTOR inhibitors (40). Ant-proliferative activity of the dual AKT/mTOR inhibitor, BEZ235, correlated with a dose-dependent increase of gastric cancer cells in the G1 phase of the cell cycle and cyclin D1 downregulation (41). Dual inhibition of the PI3K/AKT/mTOR pathway with MK2206 and BEZ235 caused cell cycle arrest and enhanced apoptosis through the downstream effectors SKP2, MCL-1, and cyclin D1 in esophageal squamous cell carcinoma cells. MK2206/BEZ235 in combination showed greater anti-tumorigenic effects than MK2206 or BEZ235 alone in xenograft mice (42). The PI3K/mTOR dual inhibitor GSK458 showed inhibitory efficacy against ovarian cancer cell proliferation and tumor growth through induction of cell cycle G1 arrest in nude mice and a PDX model (43). In our present study, SPR965 treatment caused significant cell cycle G1 phase arrest but failed to induce apoptosis in ovarian cancer cells. Furthermore, we found no difference in expression of cleaved caspase 3 in SPR965 treated mice compared to control mice (data not shown). Thus, we conclude that SPR965 inhibited cell proliferation predominantly through induction of cell cycle arrest in ovarian cancer cells as opposed to have any effect on apoptosis.

The activation of the PI3K/AKT/mTOR pathway promotes the expression of genes related to cell proliferation, invasion, and migration in ovarian cancer. Inhibition of the AKT/mTOR pathway by the dual inhibitors, GSK458, AZD2014 and BEZ235 reduced cell invasion and migration in thyroid, pancreatic, and ovarian cancer in preclinical models (43–46). A recent study has investigated the effect of AZD2014 and BEZ235 in invasion in comparison with single AKT or mTOR inhibitors in bladder cancer cells. AZD2014 and BEZ235 exerted stronger inhibitory effects on cancer cell invasion and EMT-related signaling pathways and mesenchymal markers compared to the single agents alone (47). In ovarian cancer, BEZ235 significantly prevents hypoxia- and TGF-β1-induced EMT and up-regulates the E-cadherin expression in vitro and in vivo, suggesting that dual inhibition of AKT and mTOR may have the potential for treatment of cancer metastasis (48). Our results demonstrated that SPR965 inhibited cell invasion through reduction of EMT processes and reduced serum VEGF production and expression of VEGF in ovarian tumors in KpB mice, indicating that SPR965 may be a promising agent in the prevention of ovarian cancer metastasis.

Recently, targeting of AKT/mTOR with dual inhibitors has been described to induce oxidative stress as well as expression of oxidative stress related to proteins. BEZ235 triggered strong ROS production in cholangiocarcinoma and ovarian cancer cells, which is associated with induction of apoptosis (49, 50). In addition to stimulating apoptosis and autophagy, ROS and oxidative stress may play an important role in controlling certain stages of the cell cycle in cancer cells. ROS has been confirmed to initiate checkpoint arrest and induce a G1 checkpoint response (51). We here observed that SPR965 increased ROS production and the expression of PERK, Erol-1 and Bip in the Hey and SKOV3 cells. Immunochesmistry showed that SPR965 increased Bip expression in ovarian tumors in KpB model. Therefore, cell cycle G1 arrest and oxidative stress as opposed to inducing apoptosis may be the most critical mechanisms for the anti-tumorigenic effect of SPR965 in ovarian cancer. In addition, autophagy induced by SPR965 is currently being investigated in our lab.



Conclusions

Our study found that SPR965 inhibited cell proliferation and tumor growth by inducing cell cycle G1 arrest and oxidative stress via blocking the PI3K/Akt/mTOR pathway in ovarian cancer. Moreover, SPR965 decreased cell invasion through EMT processes in ovarian cancer cells, and reduced VEGF levels in serum and ovarian tumors in a transgenic mouse model of ovarian cancer. Taken together, our findings provide valuable insight into the underlying biology behind the actions of SPR965 as a dual inhibitor of the AKT/mTOR pathway, and highlight the potential promise of this agent in the treatment of highly lethal ovarian cancer.
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Ovarian cancer is the deadliest of gynecological malignancies with approximately 49% of women surviving 5 years after initial diagnosis. The standard of care for ovarian cancer consists of cytoreductive surgery followed by platinum-based combination chemotherapy. Unfortunately, despite initial response, platinum resistance remains a major clinical challenge. Therefore, the identification of effective biomarkers and therapeutic targets is crucial to guide therapy regimen, maximize clinical benefit, and improve patient outcome. Given the pivotal role of c-MYC deregulation in most tumor types, including ovarian cancer, assessment of c-MYC biological and clinical relevance is essential. Here, we briefly describe the frequency of c-MYC deregulation in ovarian cancer and the consequences of its targeting.
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INTRODUCTION

Ovarian cancer is the most lethal gynecologic malignancy with an estimated 21,410 new cases and 13,770 deaths expected for 2021 in the United States (1). According to the tissue of origin, ovarian tumors are classified into epithelial and non-epithelial types (2). Tumors that arise from germ and sex cord stromal cells in the ovaries constitute ~10% of ovarian cancers (3). Epithelial-derived ovarian tumors account for ~90% of ovarian cancers and can be subdivided into four major histological subtypes including serous, endometrioid, clear-cell, and mucinous carcinomas (3). Of these types, high-grade serous tumors (HGSOC) are the most commonly diagnosed (3). Despite advances in surgical and therapeutic options for ovarian cancer, resistance to platinum-based chemotherapy remains a major clinical challenge. Several mechanisms of platinum resistance have been proposed, including the altered expression of oncogenes such as c-MYC (4, 5).

c-MYC was discovered four decades ago as the human cellular homolog of the avian myelocytomatosis viral oncogene (v-myc) (6–10). Further studies strongly linked c-MYC to cancer, marking it as a bona fide human oncogene (11, 12). Following the initial discovery of c-MYC, genomic amplification of two additional human paralogs N-MYC and L-MYC were identified in neuroblastoma and small-cell lung cancer, respectively (13–15).

Oncogenic c-MYC arises through multiple molecular mechanisms at the DNA, RNA and protein levels, rendering c-MYC no longer dependent of control signals (16–19). c-MYC deregulation reprograms gene expression and promotes uncontrolled cell proliferation – one of the hallmarks of cancer (16, 20–22). Given its pivotal role as a driver in cancer progression and maintenance, as well as its association with drug resistance, c-MYC has become an ideal target for cancer therapy (19, 22, 23). However, given the lack of enzymatic activity and the absence of surface domains suitable for most pharmacological inhibitors, c-MYC is considered an “undruggable” protein (24, 25). Nevertheless, several strategies have been employed to inhibit c-MYC transcription, disrupt c-MYC/MAX dimerization, or prevent binding of c-MYC/MAX heterodimers to enhancer box (E-box) DNA sequences (19). Antisense oligonucleotides and RNA interference (RNAi) directed against c-MYC, as well as, inhibitors targeting c-MYC upstream and downstream signaling pathways have also been evaluated (19).



c-MYC FUNCTION AND REGULATION

c-MYC is a basic helix-loop-helix leucine zipper (bHLHZ) transcription factor that regulates the expression of ~15% of all human genes (26). Binding of c-MYC to promoter regions of target genes at E-boxes (including the 5′-CACGTG-3′ consensus sequence and other non-consensus sites) requires dimerization with its protein partner, MAX (27, 28). Upon DNA binding, c-MYC/MAX heterodimer recruits co-factors required for transactivation of gene expression (26, 29). As a transcription factor, c-MYC plays a central role in the control of several essential functions including proliferation, growth, cell-cycle progression, angiogenesis, metabolism, differentiation, apoptosis, cell adhesion and motility, among others (16, 20, 26, 30–32). In addition, c-MYC may repress gene expression through interaction with MIZ-1, SP1/SP3, and NF-YB/NF-YC transcription factors (33).

In normal (non-transformed) cells, c-MYC expression is tightly regulated at multiple levels (34). Transcriptionally, c-MYC is controlled by numerous transcription factors (including CNBP, FBP, and TCF), enhancers, and non-B DNA structures such as G-quadruplexes (35, 36). Post-transcriptional regulation of c-MYC is exerted by RNA-binding proteins (CELF1 and HuR) and non-coding RNAs (35, 37). Post-translationally, c-MYC stability and transcriptional activity are controlled by a variety of different proteins (33). Phosphorylation at Serine 62 (Ser62) by Ras-activated ERKs stabilizes c-MYC and promotes activation (38). Subsequent phosphorylation at Threonine 58 (Thr58) by GSK3β leads to PP2A-mediated dephosphorylation at Ser62 and ubiquitination by Fbw7, resulting in c-MYC proteosomal degradation (38). Oncogenic activation of c-MYC is commonly induced by gene amplification or translocation, transcriptional upregulation, and enhanced protein stabilization (16, 35).



c-MYC DEREGULATION IN OVARIAN CANCER


c-MYC Gene Amplification

c-MYC is located in chromosome 8q24, which is frequently translocated or amplified in cancer (39). In fact, integrated genomic analyses of ovarian carcinoma revealed that one of the most common focal amplifications resides within the region containing c-MYC (40). Early reports by Yasue et al., using Southern blot hybridization, showed that c-MYC was amplified in human ovarian tumor cell lines (41). Later, Zhou et al. reported c-MYC amplification in 25% of ovarian tumors, mainly papillary serous adenocarcinomas (42). Additional studies found c-MYC amplification in ~20–50% of ovarian carcinomas (43–54). In contrast, Smith et al. found no evidence of c-MYC rearrangement or amplification in tissues from serous adenocarcinomas (55). Nevertheless, Ross et al. identified c-MYC amplification as a potentially targetable genomic alteration in patients with relapsed epithelial ovarian cancer (EOC) (48).

By using fluorescent in situ hybridization (FISH) on ovarian tumor tissue arrays, Dimova et al. reported a high frequency for c-MYC copy-number increases (38.5%), including 22.1% amplifications and 16.4% gains (47). In addition, c-MYC copy-number changes were associated with the degree of malignancy and histological type (47). Similarly, by using next-generation sequencing (NGS), Du et al. found that c-MYC had a high frequency of copy-number variations (29%) in tumors from recurrent ovarian cancer patients (56). Surprisingly, by using quantitative PCR (qPCR) analysis, Yamamoto et al. observed significantly higher c-MYC copy-numbers in early-stage EOC, however, low c-MYC copy-numbers were associated with a statistically significant poor prognosis (57).

Darcy et al. found limited predictive or prognostic value of c-MYC gene amplification and polysomy for chromosome 8 in women with suboptimally-resected, advanced-stage EOC (58). In contrast, Wang et al. reported a trend toward poorer survival for ovarian cancer patients with c-MYC amplification (51). In fact, survival was significantly poorer in patients with amplification of both HER-2/neu and c-MYC oncogenes (51). Similarly, a study by Katsaros et al. found that patients with c-MYC amplification and high p185/p21 co-expression had a significantly worse survival than those with normal levels (52). Moreover, Jung et al. reported an association between c-MYC amplification with late stage and high grade in endometrioid EOC (59). However, c-MYC amplification had no impact on clinical outcome in serous and endometrioid tumors (59). Diebold et al. found no correlation between c-MYC amplification and histological tumor type, histological grade, FIGO stage, DNA ploidy, proliferative activity or prognosis (50). Similar results by Baker et al. showed no apparent relationship between c-MYC amplification and tumor grade, response to platinum-based chemotherapy, hormone receptor status, or initial CA-125 levels (46). Taken together, these observations suggest that although c-MYC gene copy-number variation and amplification have been commonly reported in ovarian cancer, a relationship between c-MYC gene aberrations and prognostic or clinicopathological significance has not been clearly established.



c-MYC mRNA Expression

Early studies by Slamon et al., using Northern blotting, showed that c-MYC transcript levels were higher in human ovarian adenocarcinomas compared to normal tissues (60). Similar reports showed that c-MYC mRNA levels were higher in early-stage ovarian cancer tissues compared with those in normal samples, as evident by qPCR analysis (57, 61). In fact, Kohler et al. found that c-MYC mRNA expression was increased in 47.6% of ovarian carcinomas (62). Similarly, a study by Tashiro et al. revealed that c-MYC transcripts were overexpressed in 37.5% of ovarian tumors (including 63.6% of serous adenocarcinomas) relative to normal ovarian tissues (63). Moreover, significantly higher c-MYC expression was observed in stage III compared with stage I and stage IV tumors (63). On the other hand, a study by Bauknecht et al. showed high c-MYC mRNA expression in 28% of ovarian carcinomas (64). An association between c-MYC gene amplification and high mRNA expression levels was also observed (59, 64).

Tanner et al. found no significant association between c-MYC mRNA expression in EOC and clinical parameters including metastatic spread, survival time, FIGO stage, or histological grade and type (65). Similarly, Yamamoto et al. found no significant difference between c-MYC mRNA expression levels and survival rate for early-stage EOC (57). Jung et al. also reported no relationship between high c-MYC mRNA expression and patient outcome in serous and endometrioid tumors (59). On the other hand, a study by Iba et al. comprising EOC specimens from patients who underwent the standard of care revealed that responders had higher c-MYC mRNA levels than nonresponders, and a better 5-year survival rate (66). In contrast, analysis of HGSOC data from The Cancer Genome Atlas (TCGA) revealed significantly worse disease-free (DFS) and overall (OS) survival in patients with high c-MYC mRNA levels (67). Overall, the clinical significance of c-MYC mRNA expression in ovarian cancer has been inconsistent.



c-MYC Protein Expression

Expression of the c-MYC protein had been previously detected in ovarian carcinoma tumor and stromal cells by immunohistochemical methods (IHC) (62). Using the same approach, Skírnisdóttir et al. observed positive staining for c-MYC in 76% of cases from early-stage EOC (68). Positivity status was associated with tumor grade (68). Similarly, Chen et al. found that c-MYC protein was overexpressed in 65.9% of cases from EOC compared to normal ovary; however, no significant difference was observed between histological subtypes (69). Plisiecka-Hałasa also observed a high incidence of c-MYC overexpression in endometrioid and clear-cell carcinomas (70). By using flow cytometry, van Dam et al. found that c-MYC protein was overexpressed in 35% of epithelial ovarian carcinomas (71). A similar study by Watson et al. showed that serous papillary ovarian carcinomas expressed significantly higher nuclear c-MYC protein levels compared with normal ovary (72).

Reports by Sasano et al. revealed no significant correlation between c-MYC intracellular distribution and nuclear and histological grade or mitotic activity in ovarian carcinomas (73). Nevertheless, studies in ovarian mucinous tumors showed that positive c-MYC protein expression and distribution correlated with tumor size and tumor classification, respectively (74, 75). However, retrospective analysis of clinical data suggested that a standard histological criteria is a more accurate indicator of tumor behavior than assessment of the pattern of c-MYC expression based on immunostaining alone (75).

Paradoxically, Plisiecka-Hałasa et al. found that c-MYC overexpression was associated with better tumor differentiation, higher p27, and lower Ki-67 expression in ovarian carcinomas treated with platinum-based regimens (70). On the other hand, Ning et al. found that increased nuclear c-MYC expression in early-stage ovarian cancer correlated with clinical stage and shorter overall survival (61). However, a study by Curling et al. showed no significant association between c-MYC protein and prognosis in ovarian carcinomas (76). Similarly, Jung et al. found no relationship between high c-MYC protein expression levels and patient outcome in endometrioid tumors (59). Yamamoto et al. also reported no significant difference in survival rate for c-MYC protein expression in early-stage EOC (57). Nevertheless, a positive association between phosphorylated c-MYC (Ser62) and expression of proliferation markers such as Ki-67 was observed (57). In addition, high phosphorylated c-MYC was associated with relatively poor prognosis (57). Similar to amplification and mRNA expression, the association between c-MYC protein levels and clinical parameters in ovarian cancer is not clear. Assessment of the clinical relevance of phosphorylated c-MYC in ovarian cancer warrants further investigation.




TARGETING c-MYC IN OVARIAN CANCER


Antisense Oligonucleotides

Early reports showed that targeting c-MYC in vitro with triplex-forming (TFOs) and liposomal phosphorothioate oligonucleotides (PTOs) inhibits ovarian cancer cell growth (77, 78). In fact, evidence indicates that PTOs against c-MYC inhibit the proliferative effect of TGFα in ovarian cancer cells (79). Also, resistance to TGFβ – an antiproliferative growth factor – coincides with the loss of c-MYC repression in ovarian carcinoma cells (80). On the other hand, Janicek et al. showed that PTOs against c-MYC in ovarian cancer cells leads to both antiproliferative and stimulatory activity (81).



Small Interfering RNAs (siRNAs)

SiRNA-mediated c-MYC knockdown in MYC-amplified ovarian cancer cells inhibits proliferation and induces replicative senescence by increasing the Cdk inhibitor p27 and decreasing CDK2 activity (82). High c-MYC, low p27, and high phosphorylated Rb protein signature correlates with poor patient survival in ovarian cancer (83). Induction of p27 by miR-124 decreases phosphorylated Rb and c-MYC protein levels leading to cell cycle arrest in vitro and reduced tumor growth in vivo (83). Moreover, targeting c-MYC with siRNAs in platinum-resistant ovarian cancer significantly inhibits cell growth and viability, induces cell-cycle arrest and activates apoptosis in vitro, and reduces tumor growth in vivo (67).



Small-Molecule Inhibitors

Blocking c-MYC/MAX heterodimerization with the small-molecule inhibitor 10058-F4 significantly inhibits ovarian cancer cell proliferation in part by inducing apoptosis and cell cycle arrest (84). Similarly, 10058-F4 treatment in primary cultures of epithelial ovarian carcinoma induces caspase-3 activity and inhibits cell proliferation (84). Moreover, c-MYC inhibition with 10058-F4 reduces glutamine uptake in cisplatin-resistant ovarian cancer cells (85).

Elevated expression of c-MYC has been observed in primary HGSOC cells sensitive to BRD4 inhibition by JQ1, a selective small-molecule BET bromodomain inhibitor (86). By targeting BRD4 and c-MYC, JQ1 suppresses ovarian cancer cell proliferation and induces apoptosis (87). In addition, c-MYC amplified primary cell lines and xenografts derived from chemotherapy-resistant ovarian tumors are sensitive to JQ1 (88). In fact, JQ1 increases the sensitivity of platinum-resistant ovarian cancer cells to cisplatin (87).

Dual targeting of FAK—an integrin-linked non-receptor tyrosine kinase—and c-MYC by VS-6063 and JQ1 inhibitors leads to cell cycle arrest and decreased cell survival in ovarian cancer cells in vitro (89). In primary tumors of HGSOC, co-upregulation of FAK and c-MYC suggest a co-targeting approach as a therapeutic strategy in ovarian cancer (89). Residual cells from HGSOC patients treated with neoadjuvant carboplatin and paclitaxel chemotherapy exhibit elevated FAK activity (90). Inhibiting FAK sensitizes platinum-resistant ovarian cancer tumors to cisplatin in vivo (90).

Simultaneous inhibition of CDK7 and CDK12/13 with THZ1 abrogates c-MYC expression and decreases tumor growth in platinum- and PARP inhibitor-resistant patient-derived xenograft (PDX) models of HGSOC (91). Dual inhibition of PARP (Olaparib) and CDK4/6 (Palbociclib) inhibits the growth of ovarian cancer cells in vitro and slows down tumor growth in vivo in part by inducing homologous recombination (HR) deficiency in a MYC-dependent manner (92). Concomitant upregulation of glutaminase (GLS) and c-MYC has been observed in platinum-resistant ovarian cancer cells (93). Inhibition of GLS—a downstream target of c-MYC—by CB-839 sensitizes ovarian cancer cells to PARP inhibition and prolong survival in tumor-bearing mice (93).



MicroRNAs (miRNAs)

Small non-coding RNAs such as miRNAs have been implicated as regulators and mediators of c-MYC function (37). Therefore, miRNAs may serve as potential therapeutic targets against MYC-driven cancers (37). Lower expression of miR-145 has been observed in EOC cell lines and tumor tissues, and its upregulation inhibits cell proliferation and promotes apoptosis by directly repressing c-MYC (94). In addition, miR-145 inhibits glutamine metabolism in ovarian cancer through c-MYC/GLS1 pathways (95). Furthermore, high miR-145 expression was significantly associated with increased overall survival in patients with ovarian cancer (95). Similarly, EOC tissues and cells exhibit lower levels of miR-494 (96). Overexpression of miR-494 inhibits in vitro growth and migration by directly targeting c-MYC (96). Recently, Majem et al. also found that miR-654-5p is downregulated in ovarian serous carcinomas and restoration suppresses ovarian cancer development by impacting on the oncogenic function of MYC, AKT and Wnt pathways through directly targeting CDCP1 and PLAGL2 (97).

Cisplatin-mediated downregulation of miR-145 has been shown to contribute to PD-L1 upregulation in ovarian cancer (98). Increasing miR-145 levels negatively regulates PD-L1 by repressing c-MYC expression in cisplatin-resistant ovarian cancer cells (98). These observations suggest that miR-145 may serve as an adjuvant therapeutic target in ovarian cancer (98). Sun et al. also demonstrated that c-MYC regulates cisplatin resistance in ovarian cancer by suppressing miR-137 and promoting expression of EZH2, which in turn activates cellular survival pathways (99). On the other hand, inhibition of c-MYC-miR-137 axis sensitizes resistant cells to cisplatin (99). Active c-MYC-miR-137-EZH2 was also confirmed in tumor samples from recurrent patients with ovarian cancer (99). Similarly, overexpression of let-7g increases sensitivity to cisplatin treatment in EOC, and inhibits cell growth by c-MYC and Cyclin-D2 downregulation (100). In addition, siRNA-mediated silencing of the histone deacetylase HDAC1 suppresses cell proliferation, increases apoptosis, and sensitizes ovarian cancer cells to cisplatin treatment by inducing c-MYC downregulation and miR-34a upregulation (101).



Long Non-coding RNAs (lncRNAs)

Evidence indicates that lncRNAs are able to control the expression and function of c-MYC (102). In addition, c-MYC transcriptionally regulates lncRNA expression through feedback loops (102). For example, c-MYC directly stimulates transcription of DANCR, an oncogenic lncRNA upregulated in ovarian cancer (103). Silencing DANCR increases p21 expression, decreases cell proliferation, and reduces ovarian tumor burden in an orthotopic xenograft model (103). Another oncogenic lncRNA, MALAT-1, which is upregulated in EOC tissues and cell lines, promotes c-MYC mediated epithelial-mesenchymal transition through sponging miR-22 (104). Silencing MALAT-1 inhibits cell proliferation, migration, and invasion (104). On the other hand, MAGI2-AS3, which is lowly expressed in ovarian cancer tissues and cell lines, acts as a tumor inhibitor by negatively regulating miR-525-5p and enhancing MXD1 expression (105). MXD1 competitively interacts with MAX, repressing c-MYC transcriptional activity (105). These findings suggest that targeting MYC-related lncRNAs may represent a potential alternative therapeutic strategy against ovarian cancer.




CONCLUDING REMARKS

As a transcription factor, c-MYC plays a key role in the regulation of multiple cellular processes. In non-transformed cells, c-MYC expression is tightly controlled. However, aberrant c-MYC expression has been reported in most human tumors. Thus, it is not surprising that c-MYC has been considered as a potential therapeutic target against many cancer types, including ovarian cancer. In fact, several approaches have been proposed to inhibit c-MYC either directly or indirectly, some of which have entered clinical trials. Reports on the prognostic value of c-MYC in ovarian cancer have been inconsistent, which may be explained in part by the complexity of the disease, patient background, and choice of methodology. Further investigation into the potential role of c-MYC as a prognostic marker in ovarian cancer is required in the context of histological subtypes, disease subgroups, genetic racial/ethnic differences, and reliable detection methods.
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Background

Cervical cancer is one of the most common types of gynecological malignancies worldwide. This study aims to develop an immune signature to predict survival in cervical cancer.



Method

The gene expression data of 296 patients with cervical cancer from The Cancer Genome Atlas database (TCGA) and immune-related genes from the Immunology Database and Analysis Portal (ImmPort) database were included in this study. The immune signature was developed based on prognostic genes. The validation dataset was downloaded from the Gene Expression Omnibus (GEO) database.



Result

The immune signature namely immune-based prognostic score (IPRS) was developed with 229 genes. Multivariate analysis revealed that the IPRS was an independent prognostic factor for overall survival (OS) and progression-free survival (PFS) in patients with cervical cancer. Patients were stratified into high IPRS and low IPRS groups, and those in the high IPRS group were associated with better survival, which was validated in the validation set. A nomogram with IPRS and stage was constructed to predict mortality in cervical cancer.



Conclusions

We developed a robust prognostic signature IPRS that could be used to predict patients’ survival outcome.
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Introduction

With an estimated 570,000 new cervical cancer cases and 311,000 deaths worldwide in 2018, cervical cancer is one of the most common types of gynecological malignancies and ranks as the fourth most frequently diagnosed cancer and the fourth leading cause of cancer-related death in women (1). There are two primary histological types of cervical cancer: cervical squamous cell carcinoma and cervical adenocarcinoma. In less developed countries, cervical cancer among women is the leading cause of cancer death, and nearly 90% of cervical cancer deaths occurred in developing countries (1). Although the incidence is gradually decreasing owing to the identification of HPV as an etiologic factor and the introduction of a specific vaccine, the prognosis of advanced stage disease is extremely poor (2). Various biomarkers, especially genetic markers, have been shown to be closely related to prognosis (3–7). Thus, identifying patients with poor prognosis and high mortality is an important basis for additional clinical therapy.

The immune system has been found to be a determining factor during cancer initiation and progression and immunotherapy has shown great promise for some cancers. Meanwhile, evidence has shown that immunotherapy plays an important role in cervical cancer because the immune reaction to HPV may inhibit further progression in early-stage cancer (2). Further evidence has preliminarily confirmed that several immune prognostic signatures could be used to predict the prognosis of cervical cancer (8, 9). Thus, immune prognostic signatures have therapeutic potential in cervical cancer.

In this study, we aimed to develop a new immune signature with immune prognostic genes. The new immune signature was developed in a training set and validated in a testing set. In an independent cohort, we proved the signature stability and reliability. Further, we used subgroup analysis and sensitivity analysis to validate the new immune signature. Additionally, with the new immune signature and clinical characteristics, we built a nomogram for patient prediction for clinical research.



Materials and Methods


Study Population and Eligibility Criteria

We collected the cervical cancer gene expression profiles of primary tumor tissue samples from public datasets, including a cohort GSE44001 from the Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/) and another from The Cancer Genome Atlas (TCGA) (https://portal.gdc.cancer.gov/). Only patients with follow-up duration and status were included. In this study, the outcomes were overall survival (OS) and progression-free survival (PFS). Finally, 596 cervical cancer cases including 296 from TCGA and 300 from GEO were included. The study design is presented in Figure 1.




Figure 1 | Flowchart of the study.





Gene Expression Data Preprocessing

For the GEO dataset, gene microarray data and clinical information were downloaded from GEO. The missing gene expression was filled by k-nearest neighbors with R package “impute” (10). For the TCGA dataset, RNA sequencing data (FPKM value) of gene expression and clinical information were also downloaded. Then, the gene expression of each gene in the two datasets was transformed into a z-score.



Immune-Related Genes Definition

The comprehensive list of immune-related genes was download from the Immunology Database and Analysis Portal (ImmPort) database (https://immport.niaid.nih.gov), which includes 17 immune categories about molecular function (11). By matching with the variables from GSE44001 and TCGA, a total of 1267 immune-related genes were included in this study.



Development of the Immune-Based Prognostic Signature for Cervical Cancer

We developed the signature called immune-based prognostic score (IPRS) through a two-stage strategy. First, the univariable Cox proportional hazards regression analysis was used to assess the association of 1267 immune genes with OS in TCGA. Those genes with significant prognosis were extracted for further analysis. Then, we defined the immune-based prognostic signature similar to GGI (12):

	

where i is the risky gene whose Cox coefficient is positive, and j is the protective gene whose Cox coefficient is negative.



Validation of the IPRS

To obtain a uniform cut-off value to divide patients into high-score and low-score groups, the cut-off of IPRS was determined by using the “ surv-cutpoint” function of the R package “survmier,” which repeatedly tested all potential cut-off points to determine the maximum rank statistic (13). Then, the IPRS was further validated in GSE44001.



Functional Enrichment Analyses

To further investigate the gene molecular mechanisms in IRRS, Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses was performed by using R package “clusterProfiler”. The P values adjusted by False-Discovery Rate (FDR) <0.05 were considered significant.



Construction and Validation of a Predictive Nomogram

We used a multivariate cox proportional hazard model to determine independent prognostic factors that were used to establish a nomogram with the R package “rms” (14). The calibration curves were used to determine whether the nomogram was suitable for clinical use.



Statistical Analysis

Categorical measurements were described as count and percentage, while continuous measurements were presented as mean ± SD. Kaplan–Meier (KM) survival curves were drawn using “survmier” and compared between subgroups using the log-rank test. Multivariate cox proportional hazard models were used to estimate the hazard ratios of variables and determine independent prognostic factors. The C-index was estimated using “survival” in the R package. All statistical analyses were performed in R version 3.3.4 (http://www.r-project.org/). A two-sided P<0.05 was considered to indicate statistical significance.




Results


Development and Definition of the IPRS

According to the inclusion criteria, a total of 596 cervical cancer patients including 296 patients from TCGA and 300 patients from GSE44001 were included in this study (Table 1). In the training set, 143 protective genes and 86 risky genes among the 1267 immune-related genes were associated with OS (Table S1).


Table 1 | Clinical characteristics of cervical cancer patients.



Then, we used these genes to develop IPRS whose cut-off was -74.30 to stratify patients into high IPRS and low IPRS groups in the study.



Validation of the IPRS

For the TCGA cohort, the KM curves indicated that the high IPRS group was associated with better OS, while the low IPRS group was associated with poor OS (Figure 2A). After adjusting for age, stage, and grade, IPRS (HR: 4.07, 95% CI: 2.29–7.23) remained an independent prognostic factor in the multivariable Cox model (Table S2). In addition, for GSE44001, adjusting for stage and low IPRS showed a 2.67-fold (HR: 2.67, 95% CI: 1.11–6.39) higher risk than the high IPRS group (Figure 2B, Table S3).




Figure 2 | (A) Survival curve of OS between high IRPS and low IRPS in TCGA; (B) Survival curve of FPS between high IRPS and low IRPS in GSE44001.





Subgroups and Sensitivity Analysis for IPRS

To evaluate the prognostic value of IPRS, we performed a sensitivity analysis according to age, stage, grade. We found that IPRS was still significant in all subgroups and the prognosis of high IPRS is better than low IPRS. These results indicated that IPRS was potentially prognostic factor (Figure 3). In addition, the survival curves of PFS in the TCGA cohort also showed that high IPRS was associated with better prognosis, although some information of time and status related to PFS is missing (Figure S1, Table S4).




Figure 3 | (A) Survival curve of OS between high IRPS and low IRPS in stage I and stage II patients; (B) Survival curve of OS between high IRPS and low IRPS in stage III and stage IV patients. (C) Survival curve of OS between high IRPS and low IRPS in Grade I and Grade II patients; (D) Survival curve of OS between high IRPS and low IRPS in Grade III and Grade IV patients. (E) Survival curve of OS between high IRPS and low IRPS in patients aged ≤50 years; (F) Survival curve of OS between high IRPS and low IRPS in patients aged ≤50 years.





Pathway Enrichment Analysis

Enrichment analysis of the 229 genes identified 94 significant KEGG pathways, and the top six most significant enriched pathways by these prognostic genes were: cytokine-cytokine receptor interaction, natural killer cell mediated cytotoxicity, T cell receptor signaling pathway, rheumatoid arthritis, type I diabetes mellitus, and Th1 and Th2 cell differentiation (Figure 4).




Figure 4 | The X-axis represents the Percent of Genes. The Y-axis represents the KEGG pathway terms and the KEGG pathway terms were assigned to four KEGG categories.





Comparison With Clinical Characteristics and Constructing Nomogram

We compared the predictive accuracy of IPRS with the clinicopathological characteristics including age, stage, and grade in TCGA. We found that compared with age (0.556), stage (0.629), and grade (0.514), IPRS had the highest C-index (0.685). In addition, stage was also a prognostic factor for predicting cervical cancer survival. We constructed a nomogram with IPRS and stage by which clinicians predict mortality in cervical cancer patients (Figure 5A). Furthermore, calibration curves indicated good predictive performance of the nomogram (Figure 5B, C).




Figure 5 | (A) Nomograms for predicting the probability of patient mortality at 3- or 5-year OS based on IPRS. (B, C) Calibration curves of the nomogram for predicting the probability of OS at 3- and 5-years.






Discussion

Numerous evidence has shown the association between immune system or immune-related genes and patient prognosis in several solid tumors including breast cancer, non-small cell lung cancer, and ovarian cancer (15–17). In recent years, researchers have studied the survival benefits of immunotherapy in cervical cancer (2). In addition, some evidences also demonstrated the immune related signatures could predict the prognosis of cervical cancer (18). In this study, we established IPRS, a robust prognostic signature, based on 229 immune genes. Our results indicated that IPRS was significantly associated with cervical cancer patients’ OS in the TCGA cohort. The patients were stratified into high IPRS and low IPRS groups based on cut-off -74.30 of IPRS. High IPRS was associated with better survival, which suggests that clinicians should pay more attention to low IPRS. After adjusting for clinicopathological factors, IPRS remained an independent prognostic factor in the multivariable Cox model. In addition, we found that IPRS was also significantly correlated with PFS, and the prognosis of high IPRS group was also better than that in the low IPRS group. Further, we validated the predictive value of IPRS in the validation set and concluded that patients in the high IPRS group had better survival, which was similar to that of the training set. Further, the IPRS could further stratify patients in different clinically defined groups into subgroups with different survival outcome. These results indicated that IPRS is a robust prognostic signature.

Moreover, we performed a KEGG enrichment analysis for the 229 immune prognostic immune genes, which proved the association between cancer and clinical application potential. Cytokine-cytokine receptors are associated with inflammation, angiogenesis, and chemotaxis processes, and they inhibit tumor development and progression in addition to being effective in cancer treatment (3, 8). The natural killer cell-mediated cytotoxicity pathway is associated with NK cell activation, which controls tumor growth and kills tumors (19, 20). T cell receptor signaling pathway was related to the activation of T-cells in response to a cancer antigen (21). In addition, many studies showed that rheumatoid arthritis could increase the incidence of cervical cancer, and the prevalence of HPV infection was higher among women with autoimmune disease (22, 23). The incidence of cervical cancer was higher among women with Type I diabetes mellitus (24). MAPK signaling pathway and PI3K-Akt signaling pathway both lead to increased cancer cell invasiveness and facilitated cancer progression (25, 26).

Further, we found that IPRS and stage were independent prognostic factors. To improve the clinical application value of IPRS, a nomogram was constructed to predict mortality and instruct clinicians to adopt effective treatment measures.

Our study has several strengths. First, we developed an IPRS-based immune prognostic gene that proved to be an independent prognostic factor. Second, based on IPRS, patients could be stratified into high and low IPRS groups to benefit from different treatment. Third, we constructed a nomogram to predict mortality more accurately so that cervical cancer patients accept more immediate treatment. However, our study also has some limitations. First, the sample size used in the study is not large, which led to some related results such as cut-off values to change when reproducing results in other data. Second, we used public datasets for this study, and although IPRS was an independent prognostic factor, we could not validate its value in the actual dataset.



Conclusion

We developed a robust prognostic signature IPRS, which could be used to predict patients’ survival outcome. Further studies are necessary to validate the prognostic value of IPRS in cervical cancer.
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Background: Ovarian cancer is the most lethal female genital malignancy. Although cisplatin is the first-line chemotherapy to treat ovarian cancer patients along with debulking surgeries, its efficacy is limited due to the high incidence of cisplatin resistance. ATP citrate lyase (ACLY) has been shown to be a key metabolic enzyme and is associated with poor prognosis in various cancers, including ovarian cancer. Nevertheless, no studies have probed the mechanistic relationship between ACLY and cisplatin resistance.

Methods: Survival analysis was mainly carried out online. Bioinformatic analysis was performed in R/R studio. Proliferative activity was measured by MTT and colony formation assays. Cell cycle and apoptosis analysis were performed by flow cytometry. The acquired-cisplatin-resistant cell line A2780/CDDP was generated by exposing A2780 to cisplatin at gradually elevated concentrations. MTT assay was used to calculate IC50 values of cisplatin. A xenograft tumor assay was used test cell proliferation in vivo.

Results: Higher expression of ACLY was found in ovarian cancer tissue and related to poor prognosis. Knockdown of ACLY in A2780, SKOV3, and HEY cells inhibited cell proliferation, caused cell-cycle arrest by modulating the P16–CDK4–CCND1 pathway, and induced apoptosis probably by inhibiting p-AKT activity. Bioinformatic analysis of the GSE15709 dataset revealed upregulation of ACLY and activation of PI3K–AKT pathway in cells with acquired cisplatin resistance, in line with observations on A2780/CDDP cells that we generated. Knockdown of ACLY alleviated cisplatin resistance, and works synergistically with cisplatin treatment to induce apoptosis in A2780/CDDP cells by inhibiting the PI3K–AKT pathway and activating AMPK–ROS pathway. The ACLY-specific inhibitor SB-204990 showed the same effect. In A2780/CDDP cells, AKT overexpression could attenuate cisplatin re-sensitization caused by ACLY knockdown.

Conclusions: Knockdown of ACLY attenuated cisplatin resistance by inhibiting the PI3K–AKT pathway and activating the AMPK–ROS pathway. These findings suggest that a combination of ACLY inhibition and cisplatin might be an effective strategy for overcoming cisplatin resistance in ovarian cancer.

Keywords: ACLY, ovarian cancer, cisplatin resistance, PI3K-AKT pathway, AMPK-ROS pathway


INTRODUCTION

Ovarian cancer is one of the most lethal tumors worldwide. At the time of diagnosis, the disease is in most cases asymptomatic, and tumors have already spread to other pelvic or extra-pelvic organs. Among females with malignant tumors, ovarian cancer has an incidence rate of only 2.5%, yet it accounts for 5% of all deaths (1). The standard therapy is debulking surgery with platinum-based chemotherapy (2). Although 60–90% of patients with ovarian cancer respond well to first-line platinum-based chemotherapy (3), the median progression-free survival of patients with advanced disease is about 18 months, as most recurrences are platinum-sensitive. Typically, for platinum-sensitive patients, a platinum-based chemotherapy strategy is continued until the cancer develops resistance (4). Many factors account for acquired platinum resistance, including reduced accumulation of the drug (5), increased levels of glutathione (6) and metallothionein (7), and enhanced DNA repair (8, 9). Therefore, ways to prevent acquired platinum resistance and maintain a good response to platinum are urgently required.

ATP citrate lyase (ACLY) is a tetramer consisting of four identical subunits, activated by phosphorylation of the catalytic His760 residue on each N-terminal subunit (10). In the cell, it is located in the cytoplasm, mitochondria and nucleus (11). ACLY catalyzes the synthesis of acetyl-CoA and oxaloacetate (OAA) from citrate and coenzyme A (9). Acetyl-CoA participates in de novo synthesis and in the transcription of certain proteins, and catalyzes the acetylation of proteins, especially histones. OAA is a substrate for aspartate production, which is required for nucleotide and polyamine synthesis, and also sustains the regeneration of NAPDH/H+, which in turn participates in redox reactions and biosynthesis (12). ACLY connects glucose metabolism with de novo lipid synthesis, in which it acts as a key enzyme. High levels of ACLY expression have been detected in many types of tumors, including non-small-cell lung cancer, colorectal cancer, renal cancer, epithelial ovarian cancer, prostate cancer, breast cancer, bladder cancer, hepatocellular cancer, and glioblastomas (13). Targeting ACLY would appear to be novel strategy for tumor therapy.

Our research team has previously investigated ACLY as a prognostic factor of ovarian cancer, and has demonstrated that inhibiting ACLY suppresses the proliferation of ovarian cancer cells (14). In a bioinformatic analysis comparing gene expressing differences in acquired cisplatin-resistant ovarian cancer cells vs. cisplatin-sensitive ones, we found that ACLY and its related pathways were significantly upregulated in cisplatin-resistant cells.

Starting here with a bioinformatic analysis of a GEO dataset, we recognized ACLY to be a key enzyme in regulating acquired platinum resistance. We then investigated the re-sensitization of cells with acquired platinum resistance by ACLY knockdown. Our findings suggest ACLY to be a novel target for maintaining the sensitization of ovarian tumors to platinum.



MATERIALS AND METHODS


Bioinformatic Analysis

Survival analyses of The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) datasets from ovarian cancer patients were performed online (http://kmplot.com/analysis/index.php?p=service). GEO datasets (GSE15709) were downloaded (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE15709) and analyzed using R/R studio. Differential expressing genes (DEGs) were extracted using the limma R package, with the standard filter of log|FC| ≥1 and p-values <0.05. GO and KEGG pathway enrichments were performed by using the clusterProfiler R package (15). Pathway visualization was performed in the Pathview R/Bioconductor package (16). We calculated the rich factor of KEGG enrichment comprehensively with gene numbers and weights using the S4Vectors R package.



Cell Lines and Culture Conditions

The human epithelial ovarian cancer cell lines A2780, SKOV3, and HEY were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The HEY cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum, and A2780 and SKOV3 cells were cultured in RPMI-1640 medium containing 10% fetal bovine serum. All culture media contained 100 U/ml penicillin and 100 μg/ml streptomycin. Cells were incubated at 37°C in air containing 5% CO2.



Induction of Cisplatin Resistance

A2780/CDDP cells were obtained by exposing A2780 cells to stepwise-increasing concentration of cisplatin. Initial concentration of cisplatin was 2 μM, the cells were exposed to cisplatin for 2 days as a cycle, then cells were allowed for growth recovery in medium without cisplatin between cycles. Cycles were repeated for three times on the same concentration of cisplatin. After the completion of three cycles of same concentration of cisplatin stimulation, the dose was elevated. The procedures were repeated until the final concentration of cisplatin reached 50 μM. Cells were used for subsequent experiment only when they remained the resistance to cisplatin after cultured in medium without cisplatin for at least 6 months.



Cell Viability and Colony Formation Assays

The MTT assay was used to measure cell proliferative ability. Cells were inoculated into 96-well plates, each well containing 800–1000 cells, and incubated overnight to adhere. Cells were incubated for up to 5 days, and assays performed at intervals of 24 h by adding 10 μl of MTT (5 mg/ml; Sigma–Aldrich, CA, USA) to each well, then the plates were returned to the incubator at 37°C for 4 h. The supernatant was carefully aspirated and 100 μl of DMSO (MP Biomedicals, OH, USA) was added into every well. After the formazan was fully dissolved, plates were placed in the microplate reader (Tecan Group Ltd, Männedorf, Switzerland), and the absorbance at 490 nm was measured.

For colony formation assays, 800 single cells were seeded in six-well plates and mixed with 2 ml of culture medium. After incubation at 37°C for 12 days, cells were fixed with methanol and stained with 0.1% crystal violet (Beyotime, Beijing, China).



Drug Resistance Assay

MTT assays were used to measure the surviving fractions of cells and cisplatin IC50 values. Cells were seeded into 96-well plates at a concentration of 3,000 cells per well, then incubated with different concentrations of cisplatin for 24, 48, or 72 h. Finally, the absorbance was measured by microplate reader as described above.



Cell Cycle Assay

Cells were harvested and fixed with ethanol when 80% confluency was reached, then stained with propidium iodide according to the manufacturer's protocol (BD, NJ, USA). The treated cells were separated by flow cytometry (FACSCalibur, BD, USA) and analyzed using Modifit LT software.



Cell Apoptosis Assay

Cells were harvested with trypsin without EDTA, washed three times with phosphate-buffered saline (PBS), and resuspended in annexin binding buffer at a concentration of 1 × 106 per 100 μl. Then, cells were stained with 5 μl annexin V-APC and 10 μl 7-aminoactinomycin D solution (MultiSciences, Hangzhou, China), and incubated at room temperature for 5 min. Finally, cells were separated by flow cytometry (FACSCalibur), and analyzed with Flowjo V10 software.



Lentivirus Production and Stable Transfections

The sequence of shACLY is: 5′-CCATCATAGCTGAAGGCAT-3′, NC: 5′-TTCTCCGAACGTGTCACGT-3′. The plasmid containing shACLY and the corresponding NC were purchased from Genechem (Shanghai, China). HEK279T cells were used to produce lentivirus. To that end, HEK293T cells were transfected (Lipofectamine 3000) with the shACLY plasmid together with pMD2.G and psPAX2. Ovarian cancer cells were infected with the obtained lentivirus over a period of 12 h. These cells were then cultured with medium containing 2 μg/mL puromycin (Solabio, Beijing, China) to obtain stably transfected cells.



Transient Transfection

The plasmid containing AKT and the corresponding NC plasmid were purchased from Genechem (Shanghai, China). Lipofectamine 3000 (Invitrogen, USA) was used to transfect cells with these plasmids. Cells were harvested 24–48 h after transfection for the following assays.



Quantitative Real-Time Transcription-Polymerase Chain Reaction

Cells' Total RNA was extracted using SteadyPure Universal RNA Extraction Kit, concentration and purity were detected using spectrophotometer (Thermo Fisher Scientific Inc., MA, USA). Then the RNA was transcribed into cDNA. PCR reaction was performed on StepOne™ PCR amplifier (Applied Biosystems, USA) with SYBR-green (TAKARA, Japan) in a 10 μl reaction system. β-actin was used as the endogenous control. Primers for human ACLY gene were as follows: forward: 5′-CAGACGGGCAAAGAACTCCT-3′, reverse: 5′-TCAGGAGTGACCCGAGCATA-3′. Relative gene expression levels were normalized to β-actin. Primers for β-actin gene were as follows: forward: 5′-CTC ACC ATG GAT GAT GAT ATCGC-3′, reverse: 5′-AGG AAT CCT TCT GAC CCA TGC-3′.



Western Blotting Assays

Adherent cells were washed three times with PBS, lysed with RIPA Lysis Buffer (Beyotin, Beijing, China) containing 1% PMSF and 1% NaF, and placed on ice for 30 min. Lysed cells were subjected to centrifugation to obtain a protein-containing supernatant. The concentration of protein was measured by BCA protein assay (reagents from Beyotime, Beijing, China). An appropriate volume of 5× loading buffer was added to the protein to achieve a final concentration of 1× , and followed by heating for 5 min at TEMP 98°C in a metal bath. Samples were loaded onto 10 or 12% SDS-PAGE gels at 30 μg per well, then separated by electrophoresis. Gels were then transferred onto 0.22-μm polyvinylidene fluoride membranes (Merck Millipore, USA). Membranes were blocked in 5% skimmed milk for 1 h, then incubated with primary antibodies overnight at 4°C, washed with 1× Tris-buffered saline containing tween (TBST), then incubated with HRP-linked secondary antibodies at room temperature for 1.5 h or less. HRP Substrate Reagent (Thermo Fisher Scientific Inc., MA, USA) was used to detect bands on membranes under an Image Quant LAS 4000 (GE Healthcare Life Science). GAPDH was detected as the endogenous control.



Tumor Xenograft Experiments

A2780 and A2780/CDDP cells stably expressing shACLY and the corresponding NC cell lines were used to establish xenografts. Cells were harvested, and 1 × 107 cells were resuspended in 200 μl PBS and injected subcutaneously on either side of the axilla of 4–6-week-old nude female mice. Tumor sizes were measured every other day from day 10 after injection. The mice bearing A2780/CDDP cells received intraperitoneal injections of cisplatin at a concentration of 4 mg/kg body weight (B.W.) on days 7, 14, and 28 (a total of three injections). Mice that received A2780 cells were sacrificed 35 days after grafting, and those in the A2780/CDDP group were sacrificed 28 days after cisplatin injection. Tumor volumes were calculated as V = [(length × width2)/2].



Antibodies and Chemical Inhibitors

Cisplatin was purchased from MCE (NJ, USA), and was solved in phosphate-buffered saline (PBS) with the help of ultrasound, reaching the concentration of 3.33 mM, equal dose of PBS in accordance with cisplatin added as 0 μM control group. The antibodies for ACLY, P16 were purchased from Abcam (Cambridge, UK). The antibodies for cleaved poly (ADP-ribose) polymerase (PARP), P53, pan-AKT, phosphorylated AKT (Ser473), phosphorylated AMPK-α, PI3K, and GAPDH were purchased from Cell Signaling Technology (Danvers, MA, USA). SB-204990 was purchased from MCE (NJ, USA).



Measurement of Intracellular ROS Levels

The intracellular levels of reactive oxygen species (ROS) were measured using a Reactive Oxygen Species Assay Kit (Beyotime, Shanghai, China). Three thousand cells were seeded in each well of a 96-well plate and exposed to 20 μM cisplatin for 24 h. Following treatment, the cells were incubated with 2′,7′-dichlorodihydrofluorescein diacetate at 37°C for 20 min and their emission at 525 nm (488 nm excitation) was measured with a fluorescence microplate reader.



Statistical Analysis

All experiments were repeated at least three times. GraphPad Prism 8.0.1 (GraphPad Software, USA) was mainly used in the data analysis. Student's t-tests and one-way ANOVA analyses were used to determine the statistical differences among the groups. Data are presented as the mean ± SD unless otherwise stated. IC50 values of cells are best fit values at the 95% CI. A p-value <0.05 was regarded as statistically significant.




RESULTS


ACLY Was Upregulated in Ovarian Cancer Tissues and Was Associated With Poor Prognosis

First, we performed bioinformatic analysis to explore the characteristics of ACLY in ovarian cancer. We measured mRNA levels in tissues obtained from patients at the Qilu Hospital of Shandong University. Tumor tissues (N = 47) were diagnosed as high-grade serous ovarian cancer, and normal tissues (N = 24) were fallopian tube epithelium from patients that had undergone salpingectomies owing to benign disease. We found that ACLY was upregulated in cancer tissues compared with normal ones, with statistical significance (p = 0.0206; Figure 1A). To elucidate the relationship between ACLY expression and prognosis (mainly measured by overall survival), TCGA and GEO datasets were used to perform a bioinformatic analysis. In the five datasets we analyzed, higher expression of ACLY predicted poorer overall survival (Figures 1B–F).


[image: Figure 1]
FIGURE 1. ACLY was upregulated in ovarian cancer tissues, and its expression was associated with poor prognosis. (A) The comparison of ACLY expression between high grade serous ovarian cancer tissues (N = 47) and fallopian tube epithelium (N = 24) of patients from Qilu hospital. Statistical analysis was performed using Student's t-test. *P < 0.05. (B–F) Overall survival analysis based on ACLY expression (high-expression group vs. low-expression group) of TCGA ovarian cancer cohort, GSE15622 dataset, GSE18520 dataset, GSE23554 dataset, GSE30161 dataset. *P < 0.05 for statistical analysis of the indicated groups.




ACLY Knockdown Inhibited Ovarian Cancer Progression in vitro and in vivo

A2780, SKOV3, and HEY cells were selected from six common ovarian cancer cell lines for use in the following experiments, as they expressed relatively higher levels of ACLY (Figure 2A). Lentivirus-transduced cells stably expressed shACLY and NC, PCR and western blotting confirmed the blocking efficacy (Figure 2B). The results of MTT assays revealed that knockdown of ACLY can significantly suppress the ability of ovarian cancer cells to proliferate (Figure 2C), consistent with fewer colonies forming with shACLY cells compared to NC cells (Figure 2D). In a cell-cycle analysis, we found a greater proportion of ACLY-knockdown cells in the G0/G1 phase compared to NC cells, demonstrating that knockdown of ACLY induced arrest of the G1 phase (Figure 2E). The results of apoptosis assays showed knockdown of ACLY caused an increase in apoptosis (Figure 2F). We found the expression of the G1 phase checkpoint markers cyclin D1 (CCND1) and CDK4 were downregulated in ACLY-knockdown cells. P16, as the upstream inhibitor of CDK4, was upregulated in ACLY-knockdown cells (Figure 2G). Compared with SKOV3 (the P53-null cell line), A2780 and HEY cells (expressing wild-type P53) had higher proportions of apoptotic cells and P53 was upregulated upon ACLY knockdown (Figure 2G). We found that cleaved PARP was significantly upregulated in ACLY-knockdown cells (Figure 2G). To further verify the antitumor effect, we used lentivirus-transduced A2780 cells stably transfecting shACLY and NC to construct an in vivo xenograft model. The volumes of tumors were significantly smaller in the ACLY-knockdown group than those in the NC group, and the same trend was observed for tumor weight (Figure 2H).
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FIGURE 2. ACLY knockdown inhibited ovarian cancer progression in vitro and in vivo. (A) Western blotting was used to detect the expression of ACLY in several ovarian cancer cell lines. (B) PCR and Western blotting was used to confirm the effectiveness of ACLY knockdown by lentivirus in A2780, SKOV3, and HEY cells, the relative mRNA levels were analyzed using Student's t-test. (C) MTT assays were used to detect the proliferative activity change on the knockdown of ACLY in A2780, SKOV3, and HEY cells, the growth curves were analyzed using one-way ANOVA test. (D) Colony formation assays of ACLY knockdown and its corresponding NC cells of A2780, SKOV3, and HEY, colony numbers were counted and analyzed using Student's t-test. (E) Cell cycle of A2780, SKOV3, and HEY with ACLY knockdown cells and their corresponding NC cells by flowcytometry, the difference of cell cycle distribution between groups was analyzed using student t-test. (F) Annexin-V apoptosis assays and flowcytometry were used in ACLY knockdown and its corresponding NC cells of A2780, SKOV3, and HEY, quantitive analysis of apoptotic ratio by flowjo V10 software. Statistical analysis was performed using Student's t-test. (G) Western blotting images, quantitation, and statistical analysis of the western blotting bands in the aforementioned cells to detect the expression of cell cycle checkpoints (CCND1, CDK4), their upstream regulators (P16, P53), marker of apoptosis (cleaved parp), and p-AKT. The bands were quantitated with Image J software, statistical analysis was performed using Student's t-test. (H) Tumor xenograft formation of A2780-shACLY and A2780-NC cells in nude mice, with each group containing five mice. The difference in volume, growth curves and weights were calculated and presented. The growth curves were analyzed using one-way ANOVA test. NC negative control. The difference of tumor weight between groups was analyzed using Student's t-test. All cell experiments were repeated three times at least. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 for statistical analysis of the indicated groups.




Bioinformatic Analysis Showed ACLY Is Upregulated in A2780/CDDP Cells

We screened DEGs between A2780 vs. A2780/CDDP with the GEO dataset GSE15709. We found that ACLY was upregulated in A2780/CDDP cells (Figure 3A). A volcano plot of the DEGs supports this (Figure 3B). We then performed enrichment of DEGs via GO and KEGG pathways (Figure 3C). Our computations showed an obvious activation of the PI3K/AKT pathway in A2780/CDDP cells (Figures 3C–E). In addition, we found that AMPK was downregulated in A2780/CDDP cells (Figure 3E). With the result that knockdown of ACLY downregulated p-AKT in ovarian cancer cells (Figure 2G), we proposed that ACLY knockdown might rescue the cisplatin resistance caused by inhibiting the PI3K–AKT pathway.


[image: Figure 3]
FIGURE 3. Bioinformatic analysis showed ACLY is upregulated in A2780/CDDP cells. (A) ACLY was upregulated in A2780/CDDP cells compared with A2780 cells in GSE15709 dataset. (B) The volcano plot on DEGs between A2780 and A2780/CDDP in GSE15709 dataset. (C) The GO enrichment and KEGG enrichment of DEGs between A2780/CDDP and A2780, the filtering condition was p < 0.05. (D) KEGG enrichment of DEGs of GSE15709 calculated and weighted by rich factor. (E) Pathway viewer of PI3k/AKT, the red units mean upregulated in A2780/CDDP, and the green units mean downregulated in A2780/CDDP, the darker the color is, the less the P-value is. ***P < 0.001 for statistical analysis of the indicated groups.




ACLY Knockdown Re-Sensitized A2780/CDDP Cells to Platinum

The IC50 of cisplatin in A2780/CDDP cells after 48 h treatment was nearly five times that in A2780 cells; after 72 h, the difference was >10-fold (Figure 4A). Colony formation assays also indicated that A2780/CDDP showed greater resistant to cisplatin (Figure 4B). MTT assays showed that ACLY knockdown in A2780/CDDP cells inhibited proliferation and colony formation and lowered the IC50 value of cisplatin (Figures 4C–E). A colony formation assay revealed that the survival ratio of cisplatin-treated cells was higher for A2780/CDDP-NC cells than for A2780/CDDP-shACLY cells (Figure 4F). The proportion of apoptotic A2780/CDDP-shACLY cells was significantly higher than that of A2780/CDDP-NC cells, and this difference increased with time and concentration of cisplatin (Figure 4G). The results of western blotting showed that cleaved PARP was upregulated in A2780/CDDP-shACLY cells with or without cisplatin comparing with A2780/CDDP-NC cells (Figure 4H).
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FIGURE 4. ACLY knockdown re-sensitized A2780/CDDP cell to platinum. (A) 24, 48, and 72 h IC50 were measured after treatment of cisplatin with concentration gradients. Twenty-four hours IC50 of A2780 and A2780/CDDP were 9.827 (9.316–10.36) and 30.75 (28.91–33.03) μM, respectively, 48 h IC50 were 4.593 (4.355–4.838) and 22.68 (20.88–24.89) μM, respectively, 72 h IC50 were 1.861 (1.749–1.976) and 20.76 (18.39–23.85) μM, respectively. (B) Colonies formation assays and the survival ratio of A2780 and A2780/CDDP cells treated with different concentration of cisplatin, colony numbers were counted and analyzed using Student's t-test. (C) MTT assays were used to measure the proliferative ability of ACLY knockdown A2780/CDDP cells and their corresponding NC cells, the growth curves were analyzed using one-way ANOVA test. (D) Colony formation assays were performed and analyzed in ACLY knockdown cells and their corresponding NC cells, colony numbers were counted and analyzed using Student's t-test. (E). IC50 of cisplatin of 24, 48, and 72 h after cisplatin gradients added. Twenty-four hours IC50 in A2780/CDDP-NC cells and A2780/CDDP-shACLY cells were 31.71 (26.49–38.15) and 16.64 (14.26–19.30) μM, respectively, 48 h IC50 were 26.07 (22.83–29.74) and 11.55 (10.43–12.76) μM, respectively, 72 h IC50 were 14.16 (12.31–16.19) and 4.648 (4.138–5.227) μM, respectively. (F) Colony formation assays were performed in the aforementioned cells under treatment with different concentration of cisplatin, colony numbers were counted and analyzed using Student's t-test. (G) Apoptosis assays were measured in cells treated with different concentrations and different time of A2780/CDDP-NC and A2780/CDDP-shACLY cells. Quantitive analysis of apoptotic ratio by flowjo V10 software. Statistical analysis was performed using Student's t-test. (H) cleaved parp was measured and quantified in A2780/CDDP-NC and A2780/CDDP-shACLY cells with or without cisplatin treated, the concentration of cisplatin was 20 μM. The bands were quantitated with Image J software, statistical analysis was performed using Student's t-test. All cell experiments were repeated three times at least. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 for statistical analysis of the indicated groups.




ACLY Knockdown Inhibited PI3K–AKT Pathway and Activated AMPK Pathway

The results of western blotting show that PI3K, pan-AKT, and p-AKT were upregulated, and p-AMPK-α was downregulated in A2780/CDDP cells (Figure 5A), which is consistent with the bioinformatic analysis of pathway enrichment using the GEO dataset GSE15709. Next, we measured the change of these factors in ACLY-knockdown cells treated with cisplatin. p-AKT was downregulated under cisplatin treatment and the combination with ACLY knockdown further drove a downregulation (Figure 5B). PI3K was downregulated under treatment with cisplatin, but was sharply downregulated in cisplatin-treated ACLY-knockdown cells. ACLY knockdown synergistically activated AMPK-α with cisplatin treatment. Accordance with the activation of AMPK-α, ROS levels increased, especially when ACLY inhibition and cisplatin treatment was combined (Figure 5C). To verify the synergistic antitumor effects of ACLY inhibition and cisplatin treatment in vivo, we used A2780/CDDP-shACLY and A2780/CDDP-NC cells to construct tumor models in nude mice. Tumors of A2780/CDDP-shACLY cells were smaller in volume than those of A2780/CDDP-shNC cells, and lighter in weight (Figure 5D).


[image: Figure 5]
FIGURE 5. ACLY knockdown inhibited PI3K/AKT pathway and activated AMPK pathway. (A) Western blotting was used to detect the differential expression of ACLY, PI3K/AKT pathway and p-AMPK-α in A2780 and A2780/CDDP cells. (B) Western blotting on A2780/CDDP-NC and A2780/CDDP-shACLY cells, and them under 20 μM cisplatin treatment for 48 h, the bands were quantified and analyzed. The bands were quantitated with Image J software, statistical analysis was performed using Student's t-test. (C) ROS production of the aforementioned cells and them under treatment of 20 μM cisplatin for 48 h, statistical analysis was performed using Student's t-test. (D) Tumor xenograft formation of A2780/CDDP-NC and A2780/CDDP-shACLY cells with treatment of cisplatin, with each group containing five mice. The difference in tumor weights was compared using Student's t-test. (E) Proliferation of A2780/CDDP cells in respond to different concentration (low-dose, 10–30 μM) of SB-204990, the growth curves were analyzed using one-way ANOVA test. (F) 24, 48, and 72 h IC50 of A2780/CDDP cells under treatment of cisplatin combined with different concentration of SB-204990 (from 0 to 30 μM), 24 h IC50 of which were 32.34 (26.71–40.60), 16.75 (15.24–18.43), 11.08 (9.736–12.55), 9.495 (7.759–11.38) μM, respectively; 48 h IC50 of which were 25.37 (23.86–27.00), 12.33 (10.74–14.13), 7.983 (7.487–8.499), 6.979 (6.749–7.215) μM; 72 h IC50 of which were 16.96 (14.89–19.34), 9.727 (9.294–10.18), 7.407 (7.083–7.741), 5.922 (5.601–6.246) μM, respectively. All cell experiments were repeated three times at least. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 for statistical analysis of the indicated groups.


SB-204990 is a highly potent and specific small-molecule inhibitor of ACLY. With a low dose of SB-204990 (<30 μM), we saw no significant difference in the proliferation of treated cells (Figure 5E). However, SB-204990 showed a synergistic effect with cisplatin in reducing the IC50 of cisplatin over time (Figure 5F).



Overexpression of AKT Increased Resistance of A2780/CDDP-shACLY Cells to Cisplatin

We postulated that knockdown of ACLY reduced resistance to cisplatin via downregulation of the PI3K–AKT pathway. Accordingly, we used AKT overexpression to perform a rescue experiment; western blotting verified the overexpression of AKT (Figure 6A). We tested whether overexpression of AKT affected the cisplatin sensitivity of A2780/CDDP-shACLY cells, and found a recovery of the IC50 in A2780/CDDP-shACLY-AKT cells compared with A2780/CDDP-shACLY-NC cells (Figure 6B). While, when overexpressed AKT only in A2780/CDDP-NC cells, it did not enhance resistance to cisplatin (Figure 6B). We then wondered whether overexpression might attenuate the higher apoptosis induced by cisplatin treatment of ACLY-knockdown cells. Flow cytometry studies showed overexpression of AKT could partly attenuate the apoptosis induced by ACLY inhibition combined with cisplatin treatment (Figure 6C). PARP cleavage, as detected by western blotting, also showed the same trend in AKT-overexpressing cells (Figure 6D).
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FIGURE 6. Overexpression of AKT increased resistance of A2780/CDDP-shACLY cells to cisplatin. (A) Western blotting was used to confirm the effectiveness of AKT overexpression by plasmid in A2780/CDDP-NC and A2780/CDDP-shACLY cells. (B) The 24 h IC50 of cisplatin of A2780/CDDP-NC-NC, A2780/CDDP-NC-AKT, A2780/CDDP-shACLY-NC and A2780/CDDP-shACLY-AKT was 34.33 (33.04–35.74), 38.06 (34.39–42.95), 20.72 (18.83–22.90), and 29.86 (27.38–32.86) μM, respectively; 48 h IC50 of these cells were 27.90 (25.78–30.21), 25.06 (23.07–27.22), 11.86 (11.06–12.70), and 21.56 (18.96–24.44) μM, respectively; 72 h IC50 of these cells were 12.46 (10.88–14.21), 14.26 (12.85–16.74), 2.933 (2.552–3.340), and 9.891 (8.613–11.29) μM, respectively. (C) Apoptosis analysis on A2780/CDDP-NC-NC, A2780/CDDP-NC-AKT, A2780/CDDP-shACLY-NC, and A2780/CDDP-shACLY-AKT cells with the treatment of 20 μM cisplatin on different time. Quantitive analysis of apoptotic ratio by flowjo V10 software. Statistical analysis was performed using Student's t-test. (D) Western blotting was used to detect the expression of PI3K/AKT relative proteins of A2780/CDDP-NC-NC, A2780/CDDP-NC-AKT, A2780/CDDP-shACLY-NC, and A2780/CDDP-shACLY-AKT cells treated with 20 μM cisplatin for 48 h, the bands were quantified and analyzed. The bands were quantitated with Image J software, statistical analysis was performed using Student's t-test. All cell experiments were repeated three times at least. *P < 0.05, **P < 0.01, and ***P < 0.001 for statistical analysis of the indicated groups.





DISCUSSION

Ovarian cancer appears to be the most lethal form of cancer in females. The two main reasons for this are that ovarian cancer is asymptomatic at an early stage, and platinum resistance (intrinsic or acquired). Although initial treatment typically ensures remission, the cancer almost always recurs and acquires resistance to platinum upon further chemotherapy. Finding ways to overcome resistance to platinum is therefore a matter of urgency.

Rapid proliferation is a characteristic of cancer tissues and immortalized cancer cells that necessitates extremely active glucose and lipid metabolism. In particular, an enhanced rate of de novo fatty acid synthesis is required for the synthesis of cellular membranes (17). And this can be detected in proliferating tumors (18). In bladder cancer and hepatocellular carcinoma tissues, the expression of several lipogenic enzymes is higher than in normal tissues, and is associated with poor prognosis (19, 20). Qian et al. reported that high ACLY expression correlated with poor prognosis, advanced stages, and lymph node metastasis in gastric cancer (21). Migita et al. showed that ACLY expression was higher in non-small cell lung cancers than in normal lung, which correlated with the advanced stages of the disease, the grade, and a poorer prognosis (22). A similar effect was observed in renal cell carcinoma in the 2013 study by Teng et al. (23). Migita et al. revealed that ACLY depletion suppressed growth and induced apoptosis in a subset of cancer cell lines including prostate cancer, breast cancer, and colorectal cancer cell lines (24). Wang et al. reported that low ACLY expression was associated with improved overall survival in patients with acute myeloid leukemia (AML), and knockdown of ACLY in THP-1 and MOLM-13 leukemia cell lines caused proliferation arrest (25).

A previous study of ours revealed higher mRNA expression of ACLY in ovarian cancer tissue than in normal ovarian epithelium, and this higher expression predicted poorer prognosis with shorter overall survival (14). Furthermore, we analyzed GEO datasets and TCGA datasets, and obtained similar results.

Most research has focused on the factors influencing the modulation of ACLY. SREBP-1 transcriptionally regulates ACLY expression (26). AKT directly activates ACLY by phosphorylation (22). Acetylation of three lysine residues in ACLY stabilizes the protein by competitively inhibiting ubiquitylation, hence preventing degradation (27).

Only a handful of studies have investigated the mechanisms of ACLY knockdown in malignant tumors. Hanai et al. demonstrated that knockdown of ACLY attenuates PI3K–AKT pathways, and combination with a statin achieves a dual inhibition of lung cancer growth (28). Migita et al. have demonstrated that ACLY inhibition can induce ROS production via the AMPK pathway (29).

Even fewer studies have investigated the connection between ACLY knockdown and resistance to chemotherapeutic drugs. ACLY knockdown is reported to re-sensitize SN38-resistant colorectal cancer cells (30). Targeting ACLY sensitizes castration-resistant prostate cancer cells to androgen receptor (AR) antagonism by an ACLY–AMPK–AR feedback pathway (31). Zhang et al. reported that exogenous addition of citrate to pleural mesothelioma cells induces apoptosis and acts to synergistic effect with cisplatin (32).

In the present study, we found that ACLY knockdown inhibited cell proliferation and induced apoptosis in three ovarian cancer cell lines. In ACLY-knockdown cells, the cell cycle was arrested in the G1 phase, with decreased expression of proteins related to the G1 phase cell-cycle checkpoint, including CCND1 and CDK4. Their upstream regulator, P16, was upregulated in ACLY-knockdown cells. P16 is a canonical negative regulator of CDK4 (33). Endogenous depletion of ACLY has been found to be related to decreased of p-AKT in lung cancer cells (28), in line with our results. To further verify the anticancer effect of ACLY inhibition, we performed xenograft assays in nude mice, which yielded results consistent with our in vitro experiments. Our study revealed that knockdown of ACLY inhibited cell proliferation in vitro and in vivo, probably by modulation of the P16–CCND1–CDK4 pathway and inhibition of p-AKT activity.

In addition, we observed higher levels of P53 expression in A2780 and HEYcells, but not in SKOV3 cells. SKOV3 cells is characterized by homozygous deletion of p53 gene, with deficiency in P53 mRNA transcription. It is well-known that P53 has a vital antitumor role and that P53 activation inhibits the cell cycle and promotes apoptosis (34). Coincidently, we found that the increase of apoptosis due to ACLY knockdown was less apparent for SKOV3 cells than for A2780 and HEY cells. Although P53 mutations have been shown as frequent events in ovarian cancer, wild-type P53 protein was also expressed in cells which embraced recessive P53-mutante allele.

AKT, also known as protein kinase B, is a canonical downstream effector of PI3K (35, 36). The PI3K–AKT pathway has been well-studied as a molecular escape route for cells to avoid death (37). In the context of resistance to chemotherapeutic drugs, it is well-known that activation of the PI3K–AKT pathway not only occurs but also has an important role in multidrug resistance (38). According to Yang et al., AKT promotes resistance to cisplatin in ovarian cancer cell lines by modulating P53 on the caspase-dependent mitochondrial death pathway (39). Clark et al. have reported that AKT activation promotes breast cancer cell survival and therapeutic resistance, and induction of AKT by trastuzumab or tamoxifen treatment reduced the apoptosis induced by doxorubicin (40). Knuefermann et al. reported that HER2–PI3K–AKT activation leads to multidrug resistance in human breast adenocarcinoma cells (41). In addition, Perez-Tenorio et al. reported that activation of AKT is related to resistance to endocrine therapy (42).

Since we showed an active role for AKT in resistance to cancer chemotherapy, and that inhibition of ACLY downregulates the PI3K–AKT pathway, we then wondered if knockdown of ACLY could re-sensitize A2780/CDDP cells to cisplatin. We hypothesized that knockdown of ACLY might decrease the IC50 value of cisplatin in A2780/CDDP cells, which was confirmed by the results of MTT assays. We performed cell apoptosis assays on A2780/CDDP-NC and A2780/CDDP-shACLY cells in dose- and time-dependent experiments, and found that A2780/CDDP-shACLY cells responded more sensitively to cisplatin. We also performed in vivo tumor formation assays, in which a combination of ACLY knockdown and cisplatin treatment achieved the best curative effect. These collective results verify that the knockdown of ACLY can reduce cisplatin resistance in ovarian cancer in vitro and in vivo.

With the knockdown of ACLY in A2780/CDDP cells, the expression PI3K, AKT, and p-AKT was lower. Thus, we hypothesized that ACLY acts along PI3K/AKT pathways. We performed a rescue experiment involving AKT overexpression verified this hypothesis. We overexpressed AKT in A2780/CDDP-NC cells and found that IC50 value of cisplatin wasn't elevated significantly, and when overexpressed AKT in A2780/CDDP-shACLY cells, IC50 showed an obvious elevation. It is then verified that inhibition of ACLY resensitized A2780/CDDP cells to cisplatin through inhibiting AKT.

The AMPK pathway has a key role in metabolic reprogramming, which is also critical in multidrug resistance in cancer therapy. The anti-diabetic drug metformin, also well-known as an AMPK activator, can increase cancer chemosensitivity in vitro and in vivo (43). ACLY can directly interact with AMPK to inhibit the catalytic subunit of AMPK (44), and Migita et al. have demonstrated that ACLY inhibition might induce ROS production via the AMPK pathway (29). In our study, knockdown of ACLY activated AMPK by increasing levels of p-AMPK-α. Furthermore, ROS levels were elevated in A2780/CDDP ACLY-knockdown cells. As previously mentioned, cisplatin is toxic by production of excess ROS to induce apoptosis; the higher levels of ROS produced by the combination of ACLY inhibition and cisplatin treatment might represent a synergetic effect.

Studies have shown that SB-204990 can effectively reduce the rate of cholesterol and fatty acid synthesis in normal hepatocytes at a concentration of 30 μM, without affecting their proliferation (45). In experimental animal models, SB-204990 was shown to reduce serum cholesterol and fatty acid content, but did not affect the survival time and other physiological indicators of the animal. This inhibitor is currently in clinical use. In diabetic patients, SB-204990 can effectively inhibit platelet aggregation, reduce the occurrence of complications, and improve prognosis (46). Studies on its effect on tumors are still limited to experiments in cells and animals, but it has shown promising antitumor effects in various tumor cell lines and tumor-forming models (47). In the present study, we showed that low-dose SB-204990 did not affect the proliferative activity of A2780/CDDP cells in MTT assays, whereas in conjunction with cisplatin, it alleviated cisplatin resistance by reducing the IC50 value of cisplatin, thus the two compounds work synergistically. The successful use of SB-204990 in diabetic patients make its combination with platinum a possible chemotherapeutic regimen for patients with ovarian cancer.

There are limitations in our study, such as the exclusion of primary cisplatin resistance. Due to heterogeneity of ovarian cancer, it is preferable to use patient-derived tumor xenografts or cells to reflect the status of primary cisplatin resistance and retain the heterogeneity. At present, we lack sufficient data to determine the direct interaction between ACLY and the PI3K–AKT pathway. Future studies should also aim to characterize the inhibition of ACLY under the P53 mutant condition.



CONCLUSIONS

In this article, we reveal a novel characteristic of ACLY in acquired cisplatin resistance. We investigated the upregulation of ACLY in ovarian cancer tissue and its correlation with poor prognosis. Knockdown of ACLY caused cell-cycle arrest by activating P16, thus inhibiting CDK4 and CCND1 downstream, and caused apoptosis probably by inhibiting p-AKT. We found that knockdown of ACLY reduced acquired resistance to cisplatin by inhibiting the PI3K–AKT pathway and activating the AMPK–ROS pathway. We discovered that SB-204990, a specific inhibitor of ACLY, might be clinically useful in ovarian cancer patients. However, further studies are needed on the heterogeneity of patient-derived tumors.
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We report a rare subtype of adult cystic granulosa cell tumor (AGCT) characterized by elevated anti-Mullerian hormone and hyperandrogenism. A 35-year-old woman with primary infertility, hyperandrogenism, and irregular menses who was previously diagnosed with polycystic ovarian syndrome was diagnosed with AGCT based on histopathological examination and FOXL2 genetic test after laparoscopy. Due to fertility aspirations, she underwent controlled ovarian stimulation followed by embryo cryopreservation before salpingo-oophorectomy, and two embryos were frozen-thawed and transferred after surgery. A healthy female infant was delivered at 40 weeks’ gestation. Cystic granulosa cell tumors should be considered a differential diagnosis in patients with persistent ovarian cysts and hyperandrogenism. Younger patients with AGCT with fertility goals should consider active assisted reproduction measures to preserve fertility before treatment for AGCT.
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Introduction

Adult granulosa cell tumor (AGCT) of the ovary is a rare type of ovarian tumor that originates from ovarian sex-cord stromal cells and represents approximately 3–5% of malignant ovarian tumors (1). Patients with AGCTs often present with irregular menses and symptoms of virilization such as acne, hirsutism, and alopecia. AGCT may present as cystic, solid, or solid-cystic tumors on ultrasonography or pathological examination (2, 3). Patients with cystic granulosa cell tumors characterized by excessive androgen secretion tend to have a poor prognosis (3). Both serum inhibin and anti-Mullerian hormone (AMH) are elevated in patients with AGCT and can be used as tumor markers for diagnosing AGCT; however, AMH is a more valuable diagnostic tool as its elevation is constant throughout the menstrual cycle (4).

Serum AMH levels are a marker of ovarian reserve that are commonly measured in patients seeking infertility treatment. AGCT is rarely considered in the differential diagnosis of patients with elevated AMH levels; instead, patients with elevated AMH levels and hyperandrogenism are more likely to be diagnosed with polycystic ovarian syndrome (PCOS), which is much more common. Since the treatment of reproductive cancers is likely to destroy a patient’s ovarian reserve and trigger premature ovarian insufficiency, early diagnosis of AGCT is crucial in infertile patients of childbearing age so that active fertility preservation can be performed. Fertility preservation is an effective treatment that offers hope of conception and pregnancy for patients with cancer, which improves their quality of life and alleviates feelings of regret and depression after cancer treatment (5). Unfortunately, studies regarding the safety and efficacy of fertility preservation in patients with AGCT are lacking and only a few studies states the safety and outcomes in patients with ovarian cancer (6, 7).

We report the management of a patient with AGCT characterized by infertility, abnormally elevated AMH levels, and hyperandrogenism. This report provides a therapeutic strategy for AGCT treatment and fertility preservation for patients with primary infertility.



Case

A 35-year-old female with a 6-year history of primary infertility presented to our clinic for fertility treatment. The patient had a history of oligomenorrhea without dysmenorrhea, and normal secondary sexual characteristics. She had a normal body mass index (19.07 kg/m2), and she had hirsutism with no acne. Her partner was 37 years old and healthy with normal sperm concentration and motility. The couple engaged in a normal frequency of sexual intercourse and had no history of sexual dysfunction. Bimanual palpation failed to reveal any abnormalities of the uterus and right adnexa; however, the left adnexa was mildly enlarged. Transvaginal ultrasonography demonstrated an anteverted uterus of normal size and 2–3 antral follicles in the right ovary. The left ovary was enlarged, measuring 4.9 × 4.3 cm with 2–3 antral follicles. There were three separate, irregularly shaped cysts located in the left ovary measuring 2.8 × 1.9 cm, 2.3 × 2.0 cm, and 1.8 × 1.6 cm (Figure 1). The patient was diagnosed in another hospital with PCOS 3 years prior due to hyperandrogenism and irregular menses and undergone four failed cycles of ovulation induction therapy with an aromatase inhibitor (letrozole), including one failed cycle of intrauterine insemination. Growth of a dominant follicle was observed by ultrasonography during treatment, and 2–3 cysts measuring 1–3 cm in diameter were persistently visible in the left ovary. The nonspecific tumor markers CA125, CA19-9, AFP, and CEA were within the normal range.




Figure 1 | Transvaginal ultrasound images and MRI of the pelvis prior to ovarian cystectomy. (A) The right ovary is normal, measuring 2.7 × 1.3 cm with 2–3 antral follicles, while the left ovary is enlarged, measuring 4.9 × 4.3 cm with 2–3 antral follicles. (B–D) The three cysts in the left ovary measure 2.8 × 1.9 cm (B), 2.3 × 2.0 cm (C), and 1.8 × 1.6 cm (D). (E) A coronal T2-weighted image shows a large, multicystic mass in the left ovary with a slightly hyperintense, solid component of the septa and a thickened wall. (F) A coronal T1-weighted image with fat saturation of the delayed phase obtained after gadolinium administration shows marked enhancement of the solid components of the tumor. (G) An axial T2-weighted image shows a large, multicystic mass of the left ovary with septa and a thickened wall. (H, I) DWI (b=1,000) (Panel H) and the ADC map (I) show restricted diffusion of the solid components. (J) An axial T1-weighted image with fat saturation before enhancement shows hypo-intensity of the lesion. (K) An axial T1-weighted image of the arterial phase obtained after gadolinium administration shows marked early enhancement of the solid component of the tumor. (L) An axial T1-weighted image with fat saturation of the delayed phase obtained after gadolinium administration shows persistent enhancement of the solid component of the tumor.



Serum AMH levels were measured to further evaluate ovarian reserve. AMH was significantly elevated (52.8 ng/mL; normal range: 0.24–11.78 ng/mL in women aged 20–40 years old). AMH, gonadotropin, and steroid sex hormone levels were reassessed on the second day of the next menstrual cycle (Table 1), revealing a persistently elevated AMH level (24.1 ng/mL). Subsequently, the patient developed amenorrhea, and her AMH on day 47 of amenorrhea was 35.2 ng/mL. The patient also had significantly elevated luteinizing hormone (LH) and testosterone (T). Magnetic resonance imaging (MRI) and ultrasonography failed to show any abnormalities in the pituitary gland, adrenal glands, or thyroid.


Table 1 | Hormone profile from presentation to post-salpingo-oophorectomy.



A preoperative MRI of the pelvis revealed a mass in the left adnexa measuring 4.6 × 3.8 × 4.9 cm with significant enhancement of the cyst wall and septum (Figure 1). These findings suggested a left ovarian tumor. Laparoscopy revealed no significant abnormalities in the uterus, right ovary, bilateral fallopian tubes, other viscera, or peritoneum. The left ovary measured approximately 4 × 3 × 2 cm and contained some thin-walled cystic lesions which ruptured during the left ovarian cystectomy. Three connected cysts with diameters of 1–2 cm contained a crystal serous fluid. Yellow granular tissue was attached to the inner wall of the cyst, which was brittle and similar to a corpus luteum. The inner wall of the cyst was removed in its entirety and sent for a frozen section. The postoperative paraffin-embedded section confirmed the diagnosis of AGCT (Figure 2). Immunohistochemical examination showed positive FOXL2, SF-1, CD99, and WT-1, with focal positivity for calretinin, inhibin-α, and CK mixture. Approximately 5% of cells in the hotspot region were positive for Ki-67, and the specimen was negative for CK7 and EMA. The specimen was found to harbor the characteristic FOXL2 c.402C>G (p.C134W) mutation via Sanger sequencing. This mutation is found in approximately 90% of AGCTs (Figure S1). AMH and gonadal hormone concentrations were measured after surgery (Table 1).




Figure 2 | Histopathological features of the ovarian granulosa cell tumor. The tumor cells are small with round to oval nuclei with a fine chromatin pattern, inconspicuous nucleoli, and scanty cytoplasm. Immunohistochemical staining show positive staining in Calretinin, Foxl2, WT1 and SF1.



Due to the early stage of the tumor, the patient’s age, and her desire for fertility preservation, a unilateral salpingo-oophorectomy with comprehensive surgical staging was considered to minimize the risk of recurrence in the residual left ovary. However, the patient had poor ovarian reserve with insufficient antral follicle counts and decreased AMH (1.63 ng/mL), and this was expected to further decline after the salpingo-oophorectomy and chemotherapy. Therefore, the patient underwent controlled ovarian stimulation followed by embryo cryopreservation prior to the salpingo-oophorectomy.

Gonadal hormone levels were measured, and a transvaginal ultrasound was performed on day 2 of the menstrual cycle before initiating the process of ovarian stimulation. The hormone levels are shown in Table 1. The ultrasound indicated 1–2 follicles on each ovary. Ovarian stimulation was performed using an aromatase inhibitor (letrozole) combined with a gonadotropin and gonadotropin-releasing hormone (GnRH) antagonist. Letrozole was initiated at a dosage of 5 mg/day on the second day of the menstrual cycle for 3 days before gonadotropin administration and then continued with the gonadotropin. GnRH antagonist was administered when the size of the leading follicle reached 14 mm to prevent premature ovulation. Human chorionic gonadotropin (HCG) combined with 0.2 mg of the GnRH agonist was administered when two follicles reached 20 mm in diameter. Five oocytes were retrieved 36 h after HCG administration and were fertilized by intracytoplasmic sperm injection. Three embryos were successfully cultivated and cryopreserved.

A laparoscopic unilateral salpingo-oophorectomy with peritoneal and omental multipoint biopsies was performed after fertility preservation. The postoperative pathology reported that no tumor tissue was detected in the left ovary, biopsy tissues, or abdominal rinses. The patient received four courses of chemotherapy (TC regimen: paclitaxel combined with carboplatin), and a GnRH agonist was administered during chemotherapy.

Two months after the patient’s last chemotherapy treatment, the patient underwent frozen-embryo transfer (FET). The patient’s AMH level was < 1 ng/mL, and the hormone levels had returned to normal 5 months after the last chemotherapy (Table 1). A natural cycle FET was selected to avoid the systemic impact of excessive hormones triggered by an artificial cycle. Two embryos were transferred, and dydrogesterone combined with progynova was used for luteal support. The patient’s HCG level was 1,905 mIU/mL 15 days after FET, and she experienced a small amount of vaginal bleeding 19 days after FET when the HCG level was 8,414 mIU/mL. Transvaginal ultrasonography showed an anechoic mass measuring 0.9 × 0.5 cm located inside the uterine cavity. The patient was administered 2,000 IU HCG. However, the patient experienced mild but sustained vaginal bleeding accompanied by mild abdominal pain 31 days after FET. Transvaginal ultrasonography indicated a gestational sac measuring 4.7 × 1.1 cm inside the uterine cavity with a visible fetal heartbeat and a mass measuring 1.4 × 1.2 cm in the right adnexa (Figure S2). Thirty-six days after FET, the patient’s HCG levels increased to 179,175 mIU/mL, with persistent vaginal bleeding. The intrauterine gestational sac and right adnexal mass increased to 3.5 × 2.6 cm and 3.6 × 1.6 cm, respectively (Figure S2). A heterotopic pregnancy was considered, although the possibility of tumor recurrence could not be ruled out. Laparoscopy was performed. No abnormalities were identified on the surface of the liver, stomach, intestine, or omentum. The uterus was enlarged to approximately 8 weeks gestation. The left adnexa was absent without evidence of tumor, and the right ovary was normal in appearance. A 2 cm bluish-purple, enlarged mass was found in the isthmus portion of the right fallopian tube. Right salpingectomy was performed, and the postoperative pathology revealed a fallopian tube pregnancy. The HCG level was 326,566 mIU/mL on the second postoperative day. Transvaginal ultrasonography showed a gestational sac measuring 5.2 × 3.7 cm implanted in the uterine cavity a week after the surgery. Subsequently, the patient underwent routine obstetrical care, and a healthy female infant was delivered at 40 weeks’ gestation.

This study was approved by the Peking University Third Hospital Medical Science Research Ethics Committee and a written informed consent has been obtained from the patient.



Discussion

We report a patient with AGCT with primary infertility, hyperandrogenism, and irregular menses, who was previously diagnosed with PCOS. AGCT originates from granulosa cells, a class of hormone-secreting cells capable of producing estradiol, progesterone, inhibin, and AMH. Thus, patients with AGCT often present with menstrual disturbances (8). Excessive estrogen secretion is the most common finding in patients with AGCT. In this patient, the estrogen level prior to surgery was in the normal follicular-phase range, while LH and T were significantly elevated, a similar profile to that observed in patients with PCOS. However, transvaginal ultrasonography failed to identify morphological features consistent with polycystic ovary. The AMH level in this patient was 8–10-fold higher than that of age-matched healthy women, which was inconsistent with the number of antral follicles.

Elevated AMH and LH levels as well as hyperandrogenism are frequently present in infertile women with PCOS, a common endocrine disease often diagnosed by reproductive specialists. AMH, a dimeric glycoprotein specifically produced by granulosa cells of small growing follicles, plays an important role in regulating folliculogenesis (9). Many studies have demonstrated that preantral and small antral follicles secrete the majority of AMH found in the circulation and AMH has been shown to be proportional to the number of premature developing follicles in the ovaries; thus, AMH is used to assess ovarian reserve (10, 11). Serum AMH concentrations are 2–4-fold higher in patients with PCOS than in healthy age-matched women and correlate significantly with the increased number of small antral follicles (12). Previous studies have reported the role of a high AMH concentration in the diagnosis of AGCT. Michael et al. monitored serum AMH levels during a 54-month follow-up of a patient diagnosed with a sex-cord tumor and demonstrated that the serum concentration of AMH correlated with the degree of AGCT growth and tumor recurrence (13). Rey et al. evaluated the AMH level in patients with AGCT and other types of ovarian cancers and confirmed that AMH is a specific and sensitive serum marker for the diagnosis of AGCT and monitoring both AMH and inhibin B during follow-up of a patient with AGCT improves the detection of recurrent disease (14).The absence of inhibin measurement is one of the limitations of our study, combined testing with AMH and inhibin B in such patients should be recommended.

The source of elevated LH and T remains unknown. Previous studies have suggested that a deficiency of aromatase may suppress the conversion of androgen to estrogen, thus triggering excessive androgen accumulation (3). Recent studies have identified a specific subset of hypothalamic GnRH-positive neurons that express AMH receptors both in mice and humans. These studies showed that excess AMH triggers an imbalance in the hypothalamic–pituitary–ovarian axis, subsequently inducing hyperandrogenism and elevated LH levels via binding to the AMH receptors of GnRH neurons (15, 16). The results of those studies suggest that exposure to high levels of AMH may generate high LH and T levels in a GnRH-dependent manner. However, the elevation of LH and T is indeed perplexing; therefore, the definite mechanism needs more studies. After undergoing a salpingo-oophorectomy, the patient’s LH and T levels normalized and the AMH decreased. These changes in hormone levels indicate that AMH is crucial for diagnosing ovarian hormone-secreted tumors and provide clinical support for the regulation of the GnRH-LH signaling pathway by AMH.

In addition to the disturbance in hormone regulation observed in this patient, 2–3 cysts with an average diameter of 1–3 cm were persistently detected on ultrasonography which did not significantly increase in size over a 3-year period. The differentials include growing follicles, functional ovarian cysts, ovarian endometriotic cysts, or ovarian tumors. Pelvic MRI is an effective tool for distinguishing cysts based on their unique characteristics. In our patient, an MRI revealed a left adnexal mass with significant enhancement of the cyst wall and septum on the enhanced scan, suggesting an ovarian tumor. Based on the clinical, laboratory, and imaging data, we firstly suspected a stromal tumor. A panel of immunohistochemical markers combined with FOXL2 genetic tests after ovarian cystectomy confirmed the diagnosis of AGCT (17).

Surgery is the standard therapy for AGCT, and a unilateral salpingo-oophorectomy combined with postoperative chemotherapy was considered for this patient who was diagnosed with stage Ic AGCT (18). However, the patient was young with poor ovarian reserve after the ovarian cystectomy and wished to preserve her fertility. Since further decline in the ovarian reserve was inevitable after the planned salpingo-oophorectomy and chemotherapy, it was unlikely that she would be able to conceive spontaneously or through assisted reproductive technology after the second surgery. After a comprehensive assessment of the patient’s circumstances, fertility preservation was performed before the salpingo-oophorectomy and chemotherapy.

In this ovarian stimulation protocol, letrozole was administered based on a micro-stimulation protocol. Letrozole is an aromatase inhibitor with the ability to suppress endogenous estrogen production and was recommended for fertility preservation in women with hormone-sensitive cancers (19). Considering the risk of blastocyst culture, all three frozen embryos were day 3 embryos, and their quality was rated as grade 1. Two embryos were successfully thawed and transferred to increase the pregnancy rate, as the pregnancy rate of day 3 embryos is lower than that of blastocysts (20, 21). However, a heterotopic pregnancy occurred. The incidence of heterotopic pregnancy has gradually increased with the widespread use of assisted reproductive technology (22). The risk factors for heterotopic pregnancy are similar to those associated with ectopic pregnancy. When comparing heterotopic versus intrauterine twin pregnancy after embryo transfer, studies have shown that previous ectopic pregnancy, tubal surgery, pelvic surgery, and pelvic infection are significant risk factors for the occurrence of heterotopic pregnancy (23, 24). Several studies have revealed a lower risk of ectopic pregnancy in frozen-thawed blastocyst transfer than in day 3 transfer and fresh transfer. Further, the risk of ectopic pregnancy is lower in pregnancies following single embryo transfers than double embryo transfers (25–28). This patient underwent two operations before FET, placing her at an increased risk of an ectopic or heterotopic pregnancy. Thus, a single frozen-thawed blastocyst transfer may be a better choice for patients with a history of pelvic surgery.

In summary, AGCT is an uncommon ovarian malignancy that lacks distinctive clinical symptoms and pathological signs. Patients with AGCT present with a mass on pelvic examination, which may be confused with ovarian endometrioma on transvaginal ultrasound. Furthermore, AGCT can be diagnosed as PCOS due to abnormal AMH and sex hormone levels. Therefore, including AGCT on a differential diagnosis is essential. In this case report, AGCT was diagnosed based on a significantly elevated AMH level, confirming that this elevation of AMH is a reliable serum marker for diagnosing AGCT. Surgery is the mainstay of AGCT treatment and is necessary for obtaining tissue for pathological diagnosis and performing precise tumor staging. However, the ovarian reserve may be destroyed after surgery. Fertility preservation and a unilateral salpingo-oophorectomy can be considered in women of childbearing age with careful tumor staging and the exclusion of extra-ovarian cancer. A micro-stimulation protocol and a single embryo transfer may provide the best fertility results; however, more research is needed.
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Over 21,000 women are diagnosed with ovarian cancer (OC) in the United States each year and over half that number succumb to this disease annually, often due to recurrent disease. A deeper understanding of the molecular events associated with recurrent disease is needed to identify potential targets. Using genome-scale DNA methylation and gene expression data for 16 matched primary-recurrent advanced stage serous epithelial OCs, we discovered that Claudin-1 (CLDN1), a tight junction protein, shows a stronger correlation between expression and methylation in recurrent versus primary OC at multiple CpG sites (R= –0.47 to −0.64 versus R= -0.32 to −0.57, respectively). An independent dataset showed that this correlation is stronger in tumors from short-term (<3y) survivors than in tumors from long-term (>7y) survivors (R= −0.41 to −0.46 versus R= 0.06 to −0.19, respectively). The presence of this inverse correlation in short-term survivors and recurrent tumors suggests an important role for this relationship and potential predictive value for disease prognosis. CLDN1 expression increased following pharmacologic inhibition of DNA methyltransferase activity (p< 0.001), thus validating the role of methylation in CLDN1 gene inhibition. CLDN1 knockdown enhanced chemosensitivity and suppressed cell proliferation, migration, and wound healing (p< 0.05). Stable CLDN1 knockdown in vivo resulted in reduced xenograft tumor growth but did not reach significance. Our results indicate that the relationship between CLDN1 methylation and expression plays an important role in OC aggressiveness and recurrence.
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Implication

CLDN1 gene expression and methylation play an important role in ovarian cancer aggressiveness and this relationship may provide a new therapeutic target.



Introduction

Epithelial ovarian cancer (EOC) is the fifth leading cause of cancer deaths in women. The American Cancer Society estimates that 21,410 women in the United States will be diagnosed with ovarian cancer (OC) and 13,770 women will die of the disease in the year 2021. The high mortality rate in OC is largely due to late-stage diagnoses as a result of non-specific early symptoms (1). Despite a strong initial response to treatment, most patients will develop recurrent tumors that are often drug resistant (2), resulting in high mortality due to a lack of effective treatments (3). With the development of “omics” technologies, we have gained a deeper understanding of cancer mechanisms, which has led to development of some individualized treatments. However, the mechanisms that drive OC relapse and therapies to effectively delay and ultimately prevent this relapse are still unknown.

Whole genome and transcriptome sequencing technologies have enabled the correlation of individual genomic information with disease risk factors and treatment prognoses. Numerous prior studies have demonstrated that there are gene expression and methylation profiles that correlate with OC aggressiveness and outcome (4), as well as a large number of genes that exhibit altered DNA methylation in this disease (5). However, few studies have utilized matched primary and recurrent OCs. Surgical resection is no longer the standard of care for recurrent OC (6), so the “omics” technologies that hold promise for breakthroughs in the design of individualized treatments are limited due to poor access to recurrent OC tumor samples. The availability of an archived set of primary-recurrent OC paired tumors allowed us to better understand how epigenetic-transcriptomic relationships change as the disease progresses from initial diagnosis to eventual recurrence.

The vast majority of malignant ovarian tumors are epithelial (7). Growing evidence has demonstrated that epithelial-to-mesenchymal transition (EMT) can promote tumor metastasis, invasion, as well as chemotherapy resistance in OC (8). EMT is the process whereby epithelial cells become mesenchymal through loss of their cell–cell adhesion resulting in acquisition of enhanced migration/invasion capabilities (8). Loss of cell-cell adhesion is a fundamental mechanistic component in the progression of primary EOC to metastatic disease and eventual recurrence (9). Tight junctions are multiprotein complexes and they function to regulate cell-cell adhesion in epithelial and endothelial cells (10). Suh et al., showed that CLDN1 is overexpressed in human hepatocellular carcinoma cells and is capable of promoting the EMT process, suggesting a close relationship between CLDN1 and EMT (11). There is also evidence that tight junctions are involved in the development of OC spheroids (12). OC cells tend to form spheroids in the peritoneal cavity of advanced OC patients (13). Furthermore, spheroid formation and adhesion to the omentum play significant roles in OC recurrence and chemo-resistance (14). In patients treated for OC, spheroid formation allows cells to resist the effects of chemotherapy, which contributes to eventual recurrence (14).

Tight junction complexes are formed by three gene families: occludins, claudins (CLDNs), and junctional adhesion molecules. CLDNs contribute both structural and functional factors in these tight junctions. CLDN1 is expressed in almost all known types of epithelial cells and it plays a major role in the regulation of intercellular permeability (15). Studies have shown the importance of CLDN family members in epithelial cell derived cancers, including breast and gastric cancers (16, 17), by examining cancer development, tumor progression, and chemosensitivity. However, tight junctions have not been studied extensively in OC, even though epithelial cells from the fallopian tube have been implicated as the source of high-grade serous carcinoma, the most common and aggressive OC (18). We therefore undertook a deeper investigation of CLDNs in vivo and in vitro, with a particular focus on recurrent and aggressive OC phenotypes.



Materials and Methods


Tumor Samples

We used 16 matched primary and recurrent OC tissue sets from patients (mean age at diagnosis, 57.4 years) with stage III/IV serous epithelial OC from the Duke Gynecologic Oncology Tissue Bank. The primary tumor specimens were collected at the time of initial debulking surgery. Recurrent tumor samples were obtained from the same patients during “second-look” surgeries. The time to recurrence ranged from 2 to 65 months (mean, 24 months). Survival ranged from 11 to 105 months (mean, 44 months). Samples were obtained after patients provided written informed consent under protocols approved by the Duke University Institutional Review Board. Patient clinical information is listed in Table 1.


Table 1 | Patient clinical information for matched primary and recurrent ovarian cancers. All tumor pairs showed papillary serous histology on pathology exam.





The Cancer Genome Atlas (TCGA, https://www.cbioportal.org)

CLDN1 mutations and expression changes in OC were assessed using a publicly available dataset that included 489 patients with Stage II-IV ovarian serous cystadenocarcinoma with their respective copy number variants, survival data, mRNA expression, and HM27 BeadChip methylation data compared with matched normal variants (19). Data was analyzed using cBioPortal’s online analysis tool. Methylation and expression values were compared using Pearson correlation.



DNA and RNA Extraction

DNA and RNA were simultaneously extracted from each of the fresh-frozen tissue samples using the AllPrep DNA/RNA Mini Kit according to the manufacturer’s protocol (Qiagen; Germantown, MD; Cat#80204). Nucleic acid concentration and purity were assessed using a NanoDrop™ 2000 spectrophotometer (Thermo Fisher Scientific; Waltham, MA).



Bisulfite Conversion of DNA

The Zymo EZ DNA Methylation Kit (Irvine, CA; # D5001) was used to perform bisulfite (BS) conversion with 500 ng of genomic DNA according to the manufacturer’s protocol.



DNA Methylation

The Illumina Infinium HumanMethylation450 BeadChip was used to generate quantitative DNA methylation data using bisulfite modified genomic DNA from the 16 paired primary-recurrent OC specimens by Expression Analysis (Research Triangle Park, NC). This data is publicly available through the Duke Digital Data Repository (20). Existing data (GSE51820) (21) was used for independent validation.



Gene Expression

Affymetrix Human Genome U133A arrays were used to quantify gene expression by the Duke DNA Microarray Facility using total RNA isolated from 16 paired primary-recurrent frozen ovarian tumor samples. This data is publicly available through the Duke Digital Data Repository (22). An independent Affymetrix U133A gene expression dataset from tumors of women who lived <3 years (n= 26) or >7 years (n= 21) post-diagnosis was used for validation and derived from previously published data (GSE51820) (21). Gene expression for 26 OC cell lines treated for 72 h with 5 µM 5’-aza-2’-deoxycytidine (Decitabine; Sigma-Aldrich; St. Louis, MO; #A3656) was quantified using the Affymetrix HT Human Genome U133A Array and is available from the NCBI GEO web site, accession GSE25428. This data was analyzed using a paired student’s t-test.



Genome Analysis

The HumanMethylation450 BeadChip data includes 485,512 CpG sites and was analyzed using ChAMP, an integrated 450k analytical platform developed by Morris et al. and maintained by Tian et al. (23, 24). The raw data was normalized based on the default probe normalization method, BMIQ, described by Teschendorff et al. (25). Based on the criteria outline by Morris et al., probes were excluded for having p-values above 0.01 and for having fewer than three bead measurements in at least 5% of samples (24, 26). Probes were excluded for not being true CpG sites and for proximity to known SNPs, as identified by Zhou et al. (27). Additionally, probes were excluded for non-specific hybridization to DNA segments and if they were located on the X chromosome to avoid sex-chromosome methylation patterns (28). Probes were stratified by location relative to CpG islands, including “open sea” regions, “CpG shelves”, “CpG shores”, and “CpG islands as annotated by Illumina. The dataset was analyzed to identify differentially methylated probes between the primary and recurrent data sets, as detailed in the ChAMP pipeline documentation (23). A Bonferroni correction was used with an original alpha level of 0.05 (29). The resulting probe list was annotated with the hg19 genome build using a publicly available R package (30). CpG sites with Illumina-designated gene annotations were retained for analysis.

The 16 paired primary-recurrent samples were also analyzed for RNA expression using the Affymetrix Human Genome U133 Plus 2.0 microarray, which included 22,277 probes. This gene expression data was normalized using the robust multiarray average algorithm (RMA) (31). The Affymetrix gene expression data were analyzed by comparing values for primary and recurrent tumors using a paired student’s t-test (alpha= 0.05), with a Bonferroni correction.

The RMA normalized Affymetrix gene expression data was integrated with the Illumina 450k data based on gene name using Excel. CpG sites from the 450k data and expression data from the RMA normalized gene expression data set were retained for further analysis if the associated gene was present in both data sets. The methylation-expression relationship between the 450k beta values and normalized gene expression was analyzed using Pearson’s correlation. Methylation-expression relationships were quantified independently in the primary and recurrent samples. This produced a set of methylation-expression correlation coefficients and p-values for both primary and recurrent data sets. The list of genes with significant correlation was compared between the primary and the recurrent data sets. The resulting list of genes with differential expression-methylation relationships between the primary and recurrent tumors were analyzed using GATHER, a web-based tool for analyzing gene pathway enrichment (32).



Cell Culture, Transfection, and Treatment

OC cell lines were chosen for their ability to undergo stable siRNA CLDN1 knockdown (Supplementary Figure 1) unless otherwise indicated. Cells were maintained in RPMI 1640 medium (Sigma-Aldrich; St. Louis, MO) with 10% Fetal Bovine Serum (Thermo Fisher Scientific; Waltham, MA) and 1× Penicillin/Streptomycin (Sigma-Aldrich; St. Louis, MO) at 37°C in a humidified incubator with 5% CO2. Cell lines were genetically authenticated with each expansion at the Duke University DNA Analysis Facility to confirm identity of newly prepared freezer stocks. For genetic testing, samples were analyzed at polymorphic short tandem repeat markers using the GenePrint 10 kit (Promega; Madison, WI). Allele sizes were determined using an ABI 3130xl automated capillary DNA sequencer. Cell lines were also tested for mycoplasma at each expansion by the Duke Cell Culture Facility.

Cells were grown to 70% to 80% confluence prior to transfection or treatment. Cells were treated with 300 nm or 900 nm PIKfyve Inhibitor YM201636 (Selleckchem; Houston, TX; #S1219) for 24 h followed by assays for proliferation, migration and spheroid formation. Methodology for treatment of cells with decitabine, a cytosine analog that inhibits DNA methyltransferase (DNMT) activity, was previously published (33, 34). For CLDN1 knockdown, cells were transfected with HiPerFect non-silencing control siRNA (siCON) (Qiagen #1022076; Valencia, CA) or CLDN1-specific siRNAs (siCLDN1) (siCLDN1-6 and siCLDN1-8; Qiagen #SI04136083 and #SI04279114, respectively) according to the manufacturer’s protocol (Qiagen). siCLDN1-8 was used for all experiments unless otherwise specified given its superior knockdown efficiency (Supplementary Figure 2). For chemosensitivity testing, cells were seeded into 96-well plates and grown to ~70% confluence prior to treatment. Carboplatin and paclitaxel (both from Hospira; Lake Forest, IL) were diluted with 1X phosphate-buffered saline (Sigma-Aldrich; St. Louis, MO) to 10 mg/ml and 6 mg/ml, respectively.



Proliferation, Migration, and Wound Healing Assays

Following siRNA transfection or YM201636 treatment, cells were analyzed for proliferation with a MTT assay (Promega; Madison, WI), for migration with an invasion/migration assay (Cell BioLabs; San Diego, CA; #CBA-110), and for wound healing using a gap closure assay (Cell BioLabs; San Diego, CA; #CBA-120) per manufacturer protocols. For the wound healing assay, the siCON and siCLDN1 cells (SKOV8 and IGROV1) were seeded onto a 24-well plate with specialized inserts that create an even width gap in the cell monolayer when removed (Cell BioLabs; San Diego, CA; #CBA-120). The inserts were gently removed after 24 h when the cells were 90-95% confluent. The cells were washed twice with cold PBS in order to remove any floating cells. Micrographs were taken after the gaps were created. Digital micrographs (40× magnification) were taken at 0, 4, 24, and 48-h after gap generation. The pixel width of the gap was measured three times at six distinct locations across the gap of each well using ImageJ, producing 18 measurements for gap width in each cell line at each time point. The data was normalized using the width of the gap at the initial time point. The measured widths were compared between siCON and siCLDN1 at each time point using a paired student’s t-test.



Stem Cell Selective Culture and Spheroid Formation

Monolayer cells were harvested with TrypLE Express Enzyme (Thermo Fisher Scientific; Waltham, MA; #12604013) 24 h after siRNA transfection when cells were approximately 75% confluent. HEYA8 and DOV13 OC cells were cultured in stem cell selective media consisting of DMEM/F-12 supplemented with 0.4% bovine serum albumin, 10 ng/ml b-FGF, 20 ng/ml EGF, and 5 μg/ml insulin (Sigma-Aldrich, St. Louis, MO) (35–37). Cells were cultured on Corning ultralow attachment plates (Corning, NY) and imaged at 0, 4, and 24-h time points following treatment with DMSO mock control or YM201636 (dissolved in DMSO at 10 mM, SelleckChem; Houston, TX). DMSO was used as a mock treatment control. Micrographs were taken at 40× magnification for spheroid formation using the AxioVision system (Zeiss; Dublin, CA) at 0, 4, and 24 h following culture in stem cell selective media.



Quantitative Real-Time PCR and Immunoblotting

Quantitative real-time PCR (qRT-PCR) was performed with 100 ng of total RNA isolated from cell lines transfected with siCLDN1 using the TaqMan RNA-to-CT One Step Kit (Thermo Fisher Scientific; Waltham, MA; #4392938). Relative expression levels of CLDN1 (Hs00221623_m1), CD133 (Hs01009241_m1) and CD44 (Hs01075862_m1; Thermo Fisher Scientific) were measured using beta-2-microglobulin as an internal loading control (Hs00187842_m1; Thermo Fisher Scientific). qRT-PCR was performed using the 7500 Fast Real-Time PCR System (ThermoFisher Scientific, Grand Island, NY. Cat# 4351106) and data was analyzed using Microsoft Excel (Microsoft Corporation, Redmond, WA).



Western Blotting

CAOV2, OVCA429, OVCAR5, and SKOV8 OC cells were transfected with siCON or siCLDN1 24 h after they were plated in 10 cm petri-dishes and reached 70% confluence. The cells were harvested 72 h post transfection using TrypLE Express Enzyme (Thermo Fisher Scientific; Waltham, MA; #12604013). The whole cell lysate was prepared using RIPA Lysis and Extraction Buffer (Thermo Fisher Scientific; Waltham, MA; #PI89900). Western Blotting was performed using anti-human antibodies against CLDN1 (Sigma-Aldrich; St. Louis, MO, Cat# SAB4503545; rabbit polyclonal), E-cadherin (CDH1), Clone#RM244 (Boster; Pleasanton, CA, Cat# M00063-3; rabbit monoclonal) and Vimentin (Abcam; Cambridge, MA. Cat# ab92547 rabbit monoclonal). GAPDH expression with anti-GAPDH antibody (Santa Cruz Biotechnology, Dallas, TX. Cat# sc-47724; mouse monoclonal) was used as an internal control. Fifty micrograms of cell lysate per sample were used for Western blotting. All antibodies were used at a 1:200 dilution. Western blotting was carried out according to the protocol from Abcam and was imaged using ECL Western Blotting reagents (Promega Corporation; Madison, WI; Cat# W1001) by chemiluminescence.



Immunocytochemistry

OVCAR5 OC cells were transfected with siCON or siCLDN1 and incubated for 72 h. Cells were harvested using TrypLE Express Enzyme (Thermo Fisher Scientific; #12604013) and concentrated onto slides using a cytospin centrifuge. Immunocytochemistry was performed for CLDN1 protein (Sigma-Aldrich; St. Louis, MO, Cat#SAB4503545; rabbit polyclonal) and Vimentin (Abcam; Cambridge, MA. Cat#ab92547; rabbit monoclonal), following previously described protocol (34).



RT2 Profiler PCR Array

One microgram of RNA from siCON or siCLDN1-transfected HEYA8 cells was converted to cDNA using SuperScript™ IV First-Strand Synthesis System (ThermoFisher Scientific, Grand Island, NY. Cat# 18091200). The cDNA was used for measuring relative gene expression with the RT² Profiler™ PCR Array for Human Epithelial to Mesenchymal Transition (Qiagen, Germantown, MD; Cat# PAHS-090Z). The array data was generated on a 7500 Fast Real-Time PCR System (ThermoFisher Scientific, Grand Island, NY. Cat# 4351106) and analyzed according to the manufacturer’s instructions (Qiagen, Germantown, MD).



OC Xenografts

SKOV3 cells were stably transduced with non-target shRNA Control (Sigma-Aldrich; St. Louis, MO. Cat# SHC016V) or CLDN1-specific shRNA constructs (Sigma-Aldrich; St. Louis, MO. Cat# HUTR11676) given their ability to produce intraperitoneal (IP) tumors (38). The SKOV3 cells were then transduced with the pGreenFire Lenti-Reporter construct that encodes green fluorescent protein and luciferase under control of the EF1alpha promoter (System Biosciences; Mountain View, CA; Cat# TR010PA/VA-P). For both shRNAs and the pGreenFire Lenti-Reporter, the HEK293 cells and lentivector expression system were used according to methodology previously reported (39). GFP-positive SKOV3 cells were enriched using fluorescence-activated cell sorting (FACS) at the Duke Flow Cytometry Shared Resource. The GFP+/shCLDN1 or GFP+/shControl (shCON) SKOV3 cells were injected into athymic 6-8-week female nude mice through IP injection (5 × 104/per mouse). Mice were housed five per cage and fed ad libitum with standard PicoLab® Rodent Diet 20 (5053 lab diet, LabDiet) by the Duke Laboratory Animal Resource under the supervision of licensed veterinarians. Ten mice each were injected with the non-silencing control (shCTL) or the shCLDN1 GFP+ SKOV3 cells. Live imaging was performed weekly on each individual mouse following injection to monitor tumor formation and growth using an IVIS Kinetic system at the Duke Optical Molecular Imaging and Analysis Shared Resource. Each mouse was treated with carboplatin (60 mg/kg IP per mouse, once every 4 days) once its tumor(s) reached a total photon flux signal of 1 × 107 as measured on the IVIS system. Total photon flux was averaged for the group and compared with Mann-Whitney testing. The mouse experiments were repeated using the same parameters. All animal work was approved by the Duke Institutional Animal Care and Use Committee.




Results


CLDN1 Expression Is Regulated by DNA Methylation

Tight junctions have been previously implicated in epithelial cell derived cancers, but their role has not been clearly defined in OCs, despite the fact that epithelial fallopian tube cells may lead to high-grade serious OCs (16–18). We sought to characterize the impact of CLDN1 gene regulation in OCs. While CLDN1 gene amplification was noted in 14% of samples in the TCGA dataset, no mutations were noted. Further, there was no significant correlation between CLDN1 methylation and mRNA expression in the primary OC TCGA dataset (Pearson correlation, R= -0.03, p= 0.541).

CLDN1 is located on chromosome 3q28 and has one CpG island which is located at the promoter region. There are 13 methylation probes associated with CLDN1 on the Illumina Infinium HumanMethylation450 BeadChip assay including six in the promoter CpG island, two in the north shore, one in the south shore, and one in the north shelf (schematic showing relative positions in Figure 1A). There were no statistically significant differences for any of the CLDN1 CpG probes between the matched primary-recurrent OCs, although the methylation levels changed between primary and recurrent OC from each individual patient (paired t-test, p= 0.05–0.99; data not shown). There was no difference in CLDN1 RNA expression between the primary and recurrent OCs (paired t-test, p= 0.94; Figure 1B). There was also no correlation between CLDN1 RMA expression and patient survival or time to tumor recurrence in 16 primary OC patients (Pearson correlation, R= 0.031, p= 0.89, and R= 0.041, p= 0.86, respectively; data not shown). We then further focused on DNA methylation-expression relationships for CLDN1 in the matched primary-recurrent OC pairs. The methylation of north shore CpG probe cg00804587 was significantly inversely correlated with CLDN1 expression in both primary and recurrent OC (paired t-tests, primary OC: R= −0.57, p= 0.02; recurrent OC: R= −0.62, p= 0.009, Table 2, Supplementary Figure 3). Intriguingly, the methylation status of CpG probes at the north shore (cg25330387), north shelf (cg03601836), and south shore (cg03623835) were most strongly inversely correlated with CLDN1 expression in recurrent rather than primary OCs (Table 2, Supplementary Figure 3). Another CLDN family member, CLDN4, also showed an inverse correlation between expression and methylation at its sole intragenic CpG island in recurrent but not primary OC (cg06350432; Pearson correlation, R= –0.79, p= 0.0002 and R= –0.42, p= 0.11, respectively; data not shown). These data suggest that at least two CLDN genes exhibit an enhanced methylation-expression relationship in OC recurrence as compared to primary OCs.




Figure 1 | CLDN expression is regulated by DNA methylation in ovarian cancer. (A) Schematic of the CLDN1 locus as well as its relative position within a CLDN16 intron. The positions of the four CpG HumanMethylation Infinium450 BeadChip probes used in this study are shown. Grey rectangle, CpG island; arrow, transcription start; short rectangles, untranslated regions; tall rectangles, coding exons. (B) Primary-recurrent robust multiarray average algorithm (RMA) normalized Affymetrix gene expression data for 16 paired primary-recurrent tumors; p = paired t-test. (C) CLDN1 expression in 26 ovarian cancer (OC) cell lines treated with 5 µM decitabine or vehicle for 72 h prior to measuring gene expression; p = paired t-test. (D) Quantitative real-time PCR (qRT-PCR) validation showing increased CLDN1 expression following decitabine treatment; p = paired t-test.




Table 2 | Claudin-1 (CLDN1) methylation-expression relationships in matched primary-recurrent ovarian cancers and short (<3 years) versus long-term (>7 years) survivors.



In the short- and long-term survivor (GSE51820) (21) data analysis, CLDN1 expression was inversely correlated with DNA methylation in short-term survivors, but not in long-term survivors, at the same probes identified in the matched primary-recurrent data analysis (paired t-test, p= 0.02 to 0.04 versus p= 0.42 to 0.97, respectively; Table 2, Supplementary Figure 3). All of these CpG probes flank the CLDN1 promoter CpG island in the 5’ shore (cg03623835), 3’ shore (cg25330387, cg00804587) and 3’ shelf (cg03601836) suggesting that the surrounding regions of the promoter CpG island are potential “hotspots” for tumor control of transcription via altering epigenetic regulation. Given that CLDN1 is located in an intron region of CLDN16 (Figure 1A), we also assessed the methylation-expression correlation for CLDN16 at 10 CpG sites in both primary and recurrent tumors, but the results were not significant (data not shown). Notably, the TCGA dataset showed an inverse correlation between methylation and expression in CLDN16 for primary OCs (Pearson correlation, R= -0.67, p=1.10e-65).

To further establish the relationship between methylation and expression of CLDN1, we analyzed 26 OC cell lines that had been treated with vehicle alone or with 5µM decitabine, a DNMT inhibitor (Supplementary Table 1). Affymetrix Human Genome U133A gene expression data showed that CLDN1 expression increased in the majority of the decitabine treated cells (paired t-test, p= 0.00027; Figure 1C). The microarray data was confirmed by qRT-PCR using CLDN1-specific primers and probes (Figure 1D) with six of the seven tested cell lines showing up to a 3-fold increase in CLDN1 expression following decitabine treatment (paired t-test; p= 0.0545). Pharmacologic inhibition of DNA methylation did not increase expression of other CLDN members (paired t-test, p= 0.08 to 0.91 for CLDN4, CLDN5, CLDN6, CLDN7, CLDN9, and CLDN10; data not shown).



Chemical and Genetic Inhibition of CLDN1 Suppresses Mobility and Invasion

Since tight junctions are important for spheroid formation (40), we wanted to determine whether the expression of CLDN1 was associated with spheroid formation and ovarian tumor progression. Given that HEYA8 and DOV13 cells formed tight spheroids in culture (data not shown), these cell lines were cultured on low attachment plates in stem cell-selective conditions (35). The cells were then treated with 300 nM PIKfyve Inhibitor YM201636, which blocks the continuous recycling of CLDN1/2 to the cellular membrane and is believed to block their activity in cells (41). Spheroid formation was compared at 2-h, 4-h, and 24-h time points after YM201636 treatment (Figure 2C). While tight spheroid formation was observed in mock treated HEYA8 and DOV13 cells, YM201636 treatment disrupted spheroid formation as early as 4 h after treatment as demonstrated by the looser cell aggregates and the presence of single isolated cells and very small aggregates as compared to the controls. Incubating cells with YM201636 for 24 h also led to significant inhibition of cell proliferation (two-sample t-tests, p< 0.01 for all doses and cell lines) and migration (two-sample t-tests, p< 0.01 for all doses and cell lines) as compared to controls (Figures 2A, B).




Figure 2 | CLDNs are functionally involved in cancer cell progression-related behaviors. (A, B) Ovarian cancer (OC) cell lines, HEYA8 and DOV13, were treated for 24 h with YM201636 (which blocks the recycling of the tight junction proteins, CLDN1/2) followed by migration (A) and proliferation (MTT) assays (B); p = two-sample t-tests (*p < 0.05, **p < 0.01, ***p < 0.001). (C) OC cell lines (DOV13 and HEYA8) treated with 300 nM YM201636 under stem cell-selective culture conditions with spheroid aggregation assessed at 2-h, 4-h, and 24-h time points after treatment.



Given that YM201636 treatment is not specific to CLDN1 alone, we confirmed the role of CLDN1 by performing similar experiments using siRNA CLDN1 gene silencing. IGROV1 and SKOV8 both showed significant CLDN1 knockdown efficiency (Supplementary Figure 1), so they were selected to analyze CLDN1’s impact on migration and wound healing. The siRNA-mediated knockdown of CLDN1 expression in 2D culture (paired t-test; p= 0.039; Figure 3A) led to slower migration of IGROV1 and SKOV8 (two-sample t-tests, p< 0.001 and p= 0.046, respectively) cells (Figure 3B). Wound healing assays for IGROV1 and SKOV8 indicated that CLDN1 knockdown resulted in delayed gap closure (paired t-test, p= 0.046 and p= 0.043, respectively; Figures 3C, D), supporting an important role for CLDN1 in cancer cell migration. This impact on cell-cell interactions was verified in two additional cell lines, OVCA429 and OVCAR5, which had significant CLDN1 knockdown efficiency (Figure 3E, Supplementary Figure 1). Spheroid formation was less efficient following CLDN1 knockdown in both OVCA429 and OVCAR5 OC cells (Figure 3F).




Figure 3 | Claudins (CLDNs) are functionally involved in cancer cell progression-related behaviors. (A) Knockdown CLDN1 expression in ovarian cancer (OC) cell lines, SKOV8 and IGROV1. Real-time PCR (RT-PCR) demonstrated the knockdown efficiency with CLDN1-specific siRNAs (siCLDN1) versus control siRNA (siCON); p = paired t-test. (B) Cell migration assays with CLDN1 knockdown and control cells; p= two-sample t-test (*p < 0.05, ***p < 0.001). (C) Wound healing assay showing a significant decrease in wound healing in siCLDN1 cells as compared to siCON. (D) CLDN1 knockdown in SKOV8 and IGROV1 OC cells lead to a significant decrease in wound healing capabilities; p = paired t-test. (E) Western blot showed significant knockdown of CLDN1 in OVCA429 and OVCAR5 cell lines used for spheroid formation assay. (F) Micrographs taken under 40× magnification to assess spheroid formation at 0, 4, and 24 h following culture in stem cell selective media for siCON and siCLDN1 treated OVCA429 and OVCAR5 cells. (G) Control siRNA (siCON) and CLDN1-specific siRNAs (siCLDN1) transfected SKOV8 and CAOV2 cells were treated with carboplatin or paclitaxel and IC50 values were calculated, showing significant IC50 reduction in CLDN1 knockdown cells; p = paired t-test.





CLDN1 Knockdown Increases Drug Sensitivity

Since chemoresistance is a very prevalent feature in recurrent OCs, we analyzed chemosensitivity in cells following repression of CLDN1. SKOV8 and CAOV2 were chosen given their significant CLDN1 knockdown efficiency (Supplementary Figure 1). siRNA-mediated knockdown led to enhanced sensitivity to carboplatin and paclitaxel treatment in SKOV8 and CAOV2 cells (Figure 3G). The IC50 values for both drugs were significantly decreased in the SKOV8 CLDN1 knockdown cells as compared to the same cell lines that received the non-silencing control siRNA (paired t-test, p< 0.01), as well as for paclitaxel in the CAOV2 CLDN1 knockdown cells (paired t-test, p <0.05; Figure 3G). These results were confirmed in SKOV3 for carboplatin using siCLDN1-6 (IC50 = 362 µM; paired t-test, p= 0.013) and siCLDN1-8 (IC50 = 404; paired t-test, p= 0.0032) compared to siCON (IC50 = 491 µM), indicating that these results are not due to off-target effects of the siRNA.



EMT Is Not Involved in CLDN1 Regulation During OC Progression

We sought to determine whether CLDN1 might be involved in the regulation of EMT in OC, given its role in hepatic cell EMT and potential association with liver metastases (11). The expression of two EMT markers, E-cadherin (CDH1) and Vimentin (VIM), was analyzed using Western blotting and immunocytochemical staining, respectively (Figure 4). Western blot for three OC cell lines with CLDN1 knockdown versus controls showed no change for VIM expression but showed a slight increase in CDH1 expression in SKOV8 cells, a slight decrease in expression in OVCAR5 cells, and no obvious difference in CAOV2 cells (Figure 4A). These cell lines were chosen for their demonstrated ability to undergo CLDN1 knockdown (Supplementary Figure 1). There were also no differences observed in immunocytochemistry staining for VIM expression in CLDN1 knockdown cells versus controls (Figure 4B).




Figure 4 | Claudin-1 (CLDN1) is not involved in epithelial-to-mesenchymal transition (EMT). (A) Four cell lines were transfected with control siRNA (siCON) or CLDN1-specific siRNAs (siCLDN1) constructs. The cells were harvested 72 h post transfection. Western blotting was performed with antibodies against CLDN1, CDH1, Vimentin (VIM) and GAPDH. (B) Cytospins of siCON and siCLDN1 OVCAR5 knockdown cells were evaluated with antibodies against CLDN1 and VIM with IgG used as a negative control.



To more broadly evaluate potential EMT changes, we used the EMT RT2 Profiler PCR Array pre-loaded with primers to evaluate mRNA expression levels for 84 EMT-related genes in HEYA8 with CLDN1 knockdown (Supplementary Table 2. HEYA8 was chosen for this experiment since it had the most substantial CLDN1 knockdown (Supplementary Figure 1). Some EMT genes, including CAMK2N1, GSC, SPARC, and FGFBP1, increased their expression >2-fold in CLDN1 down-regulated HEYA8 cells as compared to controls. However, the primary EMT-associated genes, CDH1, SNAI1, BMP1 and VIM, showed no significant changes in expression. The lack of primary EMT-associated gene changes in a CLDN1 knockdown model suggests that CLDN1 is not a primary mediator in OC EMT progression.



CLDN1 Knockdown Is Associated With Repression of CD44 and CD133

We have shown that CLDN1 is important for spheroid formation using CLDN1/2 trafficking inhibition by YM201636 (Figure 2C) and CLDN1 knockdown (Figure 3F). Increased expression of Cluster of Differentiation 44 (CD44) occurs in OC during the development of metastasis, recurrence and drug resistance (42). Spheroid formation is an important feature of cancer-initiating cells (CIC) and a number of cell surface molecules have been associated with ovarian CICs, including CD44 and CD133 (43). We therefore investigated associations between CLDN1 and these CIC cell markers. CAOV2, OVCAR5, and SKOV8 cells were chosen for their significant response to CLDN1 knockdown (Supplementary Figure 1). Real-time RT-PCR of CD44 and CD133 expression in CAOV2, OVCAR5, and SKOV8 cells with CLDN1 knockdown versus control cells showed CD44 and CD133 transcription products were both repressed (Figure 5A). These findings suggest a potential relationship between CLDN1 expression and the expression of these OC CIC markers.




Figure 5 | The role of Claudins (CLDNs) in OC progression may involve cancer initiating cells. (A) Real-time PCR (RT-PCR) was performed for expression of CLDN1, CD44, and CD133 in siCLDN1 cells in three cell lines; p = two-sample t-test (*p < 0.05, **p < 0.01, ***p < 0.001). (B) The microarray dataset from paired primary-recurrent ovarian cancer (OC) was analyzed for co-expression of CD44 and CLDN1, CD44 and CLDN4, and CD44 and CLDN7 [x-axis, robust multiarray average algorithm (RMA) normalized expression values of CD44; y-axis, RMA normalized expression values of CLDNs]. Pearson correlation and p-values are shown.



The Affymetrix microarray data from the 16 matched primary-recurrent OC tissues showed an inverse correlation between CD44 and CLDN1 expression in primary tumors (Pearson correlation, R= −0.52, p= 0.04) but this relationship surprisingly changed to a positive correlation in recurrent tumors while still retaining significant associations (Pearson correlation, R= 0.51, p= 0.04) (Figure 5B). This reversal in correlation pattern was not observed for CDLN4 and CLDN7 for which there was no significant correlation with CD44 expression in the primary OCs. However, the matched recurrent tumor samples did exhibit a strong positive correlation between CD44 and both CLDN4 and CLDN7 (Pearson correlation, R= 0.58, p= 0.002 and R= 0.61, p= 0.01, respectively) (Figure 5B). Notably, there was no significant relationship between CLDN1 and CD133 in the primary and recurrent samples (Pearson correlation, R= −0.18, p= 0.50 and R= 0.04, p= 0.88, respectively; data not shown). These results suggest that the switch in the direction of correlation between CLDN1 and CD44 in matched primary—recurrent tumors plays an important biological role in tumor recurrence, as does the strengthened and significant positive correlation between CD44 and CLDN4 and CLDN7 that is only apparent in recurrent disease.

Reduced CLDN1 Expression Inhibits Tumor Growth in Mice. To test the importance of CLDN1 to tumors in vivo, we injected female athymic nude mice with SKOV3 cells that had been transduced with a control shRNA or CLDN1-specific shRNA along with a GFP construct (GFP+/shCLDN1 or GFP+/shControl (shCON), respectively). CLDN1 knockdown was confirmed using Western Blot (Figure 6A). Six mice in each test group developed tumors of at least 1 × 107 total photon flux via live imaging and received chemotherapeutic treatment with carboplatin. After three treatments, all six mice in the shCON group still had detectable tumors, but only two mice in the shCLDN1 group had detectable tumors upon. The mice were dissected following the experiment to confirm tumor formation. A repeat test with the same experimental parameters showed greater average tumor size reduction in the shCLDN1 group versus the shCON group following treatment (39.1% versus 21.6%, respectively; Figure 6B), but the result was not statistically significant (Mann-Whitney test, p= 0.67). Taken together, these results support that repression of CLDN1 expression in OC cells increases chemosensitivity in vivo.




Figure 6 | Claudin-1 (CLDN1) knockdown inhibits xenograft tumor formation in nude mice. (A) SKOV3 cells were stably transduced with shRNA for CLDN1 or an off-target shRNA control using lentivirus infection. CLDN1 protein expression was tested by Western blotting. Clone #3 was selected for use in the xenograft experiment, due to superior knockdown efficiency. Ten mice each were included in the control and CLDN1 knockdown arms. SKOV3 cells (5×104 per mouse) were injected intraperitoneally. (B) Tumor signal was monitored using the IVIS Kinetic Living Image System indicated as total photon flux. Bar graph shows relative signal strength for shCON and shCLDN1 tumors pre and post-treatment with carboplatin. After three treatments, 21.6% tumor size reduction in the control group and 39.1% tumor size reduction in the shCLDN1 group have been observed (Mann-Whitney test, p = 0.67).






Discussion

The aim of this study was to evaluate the functional significance of CLDN1 expression by using data from matched primary-recurrent OC tumor samples along with in vitro and in vivo studies. OC has a high mortality rate largely due to the fact that 75% of patients are diagnosed with advanced stage disease that has metastasized throughout the peritoneal cavity (44), and therefore an understanding of the mechanisms of metastasis is critical. OC metastasis occurs mainly through direct seeding of adjacent organs and tissues with cancer cells that have dissociated from the primary site (45). The role of tight junctions in cancer metastasis and recurrence is largely attributable to their function in cell-cell adhesion. CLDNs have emerged as a primary mediator in these cell-cell interactions and thus, cancer metastasis and recurrence (46). CLDN1 has been studied in cancer progression (47) and an association between CLDN1 expression and poor prognosis or survival was reported in colon (48) and breast cancers (49). In the short- and long-term survivor (GSE51820) dataset (21) from patients with post-chemotherapy ovarian carcinoma effusions, higher CLDN1 expression was correlated with shorter overall survival (50). However, the molecular mechanisms by which CLDN1 affects tumorigenesis and tumor progression in OC remain largely unstudied. Thus, the question of whether CLDN1 functions as a tumor promoter or tumor suppressor has not been established in cancers, including OC.

An inverse association between DNA hypermethylation and gene expression of CLDNs has been identified in gastric cancer (16) and breast cancer cells (17). Di Cello et al. reported a negative correlation between CLDN1 expression and promoter methylation in estrogen receptor-positive breast cancer (51). These data suggest that epigenetic regulation is involved in CLDN gene expression. The lack of mutations and wide range of gene expression levels in OCs from the TCGA data analysis further support our hypothesis that CLDN1 may be regulated by epigenetic mechanisms. Indeed, we found that the expression of CLDN1 was inversely correlated with DNA methylation in OC cells using both RT-PCR and microarray analysis. The results indicate that increased DNA methylation is associated with decreased CLDN1 expression and this association seems to be important for OC recurrence (Table 2). Furthermore, this relationship was also observed in tumors from patients with short-term survival but not in tumors from patients with long-term survival. Additionally, patient survival was not associated with CLDN1 expression in the matched primary-recurrent data. This suggests that methylation may regulate CLDN1 expression in tumors from specific patients, and that it may play an important role in OC progression and prognosis. These data also show that epigenetic regulation of CLDN1 expression is more pronounced in aggressive OCs, with stronger methylation-expression relationships potentially predictive of poorer patient prognosis.

Given that CLDN1 is located in an intron of CLDN16, we hypothesized that there may be a similar relationship with CLDN16 gene expression and methylation in aggressive OCs. The TCGA dataset showed a significant inverse correlation between methylation and expression of CLDN16, but this relationship was not detected in our primary-recurrent dataset. Interestingly, the sole intragenic CLDN4 CpG site on this assay showed a significant inverse correlation in the recurrent tumors, yet DNMT inhibition of CLDN4 showed no significant change in expression levels. Meanwhile, the CLDN1 CpGs analyzed here showed significant inverse methylation-expression relationships in recurrent tumors, and DNMT treatment showed increased CLDN1 expression levels. This may indicate that CpG islands are more resistant to the effects of DNMT inhibitors than CpG sites located in shore and shelf regions.

Our functional assessment of CLDN1 in cancer cell proliferation, migration, spheroid formation, and wound healing also suggests that elevated CLDN1 expression is associated with a more aggressive phenotype. Spheroid formation in ascites fluid is a fundamental feature of CICs (52) that is believed to allow cancer cells to embed themselves in surrounding tissues of the peritoneal cavity, which may seed metastases and may serve as precursors of recurrent disease. YM201636 and CLDN1-specific siRNAs both impede spheroid formation and suggest a potential role for targeting spheroids in order to limit OC spread and recurrence (Figures 2C and 3D). Disrupting the ability of OC cells to aggregate may prevent spheroids from embedding into other tissues in the peritoneal cavity and could also enhance sensitivity to chemotherapeutic agents.

We showed that CLDN1 transcription is positively correlated with the expression of CIC marker CD44 in primary OC, but negatively correlated in recurrent OC (Figure 5B). Notably, the positive correlation between CD44 and CLDN1 expression in recurrent OC (Figure 5B) was supported by the decrease in CD44 and CD133 expression in CLDN1 knockdown cells Figure 5A). This suggests a functional relationship between tight junction proteins and CICs, which lead to more aggressive and recurrent OCs.

Epithelial mesenchymal transition (EMT) and the reverse process, mesenchymal epithelial transition (MET), have been identified as important steps in cancer metastasis. Suh et al., showed that CLDN1 is overexpressed in human hepatocellular carcinoma cells and is capable of promoting the EMT process, suggesting a close relationship between CLDN1 and EMT (11). However, we did not find strong associations between CLDN1 and EMT factors using Western Blotting and immunohistochemistry. Similarly, the EMT RT2 Profiler PCR Arrays did not show significant changes for any primary EMT-related factors in CLDN1 knockdown cells. This indicates that the role of CLDN1 in tumor metastasis and in the enhanced presence of CIC markers CD44 and CD133 is not due to EMT pathway induction.

Increased sensitivity to common chemotherapeutic agents for serous OC was observed in CLDN1 knockdown OC cells, suggesting an association between CLDN1 expression and chemosensitivity. Our in vivo study demonstrated that CLDN1 expression is associated with greater tumor burden and resistance to treatment, though this result was not statistically significant. This was consistent with our in vitro model which showed greater chemoresistance in cells that expressed CLDN1. These preclinical results indicate CLDN1 suppression may be a viable strategy for reducing the onset of aggressive OC phenotypes and recurrent disease. Our use of YM201636, which blocks recycling of tight junction proteins, demonstrates its efficacy in limiting CLDN1 function and provides a potential treatment strategy for more advanced OC.

Our findings may provide new targets for OC treatment, specifically with the aim of extending survival by preventing recurrent OC. For example, new technology like that provided by using a deactivated dCas9 (53) that can specifically methylate the CLDN1 promoter sequence and inhibit transcriptional activity of CLDN1 presents an exciting opportunity. Thus, CLDN1 targeting may be an effective treatment option for recurrent OC, particularly in patients with high basal CLDN1 expression levels. The idea to reduce expression of CLDN1 should also be considered in the context of the use of general DNA hypomethylating agents that are being used to reactivate tumor suppressor and pro-apoptotic genes and potentiate response to other cytotoxic chemotherapeutic agents, including in solid tumors. Such treatment could also inadvertently reactivate expression of genes like CLDN1 for which increasing expression may be detrimental. In this regard, the development of highly targeted, individualized approaches to reactivate as well as repress particular genes based on their status will be optimal but must await further technological advances that allow for such a strategy to be clinically implemented.

This study’s strengths include the use of paired primary-recurrent tumors and ‘omics technologies to identify methylation/expression relationships that are divergent between these two phases of the disease. This study is also strengthened by the use of both in vitro and in vivo studies to validate the role of CLDN1 in OC. This study’s limitations include a relatively small sample size and the retrospective nature of the analysis.

Taken together, our results support that CLDN1 plays a critical role in the development of recurrent OC and resistance to current chemotherapeutic regimens that are standard of care. Developing strategies to target CLDN1 may lead to enhanced chemosensitivity and hinder tumor metastasis and OC recurrence.
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Supplementary Figure 1 | CLDN1 knockdown efficiency in seven OC cell lines 72 hours post-transfection with beta-2-microglobulin as an internal control. HEYA8 had the greatest knockdown efficiency at approximately 88%.

Supplementary Figure 2 | Two siRNA variants, siCLDN1-6 and siCLDN1-8 were transfected into IGROV1 and CAOV2 cells to identify which variant produced a more effective CLDN1 knockdown compared to siCON (p = two-sample t-test; *p < 0.05, **p < 0.01).

Supplementary Figure 3 | (A) CLDN1 methylation-expression relationships in 16 matched primary-recurrent ovarian cancer tumor pairs at four CpG sites. The positions of the CpG probes on the Illumina Infinium HumanMethylation450 BeadChip CLDN1 locus are shown in the schematic in Figure 1. (B) CLDN1 methylation-expression relationships in 21 long-term survival (>7 years) and 26 short-term survival (<3 years) ovarian cancer patients. X-axis, Illumina Infinium HumanMethylation450 BeadChip methylation values; 0, unmethylated; 1, fully methylated. Y-axis, RMA normalized CLDN1 expression values. R, Pearson correlation coefficient; p, correlation p-value.

Supplementary Table 1 | Microarray data showing CLDN1 expression for 26 cell lines treated with decitabine versus mock control.

Supplementary Table 2 | EMT RT2 Profiler PCR Array results for 84 EMT-associated genes following CLDN1 knockdown.
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Objective

This study aims to retrospectively evaluate and compare the clinical efficacy in patients with stage IB2 and IIA cervical cancer, who treated with neoadjuvant chemotherapy combined with brachytherapy or not before radical hysterectomy.



Methods

The data of patients who have diagnosed with stage IB2 and IIA cervical cancer between January 2010 and December 2013 were retrieved through the Hospital Information System (HIS) of Gansu Provincial Maternal and Child Health Hospital. Patients were divided into two groups: neoadjuvant chemotherapy combined with brachytherapy followed by radical hysterectomy group (NACT+BT Group) and direct radical hysterectomy group (RH Group). The rate of adjuvant radiotherapy, progression-free survival (PFS), and overall survival (OS) were compared between the two groups.



Results

A total of 183 patients were included in this study with 82 in the NACT+BT group and 101 in the RH group. The median follow up duration was 44.9 months for the NACT+BT group and 38.1 months for the RH group. The 5-year PFS for NACT+BT Group was 93.8%, which was significantly higher compared to the RH group (77.2%, P= 0.0202). The rate of postoperative adjuvant pelvic radiotherapy was significantly lower in the NACT+BT group compared to the RH group (30.49% vs 79.21%; P <0.05). COX multivariate analysis showed that NACT+BT increased PFS by 29% compared with RH treatment, and Positive margin decreased PFS and OS by by 4.7 and 6.87 times, respectively.



Conclusion

Neoadjuvant chemotherapy combined with brachytherapy followed by radical hysterectomy (NACT+BT) can extend PFS, reduce postoperative pathological risk, and postoperative adjuvant pelvic radiotherapy compared to the direct radical hysterectomy (RH).





Keywords: local advanced, cervical cancer, neoadjuvant chemotherapy, operation, brachytherapy



Introduction

Cervical cancer is the second most common cancer and the third leading cause of cancer-related deaths among women in less developed countries. Worldwide, there are 5.27 million new cases and 2.65 million deathseach year (1), and nearly 90% of cervical cancer deaths are recorded in developing countries due to the inadequate public health service system and limited coverage of cervical cancer screening (2). The International Federation of Gynecology and Obstetrics (FIGO) defines the tumor categorized in stage Ib2 through stage III as locally advanced cervical cancer (LACC) in 2009 (3). LACC is characterized by an increased lymph node metastasis, uterine tumor invasion, and vasculature tumor, whereas the 5-year survival rate is around 50% to 70% (4).

Although the National Comprehensive Cancer Network (NCCN) guidelines recommend chemoradiation for LACC, therapeutic methods vary greatly in different parts of the world. In North America, chemoradiation is the most popular method, whereas in Europe, Asia, and Latin America, neoadjuvant chemotherapy combined with brachytherapy followed by radical hysterectomy is the main therapeutic approach. Radical hysterectomy can reduce the damage of ovarian function, maintain maximum vaginal length and elasticity, and improve patient’s immediate and long term survival quality. In addition to keeping the postoperative pathological primitive state, which is conducive to comprehensive and accurate guidance of postoperative adjuvant therapy after surgery. According to the cervical cancer FIGO guidelines, In the present study, we explored whether neoadjuvant chemotherapy combined with brachytherapy can 1) reduce the rate of supplementary pelvic radiotherapy and chemotherapy and 2) improve the survival in patients with stage IB2 and IIA cervical cancer (5).



Materials and Methods


Study Population

This study was approved by the ethical committee in Gansu Provincial Maternity and Child Care Hospital, China. The data of 183 patients who were diagnosed with stage IB2 and IIA cervical cancer between January 2010 and December 2013 were retrieved through the HIS system of Gansu Provincial Maternal and Child Health Hospital. These patients were included in this study because they all met the following criteria: (1) patients with squamous cell carcinoma; (2) clinical stage Ib2 and IIa defined by the FIGO 2009; (3) age between 18 and 75 (years); (4) American Eastern Cooperative Oncology Group (ECOG) score 0–2 points; (5) with normal liver and kidney function: serum transoxidase (AST, ALT) lower than 40 lU/ml, total bilirubin <5 mg/dL, and urea nitrogen <20 mg/dL; 6) normal bone marrow function: neutrophil count >1,500/mm3 and platelet >100,000/mm3. At the same time, none of these patients meet the following exclusion criteria: (1) patients with adenocarcinoma and adenoid carcinoma; (2) patients with a history of radiotherapy or chemotherapy; (3) history of cancer; (4) pregnancy; (5) dysphonia. In the Neoadjuvant chemotherapy combined with brachytherapy followed by radical hysterectomy group (NACT+BT group), patients must complete both NACT+BT and radical hysterectomy. If the disease progresses during NACT+BT without completing radical hysterectomy, it will not be included in NACT+BT Group.



Clinical Data

All the clinical data were obtained through the Hospital Information System (HIS). The historical treatment data of 183 patients were analyzed and divided into two groups according to whether neoadjuvant chemotherapy was used before radical hysterectomy: neoadjuvant chemotherapy combined with brachytherapy group (NACT+BT group), direct radical hysterectomy (RH group).

Patients in the RH group received Piver type III radical hysterectomy and pelvic lymph node excision. Patients in the NACT+BT group received cisplatin 75 mg/m2 combined with paclitaxel 135 to 175 mg/m2 every 3 weeks during routine chemotherapy (patients were treated with 192Ir of after loading vaginal brachytherapy, the dose was 15 Gy at point A that performed in three times within 3 weeks) followed by completing Piver type III radical hysterectomy. The postoperative pathological factors included positive margin, lymph node metastasis, parametrial extension, deep stromal invasion, lymphovascular space invasion, and large tumor diameter.



Assessment and Follow-Up

After the patient has received treatment, imaging examinations (CT or PET-CT, etc.) will be performed every 3 or 6 months. Clinical response was based on the Response Evaluation Criteria in Solid Tumor (RESICT v1.1). Complete remission (CR) was established if no tumor was observed. Partial response (PR) was defined if the maximal diameter of the lesion was reduced by more than 30%. Progressive disease (PD) was defined if the maximum diameter of the lesion was increased by more than 20% or new lesions were detected. Patients who did not achieve PR or PD were assessed as stable disease (SD) and defined as non-responders, whereas patients with CR and PR were defined as adjuvant therapy responders (6).

Follow-up data were obtained through outpatient medical records, and by consulting the doctor and the patient’s family members. Overall surviva(l (OS) was measured from the date of registration to the date of death from any cause, and data were censored at the time of the last follow-up for surviving patients. Progression-free survival (PFS) was measured from the date of randomisation to the date of the first event, and data were censored at the last date on which the absence of disease progression was confirmed.



Statistical Analysis

SAS 9.4 software was used for statistical analysis. The countable data were analyzed using the chi-square test or Fisher’s exact probability method; the quantitative data were represented by x ± s and were analyzed usingt -test. The 5-year PFS was analyzed using the Kaplan-Meier method, and the log-rank test was used for evaluation of the group differences. P<0.05 was considered statistically significant.




Result


General Information

We present the basic demographic and clinical factors in patients with LACC. No statistical difference was observed regarding the age at diagnosis, BMI, stage (Ib2, IIa), preoperative complications (diabetes), and preoperative tumor diameter between the two groups (P<0.05). Higher bleeding volume was found in the NACT+BT group compared to the RH group. In addition, surgical complications (urinary system injury, deep venous thrombosis) were different between the two groups (Table 1).


Table 1 | Basic demographic and clinical factors in patients with local advanced cervical cancer (LACC).





New Adjuvant Treatment Effectiveness

In the NACT+BT group, there were 73 cases with PR and no cases with CR. In addition, the size of the tumor was significantly reduced in the NACT+BT group compared to the RH group (Table 2).


Table 2 | Comparison of therapy responses in patients.





Surgical Pathological Data

There were no statistically significant differences in the number of lymph node excision, tumor diameter, lymph node metastasis, the positive margin between the two groups (P>0.05); while significantly decreased deep stromal invasion, parametrial extension and lymphovascular space invasion were found in NACT+BT group compared to RH group (P<0.05) (Table 3).


Table 3 | Comparison of surgical pathological factors.





Postoperative Adjuvant Radiotherapy

The ratio of postoperative adjuvant pelvic radiotherapy was 30.49% in the NACT+BT group and 79.21% in the RH group, and the difference was statistically significant (P <0.0001) (Table 4).


Table 4 | Postoperative supplementary radiotherapy.





Survival Data

The median follow-up time was 41.16 months (12–67 months). There were 17 recurrent cases in total; 4 cases in NACT+BT Group, and 13 cases in the RH group; and a total of 10 fatal cases, 3 cases in the NACT+BT group, and 7 cases in RH group. The 5-year PFS and OS in NACT+BT group vs RH group were 93.8% vs 77.2% (95% CI 0.1129–0.7565, P= 0.0202), 87.9% vs 77.7% (95%CI 0.1187–1.314, P= 0.1162) (Figures 1 and 2).




Figure 1 | Progression-free survival.






Figure 2 | Overall survival.





COX Multivariate

COX multivariate analysis showed that NACT+BT increased PFS by 29% compared with RH treatment, and Positive margin decreased PFS and OS by by 4.7 and 6.87 times, respectively (Table 5).


Table 5 | Multifactor analysis of factors affecting 5-year progression-free survival (PFS) and overall survival (OS) in local advanced cervical cancer (LACC).






Discussion

According to NCCN guidelines, chemoradiation is recommended for the management of LACC. Nonetheless, in the developing countries, surgical treatment is still used to treat a large number of locally advanced cervical cancers, and regardless of the type of treatment, the five-year survival rate of patients with l LACC is around 50% to 70% (3). Preoperative neoadjuvant chemotherapy combined with brachytherapy and direct surgery have been continuously applied in clinical practice, and numerous studies have reported that neoadjuvant chemotherapy combined with brachytherapy might benefit patients with LACC regarding PFS, but the overall survival failed to reach satisfactory results. In addition, preoperative neoadjuvant therapy might affect the ability to find the palace of infiltration and the tiny lymph node metastases, leading to recurrence (7).

The advantages of radical hysterectomy are that it minimizes the damage to the ovary, maintaining maximum vaginal length and elasticity, thereby improving the patient’s immediate and long-term survival, and maintaining postoperative pathology in original state. It is also beneficial for comprehensive and accurate guidance of postoperative adjuvant therapy after surgery. Nonetheless, in the vast majority of cases, pelvic radiotherapy and chemotherapy are still necessary, and this “sequential” therapy reduces the advantages of surgery (8). Based on previously published studies, more than 60% of patients with LACC treated by direct surgical treatment require pelvic radiotherapy after the operation (9), which can eventually lead to adverse long-term consequences, such as gastrointestinal symptoms, urinary system symptoms and hematologic complications (10, 11). The incidence of 3-degree bone marrow suppression has shown to be 18.3%, and the incidence of 4-degree myelosuppression was 22% (12, 13). In the present study, around 80% of cases needed pelvic radiotherapy after direct radical hysterectomy. Huguet and Modarress have indicated that neoadjuvant chemotherapy combined with brachytherapy could be used to control local lesions compared with direct radical hysterectomy; nonetheless, the survival rate was not significantly improved (14, 15). In 2012, a Cochran evaluation system indicated that neoadjuvant chemotherapy combined with brachytherapy can reduce the rate of lymph node metastasis (HR = 0.54, P < 0.05), and parametrial extension (HR = 0.52, P < 0.05), and can improve PFS (HR = 0.76, P < 0.05), but it cannot improve OS (16). Our study showed that neoadjuvant chemotherapy combined with brachytherapy was more effective than direct radical hysterectomy regarding local lesions (1.32 ± 0.81cm vs. 4.85 ± 1.26cm, P<0.05); compared with direct radical hysterectomy it revealed reduced deep stromal invasion (42.68% vs. 68.32%, P<0.05), parametrial invasion (2.44% vs. 12.87%, P<0.05) and lymphovascular space invasion (14.63% vs. 37.62%, P<0.05). Nevertheless, neoadjuvant chemotherapy combined with brachytherapy did not affect lymph node metastasis and positive margin compared with direct radical hysterectomy. The PFS in the direct radical hysterectomy group was significantly lower compared to the neoadjuvant chemotherapy combined with brachytherapy group(P<0.05), COX multivariate analysis showed that NACT+BT increased PFS by 29% compared with RH treatment, but there was no significant difference in the OS between the two groups. Also, the rate of postoperative adjuvant pelvic radiotherapy was significantly lower, and it could prevent long term complications from pelvic radiation therapy and improve the quality of life of LACC patients.

In short, preoperative neoadjuvant chemotherapy combined with brachytherapy can improve pathological factors related to postoperative risk and PFS, thus having a long term beneficial effect on the patient’s quality of life. Our study needs to be confirmed in large cohort studies. In addition, the amount of minimally invasive surgery in this study was very small, so it was not included in this study scope. It is undeniable that minimally invasive surgery can play an important role (17–19), so in future studies, we will pay attention to the impact of minimally invasive surgery.
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Medroxyprogesterone acetate (MPA) is the main conservative treatment for endometrial cancer (EC) patients desirable to preserve fertility and those who cannot suffer from surgery. Considering the high incidence of progestin resistance and recurrence of MPA treatment, we reproposed antipsychotics chlorpromazine (CPZ) as a new strategy for both progestin-sensitive and -resistant endometrial cancer. Cytobiology experiments indicated that CPZ could significantly suppress proliferation, migration/invasion and induce apoptosis in Ishikawa (ISK) and KLE EC cell lines. And xenograft mouse models were constructed to validate the antitumor effect and toxicity of CPZ in-vivo. CPZ inhibited the growth at a low dose of 3mg/kg and the mice exhibited no signs of toxicity. Next, concomitant treatment and sequential treatment with CPZ and MPA were proceeded to analysis the synergistic effect in EC cells. Concomitant treatment only performed a limited synergistic effect on apoptosis in ISK and KLE cells. Nevertheless, sequential treatment showed favorable synergistic effects in progestin-resistant KLE cells. Finally, a stable MPA-resistant cell line shRNA was established to explore the mechanism of CPZ reversing progestin resistance. Immunoblot data showed that CPZ inhibited the activation of PI3K/AKT signal in ISK and KLE cells and upregulated PRB expression in progestin-resistant cells, by which CPZ overcame progestin resistance to MPA. Thus, CPZ might act as a candidate drug for conservative treatment and sequential treatment with CPZ and MPA could be a suitable therapeutic option for progestin resistant patients.




Keywords: endometrial cancer, chlorpromazine, medroxyprogesterone acetate, anticancer activity, sequential treatment



Introduction

Endometrial cancer (EC) is the most common gynecologic cancer in the United States (1); the incidence and mortality rates of this disease have increased gradually over the last decade (2). Although it typically occurs in postmenopausal women (3), EC is increasingly diagnosed in younger women (4, 5). Approximately 6.4% of all women with EC are diagnosed between 20 and 44 years old (6). With the implementation of the two-child policy, fertility preservation is more imperative and important than ever for young women in China. On the other hand, conservative treatment is in increasingly demand for patients who have lower operative-tolerance and those with advanced or recurring endometrial cancer.

Hormone therapy is the main regimen for these patients, the most common forms of which are medroxyprogesterone acetate (MPA) and levonorgestrel-releasing intrauterine devices (4, 7). MPA mainly exert anti-EC effects through progesterone receptor B (PRB). One major difference between type I and type II EC is the expression of PRB (hormone-receptor-positive and hormone-receptor-negative). For type I EC, although 70% of early patients respond to treatment, 57% of these patients experience recurrence. For advanced cases, the response rate is only 20–40% (8). Type II EC patients have a poor efficacy due to low expression of PRB and the response rate to hormone therapy was only 8% (9). Therefore, it is necessary to explore new strategies for cases of de novo or acquired progestin resistance.

Drug repurposing speeds up the overall development time and minimizes research expenses. Antipsychotic drugs such as olanzapine, risperidone and sertraline suppress tumor progress in several malignant disorders (10–12), which are expected to be a prospective reproposed antitumor drug. Unfortunately, there is no relevant study of such drugs in endometrial cancer. Our data showed that antipsychotic agents including trifluoperazine, thioridazine and perphenazine displayed anticancer activity in endometrial cancer (13, 14). Thioridazine could enhance the anticancer effect of MPA on the proliferative inhibition and apoptosis induction in ISK (type I) and KLE (type II) cells, which implied that thioridazine may act as a candidate drug for EC patients particularly the progestin-resistant ones. However, these drugs are rarely used in clinic due to the strong central nervous system side-effects (15–17). Therefore, reducing side effects (by shortening the duration or reducing the dosage) or developing new drugs with the same pesticide effect is an urgent need at the moment.

Considering that the above-mentioned three drugs with similar structure all belong to tricyclic antidepressants, we screened 20 tricyclic antipsychotic drugs in our approved drug library to discover a better candidate drug (Supplementary Table 1) (14). Chlorpromazine (CPZ) was found to exhibit better inhibitory activity. Given that a lower dosage of CPZ could play an effective anti-EC effect, CPZ was expected to decrease toxic side effects. Furthermore, CPZ could suppressed various cancers including glioblastoma, lung cancer, colon cancer and breast cancer (18–20). Therefore, we evaluated the possibility of reproposing CPZ in both progestin sensitive and resistant endometrial cancer in the present study.



Materials and Methods


Mice

We acquired female BALB/c nude mice from a commercial supplier (JieSiJie, Shanghai China). The mice needed to be at least 7 weeks-of age before they were included in experiments. For in vivo administration, ISK cells (that were >90% viable) were resuspended at a concentration of 1×108 cells/ml in sterile phosphate buffered saline (PBS; pH 7.4). When tumor volumes were 50-150 mm3, the mice were randomly selected for a daily intraperitoneal injection of Mock (150 μL, n = 5 tumors), MPA (12mg/kg, n = 3 tumors), CPZ (3mg/kg, n = 5 tumors) or CPZ (12mg/kg, n = 5 tumors). Every three days, we measured the length (L) and width (W) of all tumors using external calipers. We also calculated the volume of all tumors by applying the following formula: tumor volume = L× W2× 0.5 (21), where length (L) is defined as the larger of the two measurements, and width (W) is defined as the smaller of the two measurements. After 21 days, all mice were sacrificed. Tissues were then gently resected and placed in paraformaldehyde for fixation. The animal experiments were approved by the Committee on the Ethics of Animal Experiments of Shanghai Jiao Tong University, China (GKLW 2018-40).



Cell Cultures and Transfection

Human endometrial (ISK, KLE, HEC-1-A, HEC-1-B and AN3CA) cancer cell lines were obtained from the American Type Culture Collection (ATCC) and cultured in DMED-F12 medium (Hyclone, Logan, Calif) containing 100 U/mL penicillin, 10% fetal bovine serum (FBS), and 100μg/mL streptomycin, in a humidified incubator at 37°C with 5% CO2. The incubator was tested regularly for mycoplasma contamination. In order to establish a stable MPA-resistant cell line shRNA, pLKD-CMV-EFGP-2A-Puro-U6-PRB shRNA (OBiO Technology, Shanghai, China) was transfected into 293T cells (ATCC, Manassas, VA, USA) by using Opti-MEM (Gibco) and lipofectamine 2000 (Invitrogen). The infective virus was collected after transfection for 48 h. The ISK cells were infected at about 50% of the confluence. The virus solution was added with 5.0 μg/ml Polybrene (Sigma), and then screened with 1.0 μg/ml of puromycin (Sigma) for one week. The selected sequences for knockdown as follow: GCTGTAAGGTCTTCTTTAA.



Chemicals and Antibodies

CPZ and MPA were purchased from Selleck (Selleck Chemicals, Shanghai, China). A range of antibodies were purchased from Zen BioScience (Chengdu, China) and Abcam (United Kingdom), including anti-PI3K (R22768), anti-AKT (R23412), anti-p-PI3K (341468), anti-p-AKT (381555), anti-PRB (ab2765), anti-Ki-67 (ab16667), anti-E-cadherin (ab76055) and anti-MMP-9 (ab228402). In Situ Cell Death Detection Kit, POD (11684817910) was purchased from Roche (Basel, Switzerland).



CCK-8

Cells were aliquoted into 96-well plates at a concentration of 7×103 cell/well. Cells then underwent their allocated experimental treatments. Following treatment, 10 μl of CCK-8 solution (Selleck Chemicals) was added to each well and incubated for 1 h at 37°C. Next, we measured the absorbance with a microplate reader at 450 nm.



Transwell Assays

The upper chambers of a transwell insert (Corning, New York, NY, USA) were first seeded with cells and exposed to the indicated drugs for a 24-hour period; 600 μL of DMEM/F12 medium containing 10% FBS was added to the lower chambers. Following incubation, we fixed cells that had undergone migration in 4% paraformaldehyde and stained the fixed cells with 1% crystal violet. After staining, the cells were rinsed three times in PBS. An inverted microscope was then used to count the number of cells that had migrated. Invasion assays were carried out by applying 50 μl of Matrigel (BD, USA) to the upper chambers of the transwell inserts and then seeding with cells that had been starved. These cells were then treated with designated drugs for a 48-hour period; 600 μL of DMEM/F12 medium containing 20% FBS was added to the lower chambers. After incubation, we used cotton swabs to remove the Matrigel and all non-invading cells from the top of the polycarbonate membrane. We then carried out fixation and staining in the same manner as that described for the migration assays. An inverted microscope was used to acquire images that were representative of invasion.



Flow Cytometry

For flow cytometry, we incubated cells with different concentration of CPZ and MPA for a total period of 72 h. Cells were then treated with pancreatin and centrifuged for collection. Harvested cells were then rinsed twice in PBS and stained for 15 min with Annexin V-FITC (BD Biosciences, San Diego, CA) and PI (BD Biosciences) in accordance with the manufacturer’s protocols. Stained cells were then quantified by flow cytometry.



Clonal Formation Assays

Cells were seeded into 6-well plates (1000 cells/well) and cultured for indicated hours before being treated with the designated drugs. Cells were then cultured for another 7-10 days in a medium that was devoid of drugs until clones were formed (approximately 50 cells/clone). At this point, we used PBS to wash the cells which were finally fixed and stained with 5% crystal violet solution.



Western Blot Analysis

After treatments with different agents, the cells were washed twice with PBS buffer. Total protein was extracted from cells with RIPA lysis buffer (containing phosphatase inhibitor and 1 μM PMSF) and then separated by SDS-PAGE. Separated proteins were then transferred electrophoretically onto polyvinylidene fluoride (PVDF) membrane. These membranes were then blocked for 2 h at room temperature and then incubated overnight at 4°C with primary antibodies. The following morning, membranes were incubated with appropriate second antibodies for a period of 2 h. Immuno-positive bands were then detected by ECL Western Blot kit (Leica, Germany).



Immunohistochemistry

Samples of tumor tissue were fixed in 10% buffered formalin for a total period of 48h and then embedded in paraffin, sectioned into 5 μm slices, and then transferred to silane-coated slides. Sections were then deparaffinized and dehydrated before undergoing antigen retrieval at 95°C for 30 min. Following antigen retrieval, we used normal goat serum to block non-specific binding sites for one hour. Sections were then were incubated overnight at 4°C with primary antibodies and then incubated for 45 min at 37°C with HRP- conjugated secondary antibodies. Immuno-positive signals were then developed using DAB (Jiehao Biotechnology, China).



HE Staining

Tissue sections (prepared from the tumor mass, lungs, spleen, kidneys, heart, and liver) were first hydrated and then stained in Mayer’s hematoxylin for 30 s with gentle agitation. Slides were then rinsed with water for 1 min and then stained with 1% eosin Y solution for 10−30 s with gentle agitation. Next, the sections were dehydrated by a double exposure to 95% alcohol for 30 s followed by a double exposure to 100% alcohol for 30 s. The alcohol was then removed, and the sections treated twice with xylene. Finally, tissue sections were mounted in an appropriate medium and cover-slipped.



Biochemical and Hematological Analyses

Samples of whole blood were collected from all mice by cardiac puncture and aliquoted into microfuge tubes and K2E microtainer tubes (BD, USA). The blood samples stored in microtainer tubes were used to evaluate a range of hematological parameters; these analyses involved a BC-2800vet Hematology Analyzer (Mindray, China). The blood samples retained in microfuge tubes were first centrifuged at 10,000 rpm for 10 min to prepare serum samples. These serum samples were then evaluated using a range of assay kits acquired from Rayto (China) which allowed us to determine the serum levels of aspartate aminotransferase (S03040), alanine aminotransferase (S03030), carbamide (S03036) and creatinine (S03076). All assays were carried out in accordance with the manufacturer’s protocols. Optical density was determined by a Chemray 800 Automatic Biochemistry Analyzer (Rayto, China). OD readings were then used to determine a range of biochemical indicators.



Statistical Analysis

All statistical analyses were carried out using GraphPad Prism version 7.0 (La Jolla, California). Significant differences were then determined by either the Student’s t-tests, one-way analysis of variance (ANOVA) for single variables, two-way ANOVA for two variables; Tukey’s correction was used for multiple comparisons.




Results


CPZ Inhibited EC Cell Growth, Migration, and Invasion

In order to compare the effect of MPA and CPZ on the EC cell proliferation, we treated different EC cell lines with different concentrations of MPA and CPZ. Tables 1 showed that CPZ had a strong inhibitory effect on the viability of ISK and KLE cells; this effect occurred in a time-dependent manner and was following 24, 48, and 72 h, of incubation (Supplementary Figure 1). The inhibitory action of CPZ was stronger than that of MPA over the same time periods. To further investigate the anticancer effects of CPZ, we determined IC50 values to examine the differential effects between CPZ and MPA. Table 2 showed that when compared with MPA, CPZ exhibited a much greater inhibitory action on the cell viability of AN3CA cells. CPZ also exhibited stronger anti-tumor effects than MPA in HEC-1-A and HEC-1-B cells. The colony formation assay was also used to investigate the potential role of CPZ in proliferative activity; we observed that CPZ reduced the tendency for proliferation (Figures 1A, B). The staining of cells with annexin V/PI further demonstrated that the rates of apoptosis in CPZ-treated EC cells were significantly higher than in cells treated with MPA (Figures 1C, D). These findings indicated that the process of apoptosis was activated by CPZ. As shown in Figures 3E, F, CPZ treatment led to a reduction in the capability of ISK and KLE cells to migrate and invade when compared with cells that had been treated with MPA. Thus, our results demonstrated that CPZ could exert significant effects on proliferation, migration, and invasion in EC cell lines, and could also exert influence on apoptosis.


Table 1 | MPA and CPZ were able to inhibit the proliferation of ISK and KLE cells.




Table 2 | The 72-hour abilities of MPA and CPZ to inhibit proliferation in other EC cell lines.






Figure 1 | CPZ inhibits proliferation and promotes apoptosis of EC cells. (A, B) Cells were incubated with MPA (10, 20 μM) or CPZ (10,20μM) alone for 72 h. Colony formation assays were then utilized to evaluate the colony formation ability of EC cells in the presence of CPZ and MPA. (C, D) The rate of apoptosis was determined by flow cytometry. ISK and KLE cells were incubated with MPA (10, 20 μM) and CPZ (10,20μM) for a total of 72 h. Q1 represents necrotic cells, Q2 represents cells in the late phases of apoptosis, Q3 represents cells in the early phases of apoptosis, and Q4 represents normal cells. Columns ± bars: IC50 mean ± standard deviation. ns, not significant; *p < 0.05; ** p< 0.01; ***p < 0.001; ****p < 0.0001.





CPZ Suppressed the Growth of EC Tumors In Vivo

Next, we investigated whether CPZ could exert similar effects in vivo. We established murine xenograft models using ISK cells. CPZ exerted a much stronger inhibitory effect upon tumor growth than MPA when administered at a dose of 12 mg/kg. When the CPZ dose was reduced to 3 mg/kg, there was still a strong suppressive effect against tumor growth (Figure 2A). We also found that the body weight changes in our model mice remained within the normal range (Figure 2B). We also used immunohistochemical staining of Ki67 and E-cadherin, along with TUNEL staining, to detect cell proliferation, invasion, and apoptosis, respectively. Levels of Ki67 and E-cadherin were markedly reduced, while the number of TUNEL-positive cells had increased (Figure 2E).




Figure 2 | Antitumor efficacy and toxicity assessment of CPZ in ISK xenograft model. (A) Tumour size and (B) body weight measurements from ISK xenograft mice after CPZ. We set the initial body weight and tumor size to 100%. (C) CPZ treatment did not have a toxic effect on any of the five major organs. (D) H&E-stained sections of heart, liver, and kidney from a mouse treated with CPZ (12mg/kg) revealed that the tissue and cell architecture were both normal. The area of tissue marked by the dotted square is shown at a higher magnification in the right panel (E) Immunohistochemical staining assay. (*p < 0.05, ****p < 0.0001, two-way analysis of variance with Tukey’s multiple comparisons test). Data expressed as mean ± standard error of the mean.





CPZ Exhibited a Good Safety Profile as an Anti-Tumor Drug Candidate

The clinical translation of CPZ has been hindered due to the fact that it can induce non-desirable effects at clinically appropriate doses. We attempted to investigate the safety profile of CPZ, by evaluating the toxicity profile of CPZ in vivo using repeat intraperitoneal injections in BALB/c mice. The mice were treated with either MPA or CPZ; we then determined a range of hematological data that could act as indicators of injury to the organs or tissues. Hematological data derived from mice treated with either MPA and CPZ were similar to those derived from the Mock group (Table 3). At the end of the treatment period, the mice were culled, and a range of tissues and organs were stained with H&E; there was no specific evidence for organ-related toxicities (Figure 2C). As a previously widely used antipsychotic drug, CPZ is mainly metabolized in liver and gradually excreted by kidney. It is reported that CPZ may cause hepatic dysfunction as a side effect (22, 23). We found no statistical differences in the levels of any of the liver or kidney parameters tested in the mice treated with CPZ when compared to those of the Mock group (Table 3). Furthermore, histological analysis revealed that tissue appeared to be normal with an appropriate cellular architecture (Figure 2D). Collectively, our data provided that CPZ exhibited strong suppressive activity against tumors without toxic side effects in vivo.


Table 3 | Hematological data, and liver and kidney function testing derived from BALB/c mice following daily treatment with MPA or CPZ.





Concomitant Treatment Induces Apoptosis in ISK and KLE Cells

Since MPA and CPZ both possess antitumor effect, we wondered whether combination treatment with MPA and CPZ exhibited synergistic effect. Firstly, we assessed the effect of concomitant treatment with the two drugs (MPA and CPZ administrated together) (Figure 3A). CCK-8 assays showed that concomitant treatment decreased the viability of ISK and KLE cell lines compared to MPA or CPZ treatment alone (Figure 3B). The inhibition action of 5 μM CPZ plus 5 μM MPA is not only close to 10 μM CPZ alone in KLE cells but also stronger than 10 μM CPZ alone in ISK cells. Interestingly, colony formation assays and Transwell assays proved that the inhibition of proliferation and migration/invasion in concomitant treatment was stronger than MPA treatment alone, but similar to CPZ treatment alone in ISK and KLE cells (Figures 3C–E). Though high dose of CPZ co-treatment with MPA could enhance apoptotic cell rates in both cells, low dose of CPZ showed no difference (Figure 3F). These data demonstrated that concomitant treatment only performed a limited synergistic effect on apoptosis in ISK and KLE cells. Considering that combination treatment includes concomitant treatment and sequential treatment (24, 25), we judged whether another treatment is better than this one in the following experiments.




Figure 3 | Concomitant treatment induces apoptosis in ISK and KLE cells. (A) Schematic representation of the combination treatment on ISK and KLE cells. Cells were divided into three groups: MPA group (MPA alone), CPZ group (CPZ alone) and MPA + CPZ group (CPZ and MPA together). (B) ISK and KLE cells were exposed to CPZ or MPA as single drugs or in simultaneous combination for 72 h. (C) The colony formation assay was used to evaluate the formation of colonies by ISK and KLE cells when treated with a combination of CPZ and MPA. (D, E) Migratory and invasive ability was assessed in ISK and KLE cells subjected to different treatment regimens. (F) We used flow cytometry to determine the rate of apoptosis in ISK and KLE. Results are presented as mean ± standard error of the mean and error bars represent the SD of three independent experiments. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.





Sequential Treatment Sensitizes KLE Cells to MPA

Based on the above results, we tested the effect of sequential treatment on KLE cells (24 hours of CPZ, followed by 72 hours of MPA; 48 hours of CPZ, followed by 48 hours of MPA) (Figure 4A and Supplementary Figure 2A). Both low dose (5 μM) and high dose (10 μM) CPZ could obviously enhance the cytotoxic effect of MPA on KLE cell lines after pre-treatment with CPZ for 24h (with 2.5 times enhancement at both doses) (Figure 4B). Furthermore, a nearly 6-fold increase of inhibition rate was recorded in sequential treatment than in low dose CPZ treatment alone (Figure 4C). Pre-treatment with CPZ could also significantly suppress the colony formation of KLE cells compared to single drug treatment (Figure 4D). There is no difference between pre-treatment for 24 hours groups and pre-treatment for 48 hours groups, when it comes to CPZ treatment alone (Supplementary Figures 2B–D). These data suggested that sequential treatment with CPZ and MPA showed synergistic effect in progesterone-resistant cells. This provided a new strategy of sequential treatment, which shortened duration and usage of CPZ to reduce side effect.




Figure 4 | CPZ increases progesterone-resistant cells sensitivity to MPA by upregulating PRB. (A) Schematic representation of the sequential treatment on KLE and shRNA cells. Cells were divided into two groups: MPA group (cultured for 24h, MPA added, cultured for 72h, then test) and CPZ + MPA group (CPZ added, cultured for 24h, CPZ depleted, MPA added, cultured for 72h, then test). (B, C) After 24 h exposure to CPZ of 5 μM and 10 μM, cells were administered with various concentrations of MPA; cells were then analyzed by a Coulter Counter 72 h later. (D) Pre-treatment with CPZ before MPA treatment decreases the colony formation of KLE cells as compared to MPA or CPZ treatment alone. Cells were pre-treated with CPZ for 24 h before MPA treatment for 72 h. (E) CPZ upregulated the protein level of PRB in KLE and shRNA cells treated with 5 μM CPZ for 24h. (F) Effect of CPZ on PI3K activity was assayed by immunoblotting for total PI3K and phosphorylated PI3K Tyr467/Tyr199. (G) Expression levels of AKT and p-AKTser473 in ISK and KLE cell lines when treated with CPZ. (H, I) Pre-treatment with CPZ for 24h, shRNA cells were incubated with MPA at various concentrations for 72 h. (J) CPZ decreased MPA-induced colony formation in transfected ISK cells. (K, L) Migration and invasion were observed in transfected ISK cells. (M) Pre-treatment with CPZ, the apoptosis rate of transfected ISK cells in response to MPA. Results are presented as mean ± standard error of the mean and error bars represent the SD of three independent experiments. ***p < 0.001; ****p < 0.0001.





CPZ Increases Progesterone-Resistant Cells Sensitivity to MPA by Upregulating PRB

MPA inhibits the growth of normal and cancerous endometria mainly via PRB (26). To investigate the mechanism of CPZ in sensitizing EC cells to MPA, we tested PRB level after CPZ treatment for 24 hours. Compared with MPA group, PRB expression in CPZ group was upregulated parentally in KLE cells, while it was increased slightly in ISK cells (Figure 4E). These results suggested that the sensitivity of KLE cells to MPA was associated with PRB expression. Then, PRB was knocked down in ISK cells to verify if pre-treatment with CPZ enhanced progesterone-resistant cells sensitivity to MPA via upregulating PRB (Supplementary Figure 2E). Compared with MPA-shRNA group, the sensitivity of CPZ+MPA-shRNA group to MPA was significantly decreased (Figure 4H). Behavioral experiments including CCK-8 assays, colony formation assays, Transwell assays and flow cytometry presented that pre-treatment with CPZ could restore progesterone-resistant cells sensitivity to MPA(Figures 4H–M). At the same time, PRB expression increased remarkedly after CPZ treatment in shRNA cells (Figure 4E). Together, these data indicated that CPZ increased progesterone-resistant cells sensitivity to MPA by upregulating PRB.

Recent studies suggested that the inhibition of hyperactive AKT signaling can increase PRB-dependent transcription, which plays a putative role in the development of resistance to progestin in EC (27, 28). Thus, the activity of PI3K/AKT in both EC cells was detected to explore the mechanism of PRB up-regulation by CPZ pre-treatment. Following CPZ treatment, phosphorylation of PI3KTyr467/Tyr199 and AKTSer473 was significantly inhibited in a dose-dependent manner (Figures 4F, G). These data indicated that the CPZ upregulated PRB by inhibiting the PI3K/AKT pathway and then sensitized progesterone-resistant cells to MPA.




Discussion

Repurposing CPZ exhibited much advantage in various cancers including glioblastoma, lung cancer, colon cancer and breast cancer (18–20). There were no relevant studies of CPZ in endometrial cancer at present. In this study, we explored the anti-endometrial cancer effects of CPZ. CPZ exerted inhibitory effects on EC both in vitro and in vivo indicating that CPZ showed good application prospect in EC. However, previous research has shown that antipsychotic drugs had extensive cardiotoxicity (29, 30) and were extensively metabolized by hepatic oxidation (31, 32). Histological analysis and biochemical analyses failed to identify evidence of obvious tissue toxicity after CPZ treatment. The possible explanation is that there is toxicity at higher dose but no toxicity at this test dose.

CPZ was well-known as an antagonist of dopamine receptor D2(DRD2) (18). It was reported that dopamine acting through DRD2, down regulated insulin-like growth factor-1 (IGF-1) and AKT phosphorylation, thereby inhibited gastric cancer proliferation (33). There was a significant increase in the expression of IGF-1R in EC compared with normal endometrium (34). IGF-I promoted the growth of EC cells in vitro (35). High expression of IGF-1R, by binding with IGF, could activate PI3K/AKT signaling pathway to promote cell growth, proliferation and anti-apoptosis (35–37). Possible mechanism is that CPZ, by acting through DRD2, inhibits IGF-I-induced EC development through down-regulation of IGF-IR and PI3K/AKT phosphorylation.

Combination treatment including concomitant treatment and sequential treatment was proceeded to explore the synergistic effect of CPZ and MPA. Sequential treatment showed favorable synergistic effect in progestin-resistant cells compared with concomitant treatment; Pre-treatment with low dose CPZ (5 μM) could upregulate PRB expression effectively. Together, sequential treatment with CPZ and MPA could reduce side effects by shortening the duration and reducing the dosage. It was reported that ISK cell line with long-term progestin treatment could downregulate PR expression and turned to a progestin-resistant ISK cell line (38). Since CPZ could increase PRB expression in shRNA and KLE cells, sequential treatment with CPZ and MPA could be an ideal drug for patients whose PR expression was quite low or changed to resistant from sensitive.

In accordance with the current rules, by the Food and Drug Administration (FDA), the new molecular drug approval spans over 10 years and the overall cost reaches $868M USD (39). Given that CPZ has come into clinical use since the 1950s, all the data concerning its pharmacology and toxicology as a single drug are well established. Such knowledge enables us to bypass the Phase I clinical investigation and proceed directly to a Phase II clinical investigation (18, 36), which could save time and cost to a large extent. In conclusion, CPZ may represent a suitable therapeutic option for patients with EC.
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Supplementary Table 1 | Proliferation inhibition of 20 tricyclic antipsychotic drugs in ISK cell lines.

Supplementary Figure 1 | The proliferation curve of ISK and KLE cells. ISK and KLE cells were treated with different concentration of MPA and CPZ for 24,48 and 72h. Data are shown as the mean ± SEM; n = 3.

Supplementary Figure 2 | CPZ sensitizes KLE cells to MPA by upregulating PRB. (A)Schematic representation of the sequential treatment on KLE cells. (B-C) Pre-treatment with 5 μM and 10 μM CPZ for 48h, KLE cells then were incubated with various concentrations of MPA for 48h. (D) CPZ upregulated the protein level of PRB in KLE cells treated with 5 μM CPZ for 48h. (E) The transfected efficiency was measured by Western Blot. Results are presented as mean ± standard error of the mean and error bars represent the SD of three independent experiments. **p<0.01.



References

1. Urick, ME, and Bell, DW. Clinical Actionability of Molecular Targets in Endometrial Cancer. Nat Rev Cancer (2019) 19:510–21. doi: 10.1038/s41568-019-0177-x

2. Ferlay, J, Soerjomataram, I, Dikshit, R, Eser, S, Mathers, C, Rebelo, M, et al. Cancer incidence and mortality worldwide: Sources, methods and major patterns in GLOBOCAN 2012. Int J Cancer (2015) 136:E359–86. doi: 10.1002/ijc.29210

3. Corzo, C, Santillan, NB, Westin, SN, and Ramirez, PT. Updates on Conservative Management of Endometrial Cancer. J Minim Invasive Gynecol (2017) 25:308–13. doi: 10.1016/j.jmig.2017.07.022

4. Park, J, and Nam, J. Progestins in the Fertility-Sparing Treatment and Retreatment of Patients With Primary and Recurrent Endometrial Cancer. Oncologist (2015) 20:270–8. doi: 10.1634/theoncologist.2013-0445

5. Trojano, G, Olivieri, C, Tinelli, R, Damiani, GR, Pellegrino, A, and Cicinelli, E. Conservative treatment in early stage endometrial cancer: A review. Acta Biomed (2019) 90:405–10. doi: 10.23750/abm.v90i4.7800

6.Available at: https://seer.cancer.gov/statfacts/html/corp.html (Accessed 27 September 2020).

7. Edey, KA, Rundle, S, and Hickey, M. Hormone replacement therapy for women previously treated for endometrial cancer. Cochrane Database Syst Rev (2018) 2018:CD008830. doi: 10.1002/14651858.CD008830.pub3

8. Li, W, Wang, S, Qiu, C, Liu, Z, Zhou, Q, Kong, D, et al. Comprehensive bioinformatics analysis of acquired progesterone resistance in endometrial cancer cell line. J Trans Med (2019) 17:1–17. doi: 10.1186/s12967-019-1814-6

9. Tate Thigpen, J, Brady, MF, Alvarez, RD, Adelson, MD, Homesley, HD, Manetta, A, et al. Oral medroxyprogesterone acetate in the treatment of advanced or recurrent endometrial carcinoma: A dose-response study by the gynecologic oncology group. J Clin Oncol (1999) 17:1736–44. doi: 10.1200/jco.1999.17.6.1736

10. Huang, J, Zhao, D, Liu, Z, and Liu, F. Repurposing psychiatric drugs as anti-cancer agents. Cancer Lett (2018) 419:257–65. doi: 10.1016/j.canlet.2018.01.058

11. Chen, VC-H, Hsieh, Y-H, Lin, T-C, Lu, M-L, Liao, Y-T, Yang, Y-H, et al. New Use for Old Drugs: The Protective Effect of Risperidone on Colorectal Cancer. Cancers (2020) 12:1560–75. doi: 10.3390/cancers12061560

12. Drinberg, V, Bitcover, R, Rajchenbach, W, and Peer, D. Modulating cancer multidrug resistance by sertraline in combination with a nanomedicine. Cancer Lett (2014) 354:290–8. doi: 10.1016/j.canlet.2014.08.026

13. Meng, Q, Sun, X, Wang, J, Wang, Y, and Wang, L. The important application of thioridazine in the endometrial cancer. Am J Trans Res (2016) 8:2767–75.

14. Chen, Y, Cui, Y, Sun, X, Wu, H, Ou, M, Tang, Y, et al. Repurposing of antipsychotics perphenazine for the treatment of endometrial cancer. Bioorg Med Chem Lett (2020) 30:127239. doi: 10.1016/j.bmcl.2020.127239

15. Santofimia-Castaño, P, Xia, Y, Lan, W, Zhou, Z, Huang, C, Peng, L, et al. Ligand-based design identifies a potent NUPR1 inhibitor exerting anticancer activity via necroptosis. J Clin Invest (2019) 129:2500–13. doi: 10.1172/JCI127223

16. Scalacci, N, Brown, AK, Pavan, FR, Ribeiro, CM, Manetti, F, Bhakta, S, et al. Synthesis and SAR evaluation of novel thioridazine derivatives active against drug-resistant tuberculosis. Eur J Med Chem (2017) 127:147–58. doi: 10.1016/j.ejmech.2016.12.042

17. Rosenheck, RA, Leslie, DL, Sindelar, J, Miller, EA, Lin, H, Stroup, TS, et al. Cost-effectiveness of second-generation antipsychotics and perphenazine in a randomized trial of treatment for chronic schizophrenia. Am J Psychiatry (2006) 163:2080–9. doi: 10.1176/ajp.2006.163.12.2080

18. Abbruzzese, C, Matteoni, S, Persico, M, Villani, V, and Paggi, MG. Repurposing chlorpromazine in the treatment of glioblastoma multiforme: analysis of literature and forthcoming steps. J Exp Clin Cancer Res (2020) 39:26–8. doi: 10.1186/s13046-020-1534-z

19. Lee, MS, Johansen, L, Zhang, Y, Wilson, A, Keegan, M, Avery, W, et al. The Novel Combination of Chlorpromazine and Pentamidine Exerts Synergistic Antiproliferative Effects through Dual Mitotic Action. Cancer Res (2007) 67:11359–67. doi: 10.1158/0008-5472.CAN-07-2235

20. Yang, CE, Lee, WY, Cheng, HW, Chung, CH, Mi, FL, and Lin, CW. The antipsychotic chlorpromazine suppresses YAP signaling, stemness properties, and drug resistance in breast cancer cells. Chem Biol Interact (2019) 302:28–35. doi: 10.1016/j.cbi.2019.01.033

21. Chowdhury, S, Castro, S, Coker, C, Hinchliffe, TE, Arpaia, N, and Danino, T. Programmable bacteria induce durable tumor regression and systemic antitumor immunity. Nat Med (2019) 25:1057–63. doi: 10.1038/s41591-019-0498-z

22. Vasquez, KO, and Peterson, JD. Early detection of acute drug-induced liver injury in mice by noninvasive near-infrared fluorescence imaging. J Pharmacol Exp Ther (2017) 361:87–98. doi: 10.1124/jpet.116.238378

23. Broeders, JJW, Parmentier, C, Truisi, GL, Jossé, R, Alexandre, E, Savary, CC, et al. Biokinetics of chlorpromazine in primary rat and human hepatocytes and human HepaRG cells after repeated exposure. Toxicol Vitro (2015) 30:52–61. doi: 10.1016/j.tiv.2014.08.012

24. Li, BZ, Threapleton, DE, Wang, JY, Xu, JM, Yuan, JQ, Zhang, C, et al. Comparative effectiveness and tolerance of treatments for Helicobacter pylori: Systematic review and network meta-analysis. BMJ (Online) (2015) 351:h4052. doi: 10.1136/bmj.h4052

25. Sundahl, N, Vandekerkhove, G, Decaestecker, K, Meireson, A, De Visschere, P, Fonteyne, V, et al. Randomized Phase 1 Trial of Pembrolizumab with Sequential Versus Concomitant Stereotactic Body Radiotherapy in Metastatic Urothelial Carcinoma(Figure presented.). Eur Urol (2019) 75:707–11. doi: 10.1016/j.eururo.2019.01.009

26. Nakamura, M, Takakura, M, Fujii, R, Maida, Y, Bono, Y, Mizumoto, Y, et al. The PRB-dependent FOXO1/IGFBP-1 axis is essential for progestin to inhibit endometrial epithelial growth. Cancer Lett (2013) 336:68–75. doi: 10.1016/j.canlet.2013.04.010

27. Lee, II, Maniar, K, Lydon, JP, and Kim, JJ. Akt regulates progesterone receptor B-dependent transcription and angiogenesis in endometrial cancer cells. Oncogene (2016) 35:5191–201. doi: 10.1038/onc.2016.56

28. Chen, L, Yang, L, Yao, L, Kuang, XY, Zuo, WJ, Li, S, et al. Characterization of PIK3CA and PIK3R1 somatic mutations in Chinese breast cancer patients. Nat Commun (2018) 9:1–17. doi: 10.1038/s41467-018-03867-9

29. Welch, R, and Chue, P. Antipsychotic agents and QT changes. J Psychiatry Neurosci (2000) 25:154–60.

30. Menkes, DB, and Knight, JC. Cardiotoxicity and prescription of thioridazine in New Zealand. Aust N Z J Psychiatry (2002) 36:492–8. doi: 10.1046/j.1440-1614.2002.01045.x

31. Moradpour, D, Altorfer, J, Flury, R, Greminger, P, Meyenberger, C, Jost, R, et al. Chlorpromazine-induced vanishing bile duct syndrome leading to biliary cirrhosis. Hepatology (1994) 20:1437–41. doi: 10.1002/hep.1840200610

32. Kaplowitz, N, Aw, TY, Simon, FR, and Stolz, A. Drug-induced hepatotoxicity. Ann Internal Med (1986) 104:826–39. doi: 10.7326/0003-4819-104-6-826

33. Ganguly, S, Basu, B, Shome, S, Jadhav, T, Roy, S, Majumdar, J, et al. Dopamine, by acting through Its D2 receptor, inhibits insulin-like growth factor-I (IGF-I)-induced gastric cancer cell proliferation via up-regulation of Krüppel-like factor 4 through down-regulation of IGF-IR and AKT phosphorylation. Am J Pathol (2010) 177:2701–7. doi: 10.2353/ajpath.2010.100617

34. Flannery, CA, Saleh, FL, Choe, GH, Selen, DJ, Kodaman, PH, Kliman, HJ, et al. Differential expression of IR-A, IR-B and IGF-1R in endometrial physiology and distinct signature in adenocarcinoma. J Clin Endocrinol Metab (2016) 101:2874–82. doi: 10.1210/jc.2016-1795

35. Dai, C, Li, N, Song, G, Yang, Y, and Ning, X. Insulin-like growth factor 1 regulates growth of endometrial carcinoma through PI3k signaling pathway in insulin-resistant type 2 diabetes. Am J Trans Res (2016) 8:3329–36.

36. Caffa, I, Spagnolo, V, Vernieri, C, Valdemarin, F, Becherini, P, Wei, M, et al. Fasting-mimicking. Nature (2021) 583:620–4. doi: 10.1038/s41586-020-2502-7

37. Werner, H, and Bruchim, I. IGF-1 and BRCA1 signalling pathways in familial cancer. Lancet Oncol (2012) 13:e537–44. doi: 10.1016/S1470-2045(12)70362-5

38. Gu, C, Zhang, Z, Yu, Y, Liu, Y, Zhao, F, Yin, L, et al. Inhibiting the PI3K/Akt pathway reversed progestin resistance in endometrial cancer. Cancer Sci (2011) 102:557–64. doi: 10.1111/j.1349-7006.2010.01829.x

39. Ciociola, AA, Cohen, LB, and Kulkarni, P. How drugs are developed and approved by the FDA: Current process and future directions. Am J Gastroenterol (2014) 109:620–3. doi: 10.1038/ajg.2013.407



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Cui, Wu, Yang, Huang, Li, Gong, Li, Sun, Mao and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 19 May 2021

doi: 10.3389/fonc.2021.675104

[image: image2]


ALOX5AP Predicts Poor Prognosis by Enhancing M2 Macrophages Polarization and Immunosuppression in Serous Ovarian Cancer Microenvironment


Xiang Ye 1,2, Limei An 3, Xiangxiang Wang 4, Chenyi Zhang 5, Wenqian Huang 5, Chenggong Sun 5, Rongrong Li 5, Hanlin Ma 5, Hongyan Wang 5 and Min Gao 5*


1 Department of Geriatric Medicine, Qilu Hospital of Shandong University, Jinan, China, 2 Key Laboratory of Experimental Teratology of Ministry of Education, Department of Medical Genetics, School of Basic Medical Sciences, Cheeloo College of Medicine, Shandong University, Jinan, China, 3 Health Management Division, Rizhao Central Hospital, Rizhao, China, 4 Department of Obstetrics and Gynecology, Central Hospital Affiliated to Shandong First Medical University, Jinan, China, 5 Department of Obstetrics and Gynecology, Gynecology Oncology Key Laboratory, Qilu Hospital of Shandong University, Jinan, China




Edited by: 
Haifeng Qiu, Zhengzhou University, China

Reviewed by: 
Wang Yuan, Affiliated Hospital of Jiangnan University, China

Yudong Wang, Shanghai Jiao Tong University, China

*Correspondence: 
Min Gao
 mingao@sdu.edu.cn

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


Received: 02 March 2021

Accepted: 29 April 2021

Published: 19 May 2021

Citation:
Ye X, An L, Wang X, Zhang C, Huang W, Sun C, Li R, Ma H, Wang H and Gao M (2021) ALOX5AP Predicts Poor Prognosis by Enhancing M2 Macrophages Polarization and Immunosuppression in Serous Ovarian Cancer Microenvironment. Front. Oncol. 11:675104. doi: 10.3389/fonc.2021.675104




Background

Serous ovarian cancer (SOC) is a highly lethal gynecological malignancy with poor prognosis. Given the importance of the immune-related tumor microenvironment (TME) in ovarian cancer, investigating tumor-immune interactions and identifying novel prognostic and therapeutic targets in SOC is a promising avenue of research. ALOX5AP (Arachidonate 5-Lipoxygenase Activating Protein) is a key enzyme in converting arachidonic acid to leukotriene: a crucial immune-modulating lipid mediator. However, the role of ALOX5AP in SOC has yet to be studied.



Methods

ALOX5AP expression patterns across ovarian cancer and their normal tissue counterparts were cross-checked using public microarray and RNA-seq analyses and then validated in clinical samples by qRT-PCR. Kaplan-Meier survival analysis was performed in multiple independent SOC patient cohorts. Univariate and multivariate Cox regression analysis were then employed to identify clinical risk parameters associated with survival, and a genomic-clinicopathologic nomogram was built. Gene enrichment, immune infiltration, and immunosuppressor correlation analyses were then evaluated.



Results

ALOX5AP mRNA levels in SOC tissues were significantly upregulated compared to normal tissues. Elevated ALOX5AP was markedly associated with poor overall survival and progression-free survival in multiple SOC patient cohorts as well as with adverse clinicopathological features, including lymphatic invasion, unsatisfactory cytoreductive surgery, rapid relapse after primary treatment, and platinum non-responsiveness. A predictive nomogram, which integrated ALOX5AP expression and two independent prognosis factors (primary therapy outcome and tumor residual), was conducted to predict the 3-year and 5-year survival rate of SOC patients. Mechanistically, functional and pathway enrichment analyses revealed that ALOX5AP was primarily involved in immune response and regulation. Further exploration demonstrated that ALOX5AP was highly expressed in the immunoreactive subtype of ovarian cancer and closely related to immunocyte infiltration, especially M2 macrophage polarization. Additionally, ALOX5AP was enriched in the C4 (lymphocyte depleted) immune subtype of SOC and associated with crucial immune-repressive receptors in the tumor microenvironment at the genomic level.



Conclusions

ALOX5AP expression indicates a worse survival outcome and has the potential to be utilized as a prognostic predictor for SOC patients. Given the availability of well-studied ALOX5AP inhibitors, this study has immediate clinical implications for the exploitation of ALOX5AP as an immunotherapeutic target in SOC.





Keywords: targeted therapy, serous ovarian cancer, ALOX5AP, immunosuppression, prognosis



Introduction

Ovarian cancer is the number one cause of female reproductive related cancer deaths worldwide; in 2021, it is estimated that there will be 21,410 new cases diagnosed and 13,770 women will die of ovarian cancer in the United States alone (1). Ninety percent of ovarian cancers are epithelial, the most common (75%) being serous ovarian cancer (SOC) which is characterized by its aggressiveness, high recurrence rate and significant chemoresistance (2). Current standard therapy consists of a combination of debulking surgery and platinum-based chemotherapy (3). Unfortunately, despite therapy improvements, tiny residual lesions still exist after surgery and chemotherapy; 46% of patients with advanced stage of ovarian cancer will die within 5 years after diagnosis (4). There is an urgent need to explore novel therapeutic strategies to enhance SOC treatment efficiency. The past decade has seen a treatment revolution, moving away from drugs that target tumor cells toward modulating immune microenvironment against tumors, an approach orchestrated between various immunocytes and immune checkpoints (5). Patients who respond to immunotherapy achieve long-term benefits; successful treatment can entirely clear tumor lesions, preventing recurrence from tiny lesions as a result of immune surveillance and memory functions (6). Given the importance of the immune-related tumor microenvironment (TME) in ovarian cancers, investigating tumor-immune interactions and identifying novel prognostic and therapeutic targets in SOC has the potential to combat this deadly carcinoma.

Leukotrienes (LTs), derived from the nuclear membrane of cells, are crucial immunomodulating and proinflammatory lipid mediators, produced and excreted in response to various immune stimuli that have been implicated in several aspects of carcinogenesis: promoting chemotaxis and the activation of leukocytes (7). ALOX5AP (Arachidonate 5-Lipoxygenase Activating Protein) is a key enzyme needed for the production of leukotrienes through the 5-lipoxygenase (5-LOX) pathway (8). The human ALOX5AP is located on chromosome 13q12-13 and consists of 5 exons and 4 introns (9). Prior work pharmacologically targeting ALOX5AP points to an important role of the ALOX5AP/leukotriene pathway in adaptive immunological circuits of the inflammation response (10). Additionally, previous study has shown that ALOX5AP is universally expressed in 20 types of epithelial cancer cell lines. This conserved expression suggests that ALOX5AP may have a fundamental role in mediating cancer development (11). ALOX5AP has been reported to possess important prognostic significance in several cancer types, including colorectal cancer (12, 13), lung adenocarcinoma (14), low-grade glioma (15), and osteosarcoma (16–18). However, few studies on ALOX5AP and its potential role in ovarian cancer carcinogenesis have been reported.

Herein, using the valuable and reliable information provided by the open high-throughput transcriptomic database, we applied a series of bioinformatics algorithms to cross-check the expression and prognostic role of ALOX5AP across multiple independent ovarian cancer patient cohorts. We then systematically investigated the relation between ALOX5AP and clinicopathologic parameters, and developed a nomogram to predict the survival rate of SOC patients. Further mechanistic exploration revealed that ALOX5AP is strongly linked to immunocytes infiltration, particularly M2 macrophage abundance and immunosuppressor expression in the SOC microenvironment. This study indicated that ALOX5AP harbors great potential significance as a prognostic biomarker and an immunotherapy target for SOC.



Materials and Methods


Expression Analysis in Normal and Tumor Tissues

The TNMplot database (www.tnmplot.com) is a web tool for comparing gene expression in normal, tumor and metastatic tissues (19). It is the largest currently available transcriptomic cancer database consisting of 57,000 samples by utilizing multiple RNA-Seq and microarray datasets. TNMplot was employed to compare ALOX5AP mRNA expression in ovarian cancer and healthy controls based on either RNA-seq (TCGA and the Genotype-Tissue Expression project; GTEx) or gene array (NCBI-GEO) platforms. The online Gene Expression Profiling Interactive Analysis 2 (GEPIA2) database (http://gepia2.cancer-pku.cn) is a valuable web server for analyzing RNA-sequencing expression data of cancerous and healthy samples from the TCGA and the GTEx databases (20). ALOX5AP expression comparison was performed across 33 different cancer types using GEPIA2.



Clinical Samples

All clinical samples, with written informed consent, were obtained from the Gynecology Department of Qilu Hospital of Shandong University. Patients were diagnosed with SOC and underwent initial debulking surgery, without prior chemotherapy or surgery. Fallopian tube (FT) tissues were obtained from patients who received salpingectomy due to benign gynecologic diseases. This study was approved by the Ethical Committee of Shandong University.



RNA Isolation and qRT-PCR

Total RNA was isolated using TRIzol reagent (15596018, Invitrogen). In order to synthesize cDNA, PrimeScript RT Reagent Kit (RR037A, TaKaRa, Kyoto, Japan) was used. Gene expression was examined by quantitative real-time PCR (qRT-PCR) with SYBR Premix Ex Taq (RR420A, TaKaRa) and analyzed using a 7900HT Fast Real-Time PCR System (Applied Biosystems, Waltham, MA, USA). Details of quantitative PCR method were outlined in our previous report (21). Primers sequences for PCR reactions: ALOX5AP-F, CTGCGTTTGCTGGACTGATG; ALOX5AP-R, GGAGATGGTGGTGGAGATCG; GAPDH-F, CCACCCATGGCAAATTCCATGGCA; GAPDH-R, TCTAGACGGCAGGTCAGGTCCACC. mRNA levels of ALOX5AP were normalized against GAPDH using the double-delta cycle number of thresholds (ΔΔCt) method.



Kaplan‐Meier Plotter Analysis

The Kaplan‐Meier Plotter database (www.kmplot.com) was used to assess the prognostic value of ALOX5AP in ovarian cancer patients (22). The high and low ALOX5AP expression groups were divided according to the auto select best cutoff-value of ALOX5AP. HR with 95% CI and p-values were calculated and extracted from the Kaplan‐Meier Plotter database and were shown in the plot.



Predictive Value Analysis

Receiver operating curve (ROC) plotter (http://www.rocplot.org) is an online platform enabling the discovery, validation, and ranking of predictive treatment biomarker candidates in ovarian cancer (23). Treatment response was identified according to relapse-free survival at 12 months for serous ovarian cancer. ALOX5AP expression was compared between platinum responders and non-responders using the Mann–Whitney test. A ROC was drawn to analyze the predictive power of ALOX5AP in platinum responsiveness.



Cancer Dependency Analysis

To explore the correlation between ALOX5AP and cisplatin sensitivity of ovarian adenocarcinoma cell lines, the Dependency Map (DepMap) database was utilized (https://depmap.org/portal/). The DepMap portal can systematically identify cancers genetic dependencies and small molecule sensitivities (24). Pearson’s correlation analysis was employed to evaluate statistical significance.



Data Source and Identifying Differentially Expressed Genes (DEGs)

The RNA-sequencing data and corresponding clinical information for 489 SOC cases were downloaded from the Cancer Genome Atlas (TCGA) data portal (http://cancergenome.nih.gov/). Corresponding clinical data were obtained from Lui et al. (25). Level 3 HTSeq-FPKM files were downloaded and transformed into TPM (transcripts per million reads) for further analyses. After excluding samples without clinical details, 373 samples were retained for further analysis (Supplement Table 1). Expression values of ALOX5AP were dichotomized into low- and high-expression groups using the median as the cut-off value. Expression profiles between low and high ALOX5AP expression groups were compared to screen DEGs using an unpaired Student’s t-test via DESeq2 (version 3.10) software using R package edgeR (26). Genes with an absorbance fold change (logFC) > 1.5 and adjusted p-value < 0.05 were considered significantly DEGs. The results were visualized as volcano plots and heat map clusters drawn by R statistical 3.6.3 software.



Functional Enrichment Analysis

Gene enrichment analyses for functional annotation into biological process categories of identified ALOX5AP related DEGs were performed using the web program Metascape (https://metascape.org) (27), using express analysis mode. Metascape provides a comprehensive gene annotation list based on multiple independent databases studying functional enrichment. Terms with a minimum count > 3, p-value < 0.01, and enrichment factor >1.5 (enrichment factor is the ratio between observed count and the count expected by chance) were collected and grouped into clusters based on their membership similarities.



Pathway Enrichment Analysis

Gene Set Enrichment Analysis (GSEA) software was used to perform pathway enrichment analysis (28, 29). Statistical significance was determined using a 1000-fold permutation test. Gene set collections from Molecular Signatures Databases (MSigDB; https://www.gsea-msigdb.org/gsea/msigdb/index.jsp) were used in GSEA analysis. Enrichments were estimated using the absolute values of normalized enrichment score (NES) > 1. Significance of the enrichments was defined as an adjusted p-value < 0.05 and a false discovery rate (FDR) q-value < 0.25. R package clusterProfiler (version 3.10) was used to create the GSEA plot (30). Additionally, gene set variation analysis (GSVA), which is a GSE method to estimate pathway activity variation over a sample population in an unsupervised manner, was employed for further pathway analysis (31). This provides increased power to detect subtle pathway activity changes over a sample population in comparison to corresponding methods; p-value < 0.05 was used as the threshold. GSVA analysis was performed using R package GSVA (version 3.12).



Immune Infiltration Analysis by ssGSEA

Immune signature score was calculated using single sample Gene Set Enrichment Analysis (ssGSEA2.0) implemented by a GSVA package in R (31). Based on the signature genes of 24 different immune cell types, relative immunocyte tumor infiltration levels were quantified from gene expression profiles for each tumor sample (32). The correlation between ALOX5AP and immune cell infiltration levels was analyzed by Spearman correlation, and the association of infiltration of immune cells with different ALOX5AP expression groups was analyzed by Wilcoxon rank sum test.



TIMER 2.0 Analysis

Tumor IMmune Estimation Resource 2.0 (TIMER 2.0; http://timer.comp-genomics.org/) is a reliable tool that provides systematic evaluations of different immune cell infiltration (33). TIMER 2.0 was employed to investigate the relationship between ALOX5AP expression and the infiltration of different macrophage types in RNA‐seq human ovarian cancer samples from TCGA. The gene markers of M1 and M2 macrophages were referenced from prior studies (34).



TISCH Analysis

Tumor Immune Single Cell Hub (TISCH; http://tisch.comp-genomics.org), is a large-scale curated database integrating single-cell transcriptomic profiles of ~2 million cells from 76 high-quality tumor datasets (35). TISCH was utilized to further verify ALOX5AP expression and immune cell infiltration in ovarian cancer at the single-cell level.



TISIDB Analysis

The TISIDB database (http://cis.hku.hk/TISIDB) integrates multiple types of data resources in onco-immunology (36). Here, the TISIDB database was employed to cross-check ALOX5AP’s role in tumor-immune interactions through analyzing ALOX5AP expression in different cancer types as well as co-expression between ALOX5AP and immunosuppressor.



Statistical Analysis

Statistical analysis was conducted using R statistical package (R version 3.6.2). Comparison between groups was evaluated via Wilcoxon rank sum test (unpaired). Relationships between clinical-pathologic features and ALOX5AP expression were compared using Wilcoxon signed-rank test, nonparametric Kruskal-Wallis, Wilcoxon Rank Sum test, or Spearman correlation. Univariate logistic regression analysis, Fisher exact test, and Pearson chi-square test were performed to search patients’ characteristics and differing ALOX5AP expression groups. Survival related analysis was conducted using univariate and multivariate Cox regression and the Kaplan-Meier method. After, a nomogram model and calibration plots were formulated based on the TCGA-OV cohort to predict 3‐ and 5‐year OS by including all independent prognostic factors using the rms package in R software. To further evaluate the discrimination ability of ALOX5AP in SOC, ROC curve analysis using pROC package was performed (37). A p-value < 0.05 was considered statistically significant in all tests.




Results


ALOX5AP Is Highly Expressed in SOC

Two key contemporary techniques in determining gene expression levels are RNA-Seq and microarray-based methods (38). To comprehensively compare ALOX5AP expression in ovarian cancer and normal control tissues, we cross-checked ALOX5AP mRNA levels using both of the above methods via searching the TNMplot database. We found that ALOX5AP was significant higher both in RNA-seq analysis, based on TCGA-OV samples and matched normal control samples from the GTEx project (fold change: 4.14, p = 5.03e-25; Figure 1A), and microarray analysis, based on meta-analysis of the ovarian cancer GEO data sets (fold change: 1.76, p = 4.44e-04; Figure 1B). To further validate these results, we used quantitative real-time PCR (qRT-PCR) assay to measure ALOX5AP expression in our clinical samples: 33 SOC and 19 normal control tissues. Concordant with the previous results, the ovarian cancer samples expressed significantly more ALOX5AP than the normal controls (fold change: 3.28, p = 0.0172; Figure 1C). We then performed receiver operating characteristic (ROC) analysis and found that ALOX5AP showed promising discriminating power, with an area under the ROC curve (AUC) of 0.759, suggesting that ALOX5AP may be a potential biomarker for distinguishing SOC cases from normal controls (Figure 1D). Last, to better understand the clinical relevance of ALOX5AP in multiple human cancers, we compared ALOX5AP mRNA levels across 33 TCGA cancer types and matched GTEx normal controls. ALOX5AP expression was significantly increased in 10/33 types and decreased in 5/33 types, demonstrating ALOX5AP have important functions in oncogenesis (Figure 1E). In summary, our results revealed that ALOX5AP was highly expressed in SOC, indicating that ALOX5AP may have crucial roles in ovarian carcinogenesis.




Figure 1 | ALOX5AP expression in normal and cancer tissues. Comparison of ALOX5AP expression in SOC and normal controls based on (A) RNA-Seq analysis using TCGA-OV samples and matched normal control samples from the GTEx project, (B) microarray analysis using meta GEO ovarian cancer datasets, and (C) qRT-PCR analysis using clinical SOC and normal control samples from Qilu Hospital of Shandong University. (D) ROC analysis of ALOX5AP expression for the discrimination between SOC and normal controls using TCGA-OV samples and matched normal control samples from the GTEx project. (E) Comparison of ALOX5AP mRNA levels across 33 TCGA cancer types and matched normal controls using GEPIA. (*p < 0.05).





Elevated ALOX5AP Expression Denotes Worse SOC Prognosis

To explore the prognostic role of ALOX5AP, we cross-checked survival curves based on ALOX5AP expression across multiple independent patient cohorts. We first analyzed the pooled ovarian cancer patient cohorts via the Kaplan–Meier plotter database: 1,656 patients with overall survival (OS) data and 1,435 patients with progression free survival (PFS) data. The results demonstrated that elevated ALOX5AP was correlated with decreased OS [HR = 1.19 (1.03–1.37), p = 0.018] and PFS [HR = 1.31 (1.15–1.49), p = 3.3e-05] (Figure 2A). Next, we explored the correlation between ALOX5AP expression and patient survival, using RNA sequencing data from the TCGA-OV database. Consistently, OS was significantly worse in patients with higher ALOX5AP expression [HR = 1.36 (1.06-1.81), p = 0.018]. Increased ALOX5AP was correlated to a decreased PFS, although with no statistical significance [HR = 1.22 (0.96-1.55), p = 0.098] (Figure 2B). To further verify the prognostic significance of ALOX5AP, we assessed another three independent ovarian cancer microarray datasets (GSE9891, GSE14764, and GSE30161). All dataset evaluations indicated that increased ALOX5AP mRNA levels were significantly associated with poor OS and PFS in ovarian cancer patients (Figure 2C–E). Additionally, we assessed survival rate of correlation to ALOX5AP based on different ovarian cancer stages, we found that elevated ALOX5AP expression significantly predicted worse OS and PFS in stage 3-4 patients (p < 0.05; Figure 2F) but not in stage 1-2 patients (p > 0.05; data not shown). We thereby concluded that elevated ALOX5AP expression was a strong predictor for worse prognosis among ovarian cancer patients.




Figure 2 | Survival analysis comparing the high and low expression of ALOX5AP in different ovarian cancer cohorts. Survival curves of OS and PFS for (A) pooled ovarian cancer patient cohorts, (B) TCGA-OV cohort, (C) GSE9891 datasets (D) GSE14764 datasets, (E) GSE30161 datasets. and (F) stage 3-4 ovarian cancer patient cohorts. (OS, overall survival; PFS, progression free survival).



Furthermore, we evaluated the association between ALOX5AP expression and clinical parameters in the TCGA-OV cohort. Consist with the above results, Wilcoxon rank sum test exhibited that higher levels of ALOX5AP were significantly correlated with more aggressive disease status, such as lymphatic invasion (p = 0.018; Figure 3A), residual disease (RD) after surgery (p = 0.032; Figure 3B), and partial response (PR) after primary therapy (p = 0.026; Figure 3C). Since platinum-based treatments constitute the chemotherapy standard for SOC, we then used ROC plotter to identify ALOX5AP’s effect on platinum responsiveness. The results indicated that platinum non-responders had a higher ALOX5AP expression than responders (p < 0.05; Figure 3D); moreover, ALOX5AP had significant predictive power for platinum responsiveness (AUC = 0.534, p = 0.049; Figure 3E). To further verify these results, we utilized the DepMap database to explore ALOX5AP expression and cisplatin sensitivity of 12 ovarian adenocarcinoma cell lines. Although not statistically significant, we observed a moderate negative correlation tendency (R = - 0.337, p = 0.284; Figure 3F). Kaplan Meier survival analysis then showed high ALOX5AP expression was correlated with poor survival rate in pooled SOC patient cohorts and TCGA-OV patients receiving platinum therapy (Figures 3G, H). Similar results were also obtained in the most aggressive stage 3-4 SOC patients, who were almost inevitably received platinum treatment (Figure 3I). All these results speculated that ALOX5AP levels are associated with platinum efficacy. Together, these results suggest that ALOX5AP is associated with adverse clinicopathologic characteristics and is a strong predictor of poor prognosis for SOC.




Figure 3 | Association between ALOX5AP expression and clinicopathologic characteristics. Comparison of ALOX5AP expression in different clinical conditions including: (A) lymphatic invasion, (B) tumor residual, (C) primary therapy outcome and (D) platinum response. (E) Receiver operating characteristic (ROC) curve was drawn to analyze the predictive value of ALOX5AP for platinum-containing chemotherapy responsiveness. (F) The gene effect of ALOX5AP on cisplatin responsiveness of ovarian adenocarcinoma cell lines. Kaplan Meier curves of SOC patients receipt of platinum-based chemotherapy with high or low ALOX5AP expression in (G) pooled SOC patient cohorts, (H) TCGA-OV cohort, and (I) stage 3-4 SOC patient cohorts. (NRD, no residual disease; RD, residual disease; CR, complete response; PR, partial response).





Construction and Validation of the ALOX5AP Based Nomogram

We conducted univariate analysis to probe independent prognostic factors for OS via the Cox regression model. Clinicopathologic characteristics associated with poor OS included higher age (p = 0.017), advanced FIGO stage (p = 0.076), residual disease (RD) after surgery (p < 0.001), partial response (PR) after primary chemotherapy (p < 0.001), and notably increased ALOX5AP expression (p = 0.005). We then performed multivariate Cox analysis: ALOX5AP remained independently associated with OS (p = 0.046), along with RD (p = 0.047) and PR (p < 0.001; Table 1). To provide clinicians with a quantitative approach for predicting the prognosis of SOC patients, we constructed a nomogram based on the Cox multivariate analysis results, including the three above independent variables (Figure 4A). The survival probability of every patient could be easily estimated according to the total points of the variables. The model demonstrated good accuracy for OS prediction with a C-index of 0.683. Calibration curves revealed bias-corrected line was closed to the ideal curve (the 45-degree line), which indicated good agreement between the 3-year and 5-year survival rate estimates from the nomogram and those derived from the actual outcomes (Figures 4B,C). In sum, these findings suggested that ALOX5AP may act as an independent prognostic biomarker for SOC.


Table 1 | Univariate and multivariate Cox proportional hazards analysis of ALOX5AP expression and OS in TCGA-OV cohort.






Figure 4 |   Construction and performance validation of ALOX5AP based nomogram for SOC patients. (A) Nomogram for predicting overall survival for ovarian cancer patients. Each predictor is assigned a score on each axis. Compute the sum of points for all predictors and denote this value as the total points. (B, C) Calibration curve of the nomogram for predicting 3- and 5-year OS in the TCGA-OV cohort.





Enrichment Analysis of ALOX5AP

To gain insight into the functional role of ALOX5AP in ovarian cancer, we performed several enrichment assays. We first compared the gene expression profiles of ALOX5AP high and low groups, with the median as the cut-off value. A total of 697 differentially expressed genes (DEGs) were identified, including 143 upregulated (logFC > 1.5, p < 0.05) and 554 downregulated DEGs (logFC < -1.5, p < 0.05) (Figure 5A). Hierarchical clustering analysis revealed that differences in DEGs patterns could distinguish ALOX5AP high groups from low groups (Figure 5C). We then performed GO analysis using Metascape; the top 20 clusters are presented in Figure 5B, and the network of the enriched items and DEG interactions are exhibited in Figure 5D. Among these, adaptive immune response was the most significantly enriched function, followed by several other immune biological progresses: immunoregulatory interactions, leukocyte migration and activation, and negative regulation of myeloid leukocyte mediated immunity. In agreement with the Metascape analysis, gene set enrichment analysis (GSEA) also indicated that immune-related signaling pathways were the most enriched in the high-ALOX5AP expression group, based on their normalized enrichment score (NES; Supplement Table 2). The top 4 pathways were Fc epsilon receptor (FCERI) mediated Ca2+ mobilization, FCGR activation, initial triggering of complement, and B cell receptor (BCR) signaling activation (Figure 5E). Additionally, gene set variation analysis (GSVA), which provides increased power to detect subtle pathway activity changes over a sample population, further validated the above results, showing a strong correlation between ALOX5AP expression and immune regulation activities, such as positive regulation of macrophage migration and T cell activation (Figure 5F). Overall, our results suggest that ALOX5AP is involved in the immune regulation of tumor microenvironment of SOC.




Figure 5 | The gene enrichment analysis of ALOX5AP in SOC. (A) Volcano plot of the differentially expressed genes (DEGs) between ALOX5AP high and low groups in the TCGA-OV dataset. (B) Representative heatmap of top regulated DEGs after integrated analysis. The X-axis represents the samples, while the Y-axis denotes the differentially expressed genes. (C) The Bar graph demonstrating the top 20 clusters of enriched biological processes. (D) Visualization of the network of enriched terms colored by cluster using Metascape tool. (E) Enrichment plots from the gene set enrichment analysis (GSEA) in ALOX5AP high expressed samples. (F) Top 15 enriched signaling pathways by Gene set variation analysis (GSVA) comparison of DEGs between ALOX5AP high and low expression groups.





Correlation Between ALOX5AP and Immunocytes Infiltration

Four epithelial ovarian cancer transcriptional subtypes (differentiated, immunoreactive, mesenchymal, and proliferative) have been identified (39). When compared with other subtypes, the immunoreactive subtype exhibits the highest ALOX5AP expression (Figure 6A). Furthermore, when we analyzed ALOX5AP expression in different SOC immune subtypes, we found that ALOX5AP was most significantly enriched in the C4 (lymphocyte depleted) subtype (Figure 6B) (40). We also analyzed associations between ALOX5AP expression and immune infiltration abundance by ssGSEA. As illustrated in the lollipop plot (Figure 6C), the expression of ALOX5AP exhibited a strong positive correlation with infiltration abundance of inhibitory immunocytes, such as neutrophils, iDCs, and macrophages (r > 0.6, p < 0.05). Other immune cell subsets, including DCs, Cytotoxic cells, T cells, T effector memory cells, Th1 cells, NK cells, and Treg cells were moderately correlated with ALOX5AP (r > 0.4, p < 0.05). These findings suggest that ALOX5AP impact immune responses by influencing immunocytes infiltration in the ovarian cancer immune microenvironment.




Figure 6 | Relationship between ALOX5AP and immune infiltration. (A) ALOX5AP expression levels in different molecular subtypes of SOC. (B) ALOX5AP expression levels in different immune subtypes of SOC. (C) Lollipop plot shows the correlation between ALOX5AP expression and 24 immune cell subsets infiltration in SOC microenvironment. The size of dots indicates the absolute Spearman r value.





ALOX5AP and M2 Macrophage Polarization

We next performed Kaplan–Meier survival analysis to evaluate the OS of ovarian cancer patients with differing immunocytes infiltration. Among the immunocytes identified above as the most related to ALOX5AP (neutrophils, iDCs and macrophages), only the high abundance of M2 macrophages was significantly associated with poor cumulative survival rate in SOC (p = 0.0114; Figure 7A); other lymphocytes had no significant effect on survival outcome based on the 5-year follow up analysis (data not shown). Further survival analysis revealed that patients with increased ALOX5AP expression and enriched M2 macrophage infiltration had significantly worse prognosis (Figure 7B). We therefore focused on the relationship between ALOX5AP and M2 macrophage infiltration. By using the state of art CIBERSORT algorithm, we found that ALOX5AP was remarkably correlated with the infiltration abundances of M2 macrophages (Spearman r = 0.424, p < 0.001), while M1 macrophages exhibited no significant correlation (r = 0.011, p = 0.865; Figure 7C). When we evaluated the association between ALOX5AP and biomarkers of the two macrophage types, scatter diagram revealed a highly positive correlation between ALOX5AP and M2 macrophage molecular biomarkers (CD163, MS4A4A, and VSIG4; Figure 7D), whereas M1 macrophage biomarkers (IRF5, NOS2, and PTGS2) showed only weak or no correlations (Figure 7E). Moreover, we analyzed the TISCH database with single-cell RNA sequencing data of SOC and further verified that ALOX5AP was closely related to M2 macrophage infiltration (Supplement Figure 1). Collectively, our findings indicate that upregulated ALOX5AP correlates with M2 macrophage polarization, which may contribute to ovarian carcinogenesis.




Figure 7 | Correlation of ALOX5AP expression and M2 macrophages polarization. (A) Survival analysis of patients with high or low M2 macrophage infiltration in TCGA-OV cohort. (B) Survival time comparation in groups of different ALOX5AP expression and M2 macrophage infiltration. (C) Purity‐corrected Spearman’s correlation between ALOX5AP expression in ovarian cancer and two types of macrophages infiltration. The correlation between ALOX5AP and molecular biomarkers of (D) M2 macrophages and (E) M1 macrophages.





Association Between ALOX5AP and Immunosuppressive Molecules

To elucidate the association between ALOX5AP and immune regulation, we analyzed ALOX5AP correlation to multiple immune inhibitors across 33 TCGA cancer types (Figure 8A). Intriguingly, the heatmap revealed that ALOX5AP was positively correlated with an abundance of immune inhibitors in ovarian cancer, compared to other cancer types, suggesting that ALOX5AP may have a potential to serve as an immunotherapy target in SOC. We next utilized the TISIDB database to estimate the relationship between ALOX5AP and several well-known immune suppressive molecules in the ovarian cancer microenvironment. The results exhibited that ALOX5AP was strongly related to Hepatitis A virus cellular receptor 2 (HAVCR2; also known as TIM-3) and colony stimulating factor 1 receptor (CSF1R), with Spearman correlation r values > 0.8 (p < 0.001; Figures 8B,C). Other well-known immunosuppressors, such as cytotoxic T-lymphocyte-associated protein 4 (CTLA4), programmed cell death protein 1 (PDCD1; also known as PD1), Lymphocyte-activation gene 3 (LAG3), and indoleamine 2,3-dioxygenase 1 (IDO1) were moderately related to ALOX5AP expression (Figures 8D–G). Together, these results suggest that ALOX5AP may participate in mediating immunosuppression in the SOC microenvironment.




Figure 8 | Association between Immunosuppressors and ALOX5AP expression in SOC. (A) Co-expression heatmap of ALOX5AP and immune inhibitory molecules across 33 TCGA tumor types. (B–G) Spearman correlation analysis of ALOX5AP and individual immune suppressive molecule in SOC. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).






Discussion

The tumor microenvironment (TME) for ovarian cancer is rather unique. It is primarily confined within the peritoneal cavity and frequently associated with ascites, which is rich in inflammatory cytokines and immunocytes infiltration (41). ALOX5AP was originally discovered through MK-886, which is known for its strong inhibition on the inflammatory mediator leukotriene. MK-886 exerts its function by altering the active site of ALOX5AP and thereby suppressing leukotriene (42). It is therefore probable that ALOX5AP has close relationship with inflammation and immune regulation and ultimately, the ovarian cancer microenvironment. Over the past decade, an increasing number of microarray and next-generation sequencing technologies have been used to explore novel therapeutic targets and prognostic biomarkers for various cancers, including ovarian cancer. Herein, we investigated the clinical significance of ALOX5AP in SOC using multiple bioinformatic tools as well as clinical samples. We found that ALOX5AP could be exploited as a prognostic predictor and therapeutic target via its effect on the ovarian cancer immune microenvironment.

Though ALOX5AP is primarily found in haematopoietic cells, aberrant expression of ALOX5AP has been detected in numerous tumor cells of non-myeloid origin, with important prognostic significance. For instance, ALOX5AP mRNA was aberrantly expressed and associated with poor prognosis in breast cancer, and inhibiting ALOX5AP activity attenuated breast cancer cell growth (43, 44). In lung cancer, Iacona et al. found that ALOX5AP was overexpressed in cancer cells compared to the normal controls and was associated with decreased OS (45). ALOX5AP has critical roles in activating 5-lipoxygenase (5-LOX), which subsequently metabolizes arachidonic acid into leukotrienes. The relationship between ovarian cancer and 5-LOX has been examined in several studies. One study found that immune stromal expression of 5-LOX was increased in ovarian cancer tissues, suggesting a role of 5-LOX signaling specifically in the tumor microenvironment during ovarian cancer development and progression (46). Another study found the transcription levels of 5-LOX and ALOX5AP in ovarian cancer cell lines were increased under hypoxic conditions (47). Although much known about the function of 5-LOX in ovarian cancer, ALOX5AP is no less important, given that ALOX5AP is critical in activating 5-LOX function. To the best of our knowledge, this is the first study to examine the effect of ALOX5AP on SOC. In this study, the results indicate that ALOX5AP is a promising biomarker for predicting unfavorable SOC prognosis.

To gain insight into the molecular mechanisms that underlie ALOX5AP mediating SOC progression, we performed functional enrichment analysis and found ALOX5AP was primarily related to immune responses and immunoregulatory interactions. The C4 (lymphocyte depleted) immune subtype of SOC had the most abundantly expressing ALOX5AP. This lymphocyte depleted subtype displayed composite signatures reflecting a macrophage dominated, low lymphocytic infiltrate, with high M2 macrophage content (40). We then evaluated the relationship between ALOX5AP expression and the infiltration of 24 immunocytes. In line with the C4 subtype, ALOX5AP expression was closely related to M2 macrophage abundance. In ovarian cancer, macrophages have been reported to facilitate tumor progression at many stages and induce immunosuppression, metastasis, and chemoresistance, subsequently leading to reduced survival (48–52). The use of the ALOX5AP inhibitor MK886, in ovarian SKOV-3 cells, has been shown to decrease macrophage migration and invasion (47). Moreover, macrophages are highly dynamic and heterogeneous, both within and across tumors, ranging from an antitumoral (so-called M1) to a pro-tumoral (so-called M2) state (53). We confirmed that ALOX5AP was closely related to M2 macrophage infiltration, evidenced by the single-cell RNA sequencing results and positively correlated M2 canonical biomarkers, while possessing an insignificant correlation with M1 markers. Previous studies have shown that M2 macrophages facilitate angiogenesis, metastasis and, most importantly, the immune suppression of ovarian cancer cells (54, 55). In line with the observations of Gao et al., we found that M2 macrophages were significantly associated with worse outcomes in SOC (56). Furthermore, our survival analysis exhibited that patients with high M2 macrophage infiltration and increased ALOX5AP expression had the worst overall outcome. Thus, poor prognosis related to elevated ALOX5AP is likely due, at least in part, to M2 macrophage polarization. Together, the present study provides preliminary evidence that ALOX5AP may participate in the induction and maintenance of M2 macrophage recruitment; translationally, targeting ALOX5AP may represent a promising approach to re-educate macrophages towards the antitumor M1 phenotype.

In addition to increasing immunosuppressive cell abundance, tumors escape immune surveillance (i.e. immune evasion) by expressing immune checkpoint inhibitory molecules (57). Previous studies have found that the 5-LOX/ALOX5AP pathway plays important roles in manipulating the TME by affecting cancer-related immune evasion (58). In this study, compared to other cancer types, in ovarian cancer most of the immunosuppressive hallmarks were significantly positively associated with ALOX5AP expression. These results are in agreement with the C4 lymphocyte depleted immune subtype, which indicates a suppressed immune microenvironment. Notably, our study found that crucial immune repressive receptors—which have gained significant attention in ovarian cancer research, such as TIM3, CSF1R, CTLA4, PD1, and LAG3 as well as inhibitory enzymes such as IDO1—were closely related to ALOX5AP expression. Among them, TIM3, which had the highest Spearman correlation r value with ALOX5AP, has been reported to negatively regulate antitumor immunity by inducing active T cell exhaustion and exerting an antiproliferative effect in the ovarian cancer TME (59, 60). For CSF1R, several studies have exhibited that its blockade significantly decreases ascites and M2 macrophage infiltration in epithelial ovarian cancer mouse models (61, 62). CTLA4, a negative regulator of T-cell activation, was approved as the first immune checkpoint in melanoma treatment and anti-CTLA4 immunotherapy has shown outstanding antitumor efficacy in clinical trials of ovarian cancer patients (63). One of the most notable biomarkers in cancer research PD1, binds to its ligand PD-L1 and negatively regulates T cell activation, resulting in immune evasion; moreover, M2 macrophages’ ability to block tumor-specific T cell activity is thought to be via their influence on PD1 (64). PD1/PDL1 axis inhibitors have been investigated as single-agent therapies in ovarian cancer treatment (65). LAG3, which is expressed by activated T-cellws has been reported to act on ovarian cancer infiltrating lymphocytes (TILs) and dampen antitumor immunity in collaboration with PD1 (66). Similarly, IDO1—an enzyme with an immune tolerance effect—has been reported to regulate peritoneal dissemination and is linked to poorer survival in ovarian cancer patients (67). All these molecules deemed to reduce antitumor immune responses were found in this study to be closely associated with ALOX5AP expression at a genomic level. The results strongly implicate ALOX5AP as a possible co-contributor to immune evasion in the ovarian cancer immune microenvironment. Accumulating evidence suggests that several immune checkpoints coordinate against immune attacks and that the targeting of single immune checkpoint may have limited efficacy. Our results suggest that ALOX5AP provides a synergistic effect with multiple immunosuppressive molecules; thereby, playing a special role in immune evasion. ALOX5AP may serve as a useful adjunct target in future immune checkpoint inhibitor ovarian cancer treatment.

Indeed, several ALOX5AP inhibitors have been developed and are currently under clinical investigation as treatments for respiratory and cardiovascular diseases, such as the classical prototype MK-886 and the follow-up MK-0591, Bay-X1005, and DG-031 (first licensed by DeCode Genetics and then developed by Bayer) (68). Notably, ALOX5AP inhibitors have superior effects in females because androgens impede the leukotriene biosynthetic 5-LOX/ALOX5AP complex assembly (69). This sex bias suggests that ovarian cancer patients may benefit from superior efficacy and reduced side effects when treated with ALOX5AP inhibitors. Given the availability of well-studied, highly effective ALOX5AP inhibitors, our current work is of paramount translational significance. One exciting but reasonable speculation is that combining immune-checkpoint blockade and ALOX5AP inhibitor therapies could synergistically halt ovarian cancer progression by simultaneously combating M2 macrophage infiltration and immune suppression in the ovarian cancer microenvironment. Future clinical trials are needed to evaluate efficacy before ALOX5AP becomes a widely accepted prognostic indicator and therapeutic target of SOC.

Although this study improved our understanding of the oncogenic role of ALOX5AP in ovarian cancer progression and development, there were several limitations. First, all ovarian cancer patient cohorts utilized were retrospective. A major limitation was the retrospective design which may cause information bias. The clinical value of ALOX5AP needs to be further validated in prospectively designed studies, which may decrease the bias caused by uncontrollable factors. Second, though the genomic investigation has become one of the most efficient method of accelerating translational cancer research, the correlation analysis based on bioinformatic algorithms can provide preliminary evidence of the relationship rather than determine the causal relationship between ALOX5AP and immune activities regulation. Due to the complexity of immunoregulation in cancer pathogenesis and progression, the exact molecular mechanisms of ALOX5AP in mediating immune response remain to be fully elucidated. Further explorations of the potential direct or indirect interplay between ALOX5AP and immune activities were warranted. Nevertheless, the current study provides foundation evidence supporting ALOX5AP as an immune related promising prognostic biomarker for SOC.

In conclusion, ALOX5AP is upregulated in SOC and is associated with worse clinicopathologic characteristics and consequently, a poorer prognosis. ALOX5AP participates in SOC progression via M2 macrophage recruitment and polarization as well as mediating immune suppression in the tumor immune microenvironment. This study offers promising insights into the prognostic and predictive biomarker roles of ALOX5AP and may provide a novel approach for tailored immunotherapy in the fight against SOC.
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Ovarian cancer is one of the most common gynecologic cancers that has the highest mortality rate. Endometrioid ovarian cancer, a distinct subtype of epithelial ovarian cancer, is associated with endometriosis and Lynch syndrome, and is often accompanied by synchronous endometrial carcinoma. In recent years, dysbiosis of the microbiota within the female reproductive tract has been suggested to be involved in the pathogenesis of endometrial cancer and ovarian cancer, with some specific pathogens exhibiting oncogenic having been found to contribute to cancer development. It has been shown that dysregulation of the microenvironment and accumulation of mutations are stimulatory factors in the progression of endometrioid ovarian carcinoma. This would be a potential therapeutic target in the future. Simultaneously, multiple studies have demonstrated the role of four molecular subtypes of endometrioid ovarian cancer, which are of particular importance in the prediction of prognosis. This literature review aims to compile the potential mechanisms of endometrioid ovarian cancer, molecular characteristics, and molecular pathological types that could potentially play a role in the prediction of prognosis, and the novel therapeutic strategies, providing some guidance for the stratified management of ovarian cancer.
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Introduction

Ovarian cancer (OC) is a global public health issue and threat to women’s health. According to the Global Cancer Statistics, which includes data of 36 cancers from 185 countries, nearly 300,000 new cases of OC were diagnosed worldwide in 2018 and 184,799 women died of OC in the same year (1). These figures make OC the third most diagnosed malignancy and the leading cause of death in female gynecological oncology. Epithelial ovarian cancer (EOC)is the most common and lethal type of OC, further divided into the high-grade serous, low-grade serous, endometrioid, clear cell, mucinous. Up to now, the study of EOC mainly focuses on high-grade serous carcinoma. With the development of precision medicine, the therapeutic direction of carcinoma has gradually turned to targeted and stratified therapy.

Endometrioid ovarian cancer (EOVC) accounts for 10~15.8% of EOC (2), and shows an association with endometriosis (3) and Lynch syndrome (4, 5). EOVC is often accompanied by synchronous endometrial carcinoma (EC) and typically diagnosed at an early stage (6). It is estimated that 84~95% of EOVC cases are of grades I and II, with grade III representing 5~16% (Table 1). More than 70% of EOVC are diagnosed at Federation International of Gynecology and Obstetrics (FIGO) I-II according to OC statistics in the United States in 2018 (7), and importantly, of high-grade EOVC that 65% were early stage (FIGO I/II) (8). However, some patients with EOVC still have a poor prognosis, and the proposed molecular classification may aid in providing an accurate prediction of the prognosis of patients with early-stage or low-grade EOVC, so as to better guide the clinical individualized treatment. The current pathogenesis of EOVC is also under discussion. This review introduces the origin, molecular characteristic, molecular classification, treatment and potential therapeutic strategies of EOVC and further explores factors influencing treatment choice and prognosis.


Table 1 | Proportions of EOVC cases with different grades and stages.





Epidemiology and Risk Factors

EOVC and ovarian clear cell carcinoma (OCCC) make up the second and third most common types of EOC, representing 20~40%. In Asia, there is a higher proportion of EOVC and OCCC and a lower proportion of serous carcinomas than other regions (9), however, the difference in distinct countries is still unclear. Multiple studies have shown that the following may increase the risk of developing EOVC: endometriosis; certain gene mutations; familial cancer syndrome (Lynch syndrome); disruption of the microbiota in the female reproductive system; age at menopause; body mass index (BMI) (10–15). Most risk factors show obvious heterogeneity in the five histologic subtypes of EOC, indicating different etiologies.



Hypothesis of EOVC Origin


Endometriosis

The most widely accepted hypothesis concerning endometriosis is the theory of retrograde menstruation, proposed by Sampson, who demonstrated that the shed endometrium can retrogradely enter the peritoneal cavity along the fallopian tube, and implant into the peritoneum and pelvic organs, including the ovaries, which can lay the foundations for the development of OC (16, 17).

Relevant articles have reported that approximately 25~80% of patients with EOVC and OCCC also have a diagnosis of endometriosis (18, 19). Patients with endometriosis have been reported to be at a 1.49, 3.73 and 2.32 times greater risk of development of OC, OCCC and EOVC respectively, compared with healthy women without endometriosis (20). In addition, approximately one third of endometrioid borderline ovarian tumors (EBOTs), are also associated with endometriosis (21). In recent years, whether or not endometriosis is a precancerous lesion of OC, in particular EOVC, has been a hot topic of concern for researchers.

A large number of studies have also found that patients with endometriosis have many gene mutations, including mutations in ARID1A, PIK3CA, KRAS, FBXW7, MLH1, ERBB2, CTNNB1, and PPP2R1A (19, 22, 23). Following comparison of mutations present in pure endometriosis and endometriosis-related OC, several population-based studies have suggested that endometriosis is a risk factor for OC. This may be due to the gradual development of ectopic endometrial tissue that engrafts onto the ovaries, along with sufficient driver mutations (20, 24). Of particular note, the ARID1A gene is thought to be involved in the progression of endometriosis to carcinoma (25, 26). The receptor activator of nuclear factor κ-B (RANK) signaling pathway has already been revealed to be involved in some tumor progression (27, 28), such as breast, bone, and lung cancers. Compared with the expression in the normal endometrium, expression of RANK is increased in patients with endometriotic lesions and EOVC (29).

Recently, an article defined “high-risk” cases as those which share the same mutations present in EOVC and endometriosis, and “low-risk” cases as those not sharing any mutations in endometriosis with the carcinoma (30). According to the literature, compared with women without endometriosis, women with endometriosis are more likely to be diagnosed with early-stage tumor, with a significantly lower level of serum CA125 before surgery, and are less likely to have lymph node metastasis or to develop platinum resistance disease (18, 31). Patients with EOVC arising from endometriosis presented at a lower average age, have a higher percentage of early-stage and lower–grade disease, and are more likely to have no residual disease after primary debulking surgery compared with those without endometriosis, which indicates better survival outcomes (32). EOVC arising from endometriosis was not statistically significant as an independent prognostic factor, therefore, endometriosis may be a possible precursor of EOVC but is not a factor that exacerbates cancer after its onset (33). Patients with endometriosis can be divided into several groups according to malignancy risk and there are schemes and principles used to categorize patients: ROMA (risk of ovarian malignancy algorithm), RMI (risk of malignancy index), and IOTA (International Ovarian Tumor Analysis simple rules) which are based on serum biomarkers, BMI and ultrasound findings (34).



Microbial Communities in Female Reproductive Tract

It is generally believed that the upper reproductive tracts (i.e. the uterus, fallopian tubes, and ovaries) are sterile, however, recent reports on the microbiota of the female reproductive tract haves demonstrated that bacteria are present in the uterus and ovaries (35, 36), however, microbial abundance is relatively low compared with the vagina and cervix. Dysregulation of the vaginal environment is a risk factor for many diseases, as upward colonization of the reproductive tract with microbiota, especially anaerobic bacteria, serves as a primary driver for inflammation, and may be involved in the development of diseases, such as gynecological cancers (37–39). Where there is persistent dysbiosis of the microbial environment, altered immune and metabolic signaling can result in oxidative stress and the recruitment of immune cells which release reactive oxygen species (ROS), which may result in inflammation–driven carcinogenesis (40, 41). At present, the study of endometrial microbiota has reported that EC is associated with particular microorganisms (42). Similarly, related studies have also indicated that many microorganisms are involved in the development of EOC, such as Proteobacteria and Firmicutes (43). Brucella, Chlamydia, and Mycoplasma have been detected in over 60% of samples from those with EOC, and it is thought that the microbial dysbiosis may contribute to development of atypical epithelial cells showing hyperplasia and cytological atypia. These changes, along with genetic mutations in the ovaries gradually progress to EOC cells, particularly endometrioid and clear cell types (44–46). Figure 1 illustrates the potential carcinogenic mechanisms involved in the development of EOVC. Sophisticated proteomic tracing studies suggest that EOVC arises from the secretory cells of the endometrium or endometriosis, while OCCC tends to arise from ciliated cells (47). It is hypothesized that the unique microenvironment dictates the development of ciliated or secretory cells, which then gain sufficient mutations to become malignant (48).




Figure 1 | Potential carcinogenic mechanisms of EOVC: shed endometrial cells may migrate retrogradely into the ovary, which may be a pro-factor for EOVC. Along with, microenvironment dysbiosis and accumulation of mutation burden, the shed endometrial cells and ovarian epithelial cells may gradually evolve into atypical cells, and further transform into carcinoma.






Synchronous Ovarian and Endometrial Carcinoma

Some women are diagnosed with EC and EOVC at the same time and it can be arduous to identify whether they demonstrate metastasizing focuses of a single tumor or if they have synchronous but relative independent primary tumor (49). If it is a secondary tumor, there is a question over how metastasis occurred, from the endometrium to the ovary or from the ovary to the endometrium. Researchers have begun to explore this question, but opinions currently differ and there are still controversies.

There is evidence that low-grade EOVC and EC are similar in both molecular and histological characteristics (49, 50). By comparing the mutant spectra of EOVC and EC (Table 2), many shared mutant genes have been identified: ARID1A, TP53, PTEN, PIK3CA, KRAS, CTNNB1, MMR, POLE, among others (51). However, the frequency of mutation of these genes appears to vary depending on different microenvironmental effects (50–60). PTEN mutations are more frequent in low-grade endometrioid endometrial carcinoma (EEC) and CTNNB1 mutations are more common in low-grade EOVC (50). More patients with synchronous ovarian and uterine endometrioid carcinomas showed MLH1/PMS2 deficiency and PTEN aberrations compared with isolated EOVC (53).


Table 2 | Summary of most common molecular alterations in EOVC and EEC(50-60).



Synchronous tumors also have some commonly shared clinical characteristics: diagnosis tends to be at an earlier age and earlier stage, and prognosis is better compared with single primary ovarian or endometrial cancer (6, 61–63), although some studies have concluded that there is no difference in prognosis between a single primary carcinoma and synchronous tumors (64). One article has indicated that concurrent tumors are typically low-grade and confined to the uterine corpus and ovary, and that, despite being clonally related, behave much less aggressively than would be expected from a single advanced-stage cancer at either site (65). Moreover, a retrospective study comparing endometrial and ovarian synchronous primary cancers with ovarian metastases from EC, found that the synchronous primary cancer group typically had a history of endometriosis, the ovaries typically displayed a unilateral solid mass and the endometrial lesions were mostly non-vascularized; whereas the metastatic cancer group typically had bilateral solid ovarian masses (66). Synchronous EOVC and EC resulting from Lynch syndrome are concordant at a molecular level, suggesting a shared origins (67).



Molecular Characteristics of EOVC

In terms of genomics, several unique heterogeneous genome profiles have been found in EOVC: CTNNB1, ARID1A, PIK3CA, KRAS, PTEN, TP53, MMR, POLE, SOX8, FBXW7, PPP2R1A, and ERBB2 (5, 68). A study investigating CTNNB1, a gene encoding β-Catenin protein, which participates in the Wnt signaling pathway, in EOVC patients showed that the rate of mutation is higher compared with that in EEC patients, and is associated with excellent clinical outcomes (69). This result contradicts other study findings in EEC which associate CTNNB1 mutations with a greater chance of recurrence (70). Mutation of the ARID1A gene, which is mainly involved in the formation of the SWI/SNF chromatin complex, may be an early event in the transformation of endometriosis into cancer (26, 71). Presence of ARID1A mutations and loss of the ARID1A-encoded protein BAF250a are frequently observed events in EOVC, presenting in 36~48% of cases (69, 72). PIK3CA mutation and/or amplification, linked with a low FIGO stage and low-grade, and are frequently observed in EOVC. The amplification of PIK3CA can weaken therapeutic response to chemotherapy, and may serve as a marker to predict response to chemotherapy in EOC (73, 74). KRAS mutations, which function to activate the MAPK pathway, play an important role in the development of endometriosis-associated cancer, including EOVC (75). PTEN loss is also a putative driver in EOC, and is associated with immunoresistance and poor response to programmed cell death protein 1 (PD-1) inhibitors. Downregulation of cytoplasmic PTEN expression is common in EOVC (76). Genomic data suggest that concurrent loss of PTEN and ARID1A with activating mutations of PIK3CA are involved in the pathogenesis of EOVC and OCCC. Abnormal expression of TP53 was also frequently seen in poorly differentiated endometrioid and clear cell tumors (77), being involved in several molecular subtypes of EOVC.

In addition to the more common genetic mutation events described above, mutations in mismatch repair (MMR) genes such as MLH1, MSH2, MSH6 and PMS2 form an important basis for the diagnosis of Lynch syndrome, Around 50% of cases of Lynch syndrome are diagnosed at the onset of EC and OC (78, 79), mainly endometrioid and clear cell carcinoma (80–82). Women with Lynch syndrome have a lifetime risk of developing ovarian and endometrial cancers of 5.8~12% and 40~62%, respectively (78, 83); with a further increased risk over the age of 40 (84). It has been reported in the literature that about 7~18% of cases of EOVC have MMR deficiency (69, 85), and this population also share similar characteristics: younger age (<50 years), higher CA125 at diagnosis, absence of ARID1A and higher FIGO stage (85, 86). Mutations of BRCA1/2 are well-known as the most frequent mutations to occur in OC, mainly in high-grade serous ovarian carcinoma (HGSOC); however, reports of BRCA1/2 mutations in individual EOVC cases are not common. A study of EOC in Australian showed that 10 of 119 (8.4%) women with EOVC have BRCA1/2 mutation and 8 of 10 EOVC were subsequently reclassified as serous or unspecified adenocarcinoma after strict histopathology review (87)

Although EOVC is less common than serous carcinoma, as an independent histological subtype, it is still difficult to diagnose clinically and is often confused with other types, such as HGSOC and mixed epithelial carcinoma. In particular, grade 3 EOVC may mimic HGSOC (88, 89). Therefore, knowing the gene mutation characteristics and whether cells have specific markers that other subtypes do not have will further help us to diagnose and study the disease (Table 3).


Table 3 | The difference of immunohistochemistry (IHC) between EOVC and HGSOC in clinical cases.



In proteomics, distinct markers may distinguish EOVC from other histological types. Serous tumor markers such as WT1, P53, CK20, and mucinous tumor markers such as CEA and MUC2 are not often expressed in EOVC and OCCC, and EOVC–specific markers such as ER, PR, TFF3, DKK1, and MMP7 display near-exclusive expression in EOVC (90). Current studies have found that the status of WT1, P53, Napsin-A are helpful in reducing the rate of misdiagnosis of EOVC (88, 89, 91, 92). The vast majority of low-grade EOVC are WT1(-), P53(wild-type), ER(+) or PR(+), Napsin-A(-) (3, 89, 91, 93–95), and about 10~30% of EOVCs, especially high-grade EOVC, are WT1(+) or display abnormal P53 expression, which is easily confused with HGSOC (94, 96–98). Low-grade EOVC were characterized by strong nuclear β-catenin staining (99). Although controversial, high-grade EOVC may be considered to be a subtype of HGSOC according to immunophenotypic and gene profiling studies. In general, WT1 (+) and abnormal or absent P53 expression are highly suspicious for HGSOC (96, 100), but this does not mean that the classification is absolutely correct. Immunohistochemistry (IHC) is the only robust independent reference for OC histological subtypes (97).



Molecular Typing of EOVC

The molecular typing of EC has become a conventional tool in guiding treatment for individuals and in stratifying cases in clinical trials (101, 102). EOVC and EEC, have many similarities in their molecular characteristics and histology and share the same molecular types. According to IHC and next–generation sequencing (NGS) technology, EOVC is divided into the following four groups (96): TP53 wild-type (TP53wt) group with no obvious abnormalities, which accounts for the largest proportion (51.2~73.2%) of EOVC, followed by TP53 abnormal (TP53abn) group (9.6~24%), MMR protein deficiency (MMRd) group (8.3~19.4%), and the POLE hyper mutant (POLEmut) group (2.8~10%) (95, 96) (Figure 2). In addition, tumors of the POLEmut and MMRd groups were less frequent in EOVC compared with those in EC (95, 96, 101). The distinction in the proportion of molecular classifications also reflects different microenvironments to some extent.




Figure 2 | Criteria for molecular typing of EOVC (103). All EOVC patients were grouped according to POLEmut, MMRd, TP53abn and TP53wild-type. For patients with MMR protein deficiency, after excluding sporadic cancers, genetic counseling and testing of family members are required to prevent hereditary cancers. (mut, mutation; d, deficiency; abn, abnormal).




POLE Mutation

The POLE mutation is defined by pathogenic POLE exonuclease domain mutations that identify a group with an ultramutation phenotype. Somatic POLE exonuclease domain mutations occur early, quite possibly initiating events in sporadic cancers, and forcefully shape subsequent tumor evolution (104). Extreme genomic instability is characteristic of tumors with POLE mutations, with the mutation burden being among the highest found in human cancers. Tumors with POLE mutations display a distinct mutational signature, lymphocytic infiltrate and have an excellent prognosis. Although patients with POLE mutations in EOVC have high-risk pathological features, the prognosis is the same as that of EC, which further validates the feasibility of this classification in EOVC (105).



MMR Protein Deficiency (MMRd) Group

The microsatellite instability (MSI) group is defined by deficiency of MMR (MLH1, MSH2, MSH6, or PMS2) proteins and identifies cases with microsatellite instability and a corresponding hypermutation phenotype. The MMRd group in EOVC is associated with a younger age and an increased number of tumor-infiltrating lymphocytes (4). The relationship between the MSI phenotype caused by the loss of MMR protein and Lynch syndrome has been clarified. This part of the population should be routinely screened for associated tumors to reduce the occurrence of non–ovarian malignant tumors (106).



CN-High Group (TP53 Abnormal)

The CN-high group (TP53 abnormal) is correlated with a high copy-number genomic phenotype and abnormal TP53 IHC staining pattern. EOVC patients with TP53 abnormalities had a higher frequency of poorly differentiated cells (G2/G3) (95) compared with other molecular types and have the worst prognosis. Research has reported that EOVC with abnormal TP53 may be the result of CTNNB1 mutation (95).



CN-Low Group (TP53 Wild-Type)

CN-low group (TP53 wild-type) comprises cases without any of the above three characteristics and is correlated with a copy-number low class. Research regarding the TP53wt group is relatively sparce due to its excellent survival state. In the context of TP53wt cases, in combination with CTNNB1 state (69), reveals that TP53wt (CTNNB1m) cases are almost always diagnosed at an early stage, rarely show macroscopic residual disease and have a low genomic complexity and low copy number alterations burden. However, the genomic complexity of TP53wt (CTNNB1wt) patients is relatively high compared with the TP53wt (CTNNB1m) group. Although the outcome of the TP53wt group is better, the difference in prognosis has not been fully explained and further study is still required.

Table 4 summarizes the published literature on the application of molecular typing of EC and EOVC. All published articles are based on data from the centers in Europe and the United States (69, 91, 95, 96, 103), and distribution of four molecular types among other ethnic groups, especially Asians, should be further investigated in future studies.


Table 4 | Proportions of the four molecular subtypes of EOVC.






Tumor Markers

Tumor markers including serum CA125 and HE4, are reportedly useful for predicting malignancy in patients with pelvic masses. Few studies have focused on the use of tumor markers in the preoperative diagnosis of EOVC. A case-control study demonstrated levels of serum CA19-9, sialyl Lewis-x antigen (SLX), carcinoembryogenic antigen (CEA), and lactate dehydrogenase (LDH) in EOVC are more likely to be higher compared with CA125 (107), however, more clinical studies are required to confirm this.



Metastasis

Compared with EC and HGSOC, patients diagnosed with low-grade EOVC seemingly have a lower rate of metastasis. However, this phenomenon is not an absolute event and clinically, there are still some people whose tumors metastasize. With regard to the synchronous discovery of EOVC and EC discussed previously, there is an ongoing controversy concerning if there are two independent primary tumors or if there has been metastatic formation. Generally speaking, metastatic of cancer generally indicates advanced disease or a very poor prognosis, while synchronous EOVC and EEC display the opposite, with limited tumors and a surprising prognosis (108, 109). Recently, Jennifer et al. revealed that in low-grade EEC, isolated ovarian metastases were not found, however, the incidence of ovarian metastases in patients with high-grade EEC ranged from 2~3% (110). Whether the metastatic characteristics of EOVC are the same as those of EEC is worth further study. A retrospective study supported by several other papers (111, 112) found significantly higher ER positivity, but not PR positivity in EOVC without peritoneal metastases compared with cases with peritoneal metastases (93% vs 59%), suggesting ER positivity may be negatively associated with peritoneal metastases in EOVC (113).

In addition, there may be a relationship between microbial abnormality and cancer as mentioned above. In a mouse model of OC, the frequent use of antibiotics can lead to microbial dysbiosis, with a final outcome of accelerating the development and metastasis of OC (114).



Treatment and Potential Therapy Strategies

The heterogeneity of EOC makes its treatment a challenge (115). Adjuvant therapy is universally dependent on grade and stage rather than histological type, consequently, it is necessary to implement the most appropriate treatment depending on the histological type of EOC (100).

According to the latest National Comprehensive Cancer Network (NCCN) guidelines (116), it is recommended that patients with low-grade (grade 1) EOVC should be followed these suggestions, observation is encouraged for stage IA/IB patients, similar to LGSOC; for patients with stage IC, observation or intravenous platinum-based therapy seems preferable; additionally, for women with high ER/PR expression of tumor cells, options to use hormonal therapy (tamoxifen, aromatase inhibitors); and patients with stage II-IV could be considered to accept systemic adjuvant chemotherapy following surgery. However, the treatment recommendations for grade 2/3 EOVC are the same as HGSOC, employing paclitaxel and platinum-based chemotherapy after surgical resection as the mainstay of primary treatment. Although high-grade EOVC and HGSOC have equally high response rates to platinum-based chemotherapy, high-grade EOVC seems to develop chemoresistance easily at recurrence, indicating the significance for novel therapeutics in this subtype (115). Approximately 60% of patients with EOVC may exhibit potential therapeutic targets based on the available reports (2, 68).

At present, molecular typing of carcinoma is a popular topic, the purpose of which is to explore the clinical outcomes of different subgroups and further seek the most effective therapy strategy according to different molecular risk stratification. Over the past few years, molecular typing of EC has been proved to apply equally to EOVC, which provides a potential stratified therapy strategy. Although the concept of stratified treatment strategy has been proposed, specific stratified treatment plans are not raised. Furthermore, genomic analysis using targeted sequencing technology revealed clonality in synchronous EOVC and EC, which provides further clues to whether the patients of synchronous carcinoma require adjuvant chemotherapy (117, 118). ESMO-ESGO-ESTRO guidelines in 2015 provided a series of consensus on the management of EC, no adjuvant treatment is recommended for low-risk EEC patients with grade 1-2, stage I (119), similar to the NCCN guideline for early EOVC with grade 1. Whether the treatment of early synchronous EOVC and EC follows the same recommendations or not, it’s still further evaluated. Six cycles of carboplatin and paclitaxel as standard chemotherapy regime are also suitable for EC, which supported evidence for chemotherapy of advanced-stage synchronous EOVC and EC. If radiation therapy is suggested in patients with advanced synchronous ovarian and endometrial carcinoma, this could be given following chemotherapy (64). In some young EOVC patients undergoing fertility preservation treatments, endometrial sampling should be recommended to avoid a missed diagnosis of synchronous carcinoma (119).

In the previous section, we discussed the molecular characteristics of EOVC, nonetheless, therapeutic approaches targeting these molecular mutations and defects still require more clinical trials to evaluate and verify. Maintenance treatment using PARP inhibitors has a potentially important role in a significant subset of EOVC (120, 121). ARID1A mutation will also equally enhance the sensibility of tumor cells to PARP inhibitors (122), indicating that patients with ARID1A mutation are also eligible to benefit from the use of PARP inhibitors, not just limited to patients with BRCA mutation. In addition to direct cytotoxic effects, PARP inhibitors also exhibit antitumor immunity (123, 124), combination of PARP inhibitors and immune checkpoint inhibitors for the therapy of EOC have obtained positive results in some clinical trials (125). Moreover, molecular mutations in other signal pathway (PI3K/AKT/mTOR, Wnt/β-catenin/Tcf) may contribute to cell proliferation, invasion and migration, consequently, targeted inhibitors of such pathways may be able to overcome the limitations of single kinase inhibition and maybe useful in EOVC patients (126).

To change the ending of this disease, targeted therapy, immunotherapy and combination therapy are widely applied in EOC, as the new therapeutic strategies. EOC with MMR deficiency is more susceptible to the immunotherapies based on PD-1/PD-L1 pathway antibodies (127, 128), this kind of treatment may be valuable for patients with MMR deficient group of EOVC. In the same line, POLE gene damaging variants (129) and TP53 mutation (130) may also be correlated with the immunotherapeutic effect, this suggests that the combination of immune checkpoint inhibitor and certain pathway-targeted drugs may be a future direction for stratified therapy of EOVC patients. Besides, it’s reported that the DGKA-c-JUN-WEE1 signal pathway participates in the mechanism of platinum resistance in EOC patients (131), providing direction for targeted therapy to antagonize platinum resistance in the future study. Compared with effective but poorly tolerated concurrent therapy, Fang et al. found that sequential therapy with PARP and either WEE1 or ATR inhibitors is effective and less toxic in the study of EOC model (132). A phase II study published in 2016 showed that AZD1775, a WEE1 inhibitor, could sensitize the efficiency of carboplatin to some extent in the treatment of TP53-mutated EOC (133). Response to the immune checkpoint inhibitor could be associated with alteration of copy number and immunotherapy resistance may be apparent in EOC with high copy number alterations (134–136), but more research in the field is required in the future. Currently, the clinical trials of combination of immunotherapy with other treatment options are ongoing, combined therapies have collaborative effects in contrast to the use of a single treatment (137).

Many patients with low-grade EOVC have high expression of both ER and PR. Evidence for benefits of anti-estrogen treatments in ER-positive patients is accumulating, especially at a state of low tumor burden after primary chemotherapy or in the maintenance phase between chemotherapies (138). However, more studies are warranted to seek new biomarkers to help identify estrogen-responsive cancers more precisely (139). Endocrine therapy may also be a possible effective treatment attempt for patients with EOVC who have high PR positivity and don’t accept systemic chemotherapy (93, 140, 141) following primary surgical debulking. A study using cultured primary OC cells showed that about 60% of EOVC cells are PR(+), ER(+), and the survival ability of cancer cells after application of progesterone dropped significantly (142). Several patients with high-grade EOVC or advanced EOVC were treated with endocrine therapy and obtained encouraging therapeutic effects (138, 140). Even so, there is still very limited information on the sensitivity of EOVC to hormonal therapies, and further studies are warranted.

Interestingly, extensive evidence suggests that the human microbiome plays a crucial role in influencing cancer therapy, through modulating therapeutic response to treatment and mediating treatment-related toxicity (143, 144). The possibility of altering the microbiome as a therapeutic modality has been proposed, which may improve the immune system, activate anti-tumor response, and mediate chemotherapy resistance (114); this certainly deserves further investigation.



Prognosis and Independent Prognostic Factors

Although the prognosis of EOVC is satisfactory compared with other histological subtypes, there are still big differences present when EOVC is further classified molecularly. In the analysis of prognosis, the TP53abn group has a poor prognosis, with a 10-year disease-specific survival (DSS) of lower than 40%; whereas the POLEmut group has the best prognosis among the four molecular subtypes. The prognoses of TP53wt group and MMRd are between those of the TP53abn and POLEmut groups (91, 96, 103). Moreover, previous studies have revealed a high frequency of recurrence and death among patients with tumors of the TP53abn group and whereas none of the patients carrying a POLE-mutated tumor had recurrence or died. TP53 wild-type group generally has a favorable prognosis, but some patients in the low-stage setting who did not accept adjuvant therapy did succumb to the disease suggesting there is actually an extensive spectrum of outcomes. Therefore additional biomarkers may be essential to identify specific patients in the TP53 wild-type group, who may have additional benefit from more aggressive management (96).

The major factors that affect the prognosis in univariate analysis were reported as the following: menopausal status, FIGO staging, histological grade, lymph node dissection, ascites cytology, and hormone receptor expression. The main factors that significantly affect prognosis in multivariate analysis are grade 3 and lymph node dissection (111, 145). Among them, FIGO staging is the most significant factor. Histologic grade was not a prognostic factor among early-stage EOVC in current studies (96, 146).

In a study comparing different differentiation levels of EOVC and HGSOC, it was found that most EOVC cases diagnosed as grade 1/2 had a significantly better prognosis than those diagnosed with HGSOC, while the prognosis of grade 3 EOVC patients was not significantly different from that of HGSOC (147). This means that although the development of high-grade EOVC is rare, the poor prognosis requires attention and accurate diagnosis. For a female diagnosed with synchronous EOVC and EC, the prognosis is better than that of a single locally advanced or metastatic tumor, and the recurrence risk is lower. After comparing whether or not to chemotherapy was administered after surgery, there is still no significant difference in survival benefit in those with synchronous tumors (148), the prognosis is poor if the myometrium is invaded; while the impact of lymph node metastasis and peritoneal dissemination on survival has no statistical difference (148).

The prognostic value of many other biomarkers was also evaluated in EOVC (Table 5). High expression of PR and/or ER in EOVC patients has been shown in several articles as a favorable prognosis factor (93, 111, 112). ARID1A, β-Catenin, and TP53 could be used with conventional clinical and histological factors to predict the prognosis of patients with EOVC (77). Meanwhile, expression of CDX2 and nuclear β-Catenin independently or in combination appear to be positive prognostic factors (149). SATB2 expression is also an independent marker for improved progression-free survival for EOVC cases, especially for advanced patients (150). In patients with FIGO stage I~II EOVC, CTNNB1 mutations and nuclear β-catenin expression are associated with a better prognosis (disease-free survival), in contrast to a worse prognosis in EEC (56). P16 block expression in EOVC cases is more frequently found in the worse prognosis stage III/IV and grade 3 cases (151). Other novel prognostic biomarkers for early-stage EOVC have been reported, recently, an article was first to publish evidence of a connection between CECR1, KIF26B, and PIK3CA protein expression and prognosis in EOVC (152). More biomarkers should be included in the study of prognosis.


Table 5 | Possible factors affecting EOVC prognosis.





Conclusion and Implications for the Future

In conclusion, compared with HGSOC and other histologic types of EOC, EOVC displays distinct molecular characteristics and has a better prognosis. Persistent existence of microbial dysbiosis in the upper reproductive tract has been suggested to play a role in the development of carcinogenesis, and hence there are promises to provide unique and interesting insights and guidance into health and disease in follow–up studies. Moreover, although the prognostics significance of molecular classification remains to be demonstrated, it has important therapeutic implications in the context of the popularity of targeted therapy and immunotherapy. Thus, in females with EOVC, further individualized treatment according to biomarker and classification may be valuable to improve prognosis and quality of life.
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Expression of the immunoglobulin superfamily member CD155 was increased in a variety of human malignancies, but the role of CD155 in tumorigenesis and tumor development in cervical cancer has not been elucidated. In this study, immunohistochemistry and enzyme-linked immunosorbent assay analyses showed that CD155 expression gradually increases with the degree of cervical lesions. In vitro and in vivo, reducing the expression of CD155 inhibited cell proliferation, cell viability and tumor formation and arrested the cell cycle in G0/G1 phase. Antibody array-based profiling of protein phosphorylation revealed that CD155 knockdown can inhibited the AKT/mTOR/NF-κB pathway and activated autophagy and apoptosis; the opposite effects were observed upon CD155 has overexpression. We proved that there is an interaction between CD155 and AKT by immunoprecipitation. We further confirmed the mechanism between CD155 and AKT/mTOR/NF-κB through rescue experiments. AKT knockdown reversed the anti-apoptotic effects and activation of the AKT/mTOR/NF-κB pathway induced by CD155 overexpression. Our research demonstrated that CD155 can interact with AKT to form a complex, activates the AKT/mTOR/NF-κB pathway and inhibit autophagy and apoptosis. Thus, CD155 is a potential screening and therapeutic biomarker for cervical cancer.
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Introduction

Cervical cancer is the fourth most common female malignancy in morbidity and mortality (1). Globally, there were more than 569,000 new cases of cervical cancer and 311,000 deaths in 2018 (1). The main cause of cervical cancer is human papillomavirus (HPV) infection (2). However, not all women infected with HPV develop cervical cancer, which may be due to differences in epigenetic modifications (3). The identification of new markers that can predict cervical cancer would aid diagnosis and potentially provide targets for treatment. One potential marker is CD155, also called NECL-5, a member of the immunoglobulin superfamily (4). CD155 has four splicing subtypes: α, β, δ, and γ. The α isoform contains an immunoreceptor tyrosine-based inhibitory motif (ITIM), which is essential for the effects of this subtype on tumor biology (5). CD155 regulates signal transduction (6), cell adhesion (7), motility (8), proliferation (9) and survival through the recruitment of tyrosine phosphatase 2 (SHP-2) via its ITIM. CD155 is overexpressed in many cancers, including lung adenocarcinoma (10), pancreatic cancer (11), ovarian cancer (12), myeloid leukemia (13), neuroblastoma (13, 14), colorectal cancer (14), and cholangiocarcinoma (15). However, potential role of CD155 in the development of cervical cancer is unknown.

In the present study, we detected CD155 expression in serum and tissue specimens from patients with cervical cancer or high-grade squamous intraepithelial lesions (HSIL) patients. We found that CD155 expression is associated with poorly differentiated cervical cancer. In addition, we knocked down and overexpressed CD155 in vivo and in vitro and assessed changes in cell function. Co-immunoprecipitation (Co-IP) assay and rescue assay confirmed that CD155 can interact with AKT to form CD155/AKT complex, and further promote the proliferation of cervical cancer cells and inhibit autophagy through AKT/mTOR and NF-κB pathways.



Materials and Methods


Human Tissue Samples

A total of 65 serum samples were collected, including 30 from cervical cancer patients, 20 HSIL patients, and 15 from subjects with normal cervix. In addition, we collected 100 paraffin-embedded tissue samples, including 66 cervical cancer samples, 16 HSIL samples, and 18 normal cervix samples. All samples were originally collected at Qilu Hospital of Shandong University. All patients were clinically staged according to FIGO guidelines. Clinical data were collected from the medical record management system of Qilu Hospital. The Ethics Committee of Qilu Hospital approved this study.



Immunohistochemistry

Immunohistochemistry (IHC) was performed using the SP-9001 immunohistochemistry detection kit (Zhongshan Golden Bridge, Beijing, China) according to the manufacturer’s instructions. Each 4-μm-thick paraffin slice was deparaffinized and incubated with a CD155 antibody at 4°C overnight, followed by incubation with a biotin-labeled goat anti-rabbit IgG secondary antibody for 10 minutes at 37 °C. For visualization, streptavidin tablets were incubated with peroxidase at room temperature for 15 minutes, and then the streptavidin peroxidase was incubated with the slices for 15 minutes at 37°C, followed by DAB staining. The slices were subsequently stained with Meyer’s hematoxylin for 5 minutes. After dehydration, the slices were sealed with neutral glue. A score ranging from 0 to 4 was given based on the percentage of positive cell density:0, 0-3%, 1, 3-25%, 2, 26-50%, 3, 51-75%, and 4,76-100%. The staining intensity was also scored according to four levels: 0, no staining; 1, weak brown; 2, medium brown; and 3, strong brown. The final immune response score (IRS) was obtained as the product of the two scores and classified as follows: 0-1, negative expression; 2-3, mild positive expression; 4-7, moderate positive expression and 8-12, strongly positive expression (16). Based on the IRS, we divided the cervical cancer patients into the low CD155 expression group (IRS < 7) and high CD155 expression group (IRS > 7). The following antibodies were used: anti-CD155 (1:100, Cell Signaling Technology Danvers, MA, USA), anti-Ki67(1:300, Abcam), anti-p-AKT (1:100, Cell Signaling Technology Danvers, MA, USA) and p-pNF-κB65 (1:1000, Abcam).



Immunofluorescence Staining

Cells were washed three times with phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde for 15 minutes, and blocked with bovine serum albumin (BSA) at 37°C for 30 minutes. After washing three times with PBS, the cells were incubated with anti-LC3B (1:100, Cell Signaling Technology, Danvers, MA, USA), p-IKBα (1:200, GeneTex, USA) and p-NF-κBp65 (1:1000, Abcam), overnight at 4°C, followed by goat anti-rabbit antibody (1:200 Zhongshan Golden Bridge, Beijing, China) for 1 hour at 37°C in the dark. The cells were counterstained with DAPI (Yusen Biotech Inc, Shanghai, China) for 1 hour. Finally, the positive cells was analyzed by confocal fluorescence microscopy (Olympus Tokyo, Japan).



Cell Lines and Cell Culture

CaSki and HeLa cell lines were from the Laboratory of Gynecological Oncology Center at Shandong University (Jinan, Shandong, China). CaSki and HeLa were cultured in RPMI 1640 or DMEM supplemented with 10% fetal bovine serum (all from Gibco, Grand Island, NY, USA), respectively, cultured in a humidified incubator at 37°C with 5% CO2.



RNA Interference (RNAi)

SiRNAs were synthesized by Gene Pharma (Shanghai, China) with the following sequences: CD155 siRNA sequences 5-CCCGUAACGCCAUCAUCUUTT-3; antisense, 5-AAGAUGAUGGCGUUACGGGTT-3; AKT siRNA sequences 5-GCACUUUCGGCAAGGUGAUTT-3; antisense, 5-AUCACCUUGCCGAAAGUGC-TT-3; control NC-RNA sequences 5-UUCUCCGAACGUGUCACGUTT-3; antisense, 5-ACGUGACACGUUCGGAGAATT-3. Cells were transfected with siRNA CD155 or control siRNA when the cell confluence reached 50% using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, California, USA) and Opti-MEM (Gibco, Grand Island, NY, USA) according to the manufacturers’ instructions.



Construction and Transfection of the CD155 Overexpression Vector

The plasmid for overexpressing CD155 was purchased from OBIO Co., Ltd. (Shanghai, China). We used the lentiviral vector PGLVH1-Puro to improve the transfection efficiency. Forty-eight hours after lentiviral infection, puromycin (Amresco, Solon, OH, USA) was used to screen cell lines stably overexpressing CD155.



ELISA Assay

The serum samples used to analyze CD155 levels were frozen at -80°C prior to performing ELISA. The ELISA kit was purchased from Biorbyt Company (Cambridge, UK) and used according to the manufacturer’s instructions.



Western Blot

Cells were washed 3 times with PBS, and then lysed on ice in radioimmunoprecipitation analysis buffer (RIPA; Beyotime Institute of Biotechnology, China, 1% phenylmethylsulfonyl fluoride (PMSF); 1% NaF) for 30 minutes. The cell lysate was then centrifuged at 12,000 rpm for 10 minutes at 4°C. Next, the proteins were separated by SDS-PAGE and transferred to a PVDF membrane (Merck Millipore, Burlington, MA, USA). The membrane was incubated with primary antibody overnight, followed by incubation with the appropriate secondary antibody. Detection was realized using an enhanced chemiluminescence detection system.



Cell Proliferation Assay

Cell viability was assessed using Cell Counting Kit-8 (CCK-8, Zhongshan Golden Bridge, Beijing, China). Cells (3x103) were seeded in each well of a 96-well plate and cultured for r 0, 24, 48, 72, and 96 hours. After incubation with 10µl of CCK-8 for 2 hours, the absorbance at a 450nm was measured in a microplate reader (Infinite 2000; Tecan, Männedorf, Switzerland).



Flow Cytometry

Cervical cancer cells were transfected with CD155 siRNA, PCMV CD155 or control. Approximately 48 hours later, the cells washed twice with pre-cooled PBS, and fixed in 75% alcohol at 4°C overnight. For cell cycle analysis, the cells were collected and stained with propidium iodide (PI) for 30 minutes in the dark (17, 18). To detect apoptosis, anapoptosis kit (62700-80, Biogems) was used. Cells were stained with 5μl of Annexin-V and 7AAD for 30 minutes in the dark at room temperature. The apoptotic ratio and cell cycle were quantitatively analyzed in a FACS Calibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). All results were analyzed with FlowJo v10.



Transwell Migration and Invasion Assays

After digestion, the cells were suspended in 200 µl of serum-free 1640 or DMEM. The cells were then seeded into the upper chamber of a Transwell apparatus (pore size 8.0 µm; Costar, Cambridge, MA, USA) in the absence or presence of 100 µl of Matrigel Matrigel was diluted 1:8 in the serum-free medium (Corning, Corning, New York, USA). Medium with 20% FBS was added to the lower chamber as a chemoattractant. After 16 hours, the cells that passed through the filter were fixed with 4% paraformaldehyde (Beyotime, Beijing, China) for 5 minutes and stained with crystal violet (Beyotime, Beijing, China) (19). Images were captured with an Olympus IX51 inverted microscope (Olympus Tokyo, Japan). The number of migrated or invaded was counted cells in three random fields of view (magnification, 200x) of each chamber.



Antibody Array Profiling of Cancer Signaling Phosphoproteins

The cancer signaling phosphoantibody microarray CSP100 plus designed and manufactured by Full Moon Biosystems, Inc. (Sunnyvale, California) was used. This microarray contains 304 antibodies. Each antibody has six replicates and multiple positive and negative controls and is printed on coated glass microscope slides. The antibody array experiment was performed by Wayen Biotechnology according to their established protocol (Shanghai, China).



Immunoprecipitation

Collect the cells in the lysis buffer (Beyotime Biotechnology, China) and left on ice for 30min, sonicated, and centrifuged at 15000 rpm for 15 min at 4°C. Supernatants were collected. Each immunoprecipitation (IP) was performed with 10 μg antibody, 1000 μg protein, and incubated overnight at 4°C. The supernatant was incubated with protein A/G agarose beads (Santa Cruz, USA) for 6h. Wash the beads 3 times and boil, and immunoprecipitated proteins were detected using western blotting.



Tumor Formation Assay in Nude Mice

Twelve specific pathogen-free (SPF)-grade female nude mice (18-22 g, 4-6 weeks old) were used in this study. The use of animals was approved by the Institute of Zoology, Shandong University. The mice were randomly allocated to the PCMV-CD155 group and NC-CD155 group, with six mice in each group. CaSki cells transfected with PCMV-CD155 or NC-CD155 were trypsinized, washed three times with PBS, and resuspended in PBS, and 200μl (1×107 cells) of the suspension was injected subcutaneously into the right armpit of each mouse. Tumor weight and volume and body weight of nude mice were measured every 2-3 days. The tumor volume is was calculated as 0.52×length×width2.



Statistical Analysis

All experiments were independently repeated at least three times. GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA, USA) was used for data processing and statistical analysis. The relationships between CD155 expression and clinicopathological parameters were analyzed using the χ2 test. For normally distributed data, the two-tailed Student’s t-test was used for statistical comparison between the two independent groups; a non-parametric test was used for, data that did not conform to a normal distribution. Results are reported as the mean ± standard deviation (SD). P< 0.05 was considered significant.




Result


CD155 Expression Is High in Cervical Cancer Tissues and Is Correlated With Differentiation and Ki67 Expression

The expression level of CD155 in sera from 15 healthy women, 20 HSIL patients, and 30 cervical cancer patients was determined by ELISA. CD155 expression was significantly higher in cervical cancer and HSIL patients (Figure 1A). We next evaluated the diagnostic significance of CD155 in cervical cancer and HSIL via receiver operating characteristic (ROC) analysis. CD155 had a high diagnostic value in cervical cancer patients, with an area under the curve (AUC) of 0.727, sensitivity of 0.63, and specificity of 0.76 (Figure 1B). In addition, for the diagnosis of HSIL + cancer AUC of CD155 was 0.769, with sensitivity of 0.6, and specificity of 0.88 (Figure 1C). The mRNA level of CD155 was analyzed using the “limma” software package and gene expression data for cervical cancer tissue and normal cervical tissue samples downloaded from the Gene Expression Omnibus (GEO). Consistent with the ELISA results, the transcription level of CD155 was higher in cervical cancer tissues than in normal cervix tissues (Figure 1D). To further examine the role of CD155 cervical cancer progression, the protein expression of CD155 in cervical cancer (n = 66), HSIL (n = 16), and normal cervix cervical (n = 18) was detected by IHC. The results showed that CD155 expression was localized in the cell membrane and cytoplasm. In addition, CD155 expression was significantly higher in cervical cancer tissues compared with HSIL and normal cervical tissues and in HSIL tissues compared with normal cervical tissues. Representative images are shown in (Figures 1E, F). The Analysis analysis of clinicopathological characteristics revealed a relationship between CD155 expression and low differentiation of cervical cancer (Table 1). Furthermore, Ki67 IHC staining of cervical cancer tissues (n=30), indicated that Ki67 expression in cervical cancer was positively correlated with CD155 expression (Figure 1G).




Figure 1 | CD155 expression is up-regulated in patients with cervical cancer and HSIL and is positively correlated with Ki67 expression. (A) Distribution of serum CD155 levels CD155 in healthy women (n=17), HSIL patients (n=20) and cervical cancer patients (n=30). (B, C) Receiver operating characteristic (ROC) curve analysis of normal versus cervical cancer tissues and normal versus cervica cancer + HSIL tissues. The area under the ROC curve (AUC) was calculated for the diagnosis of cervical cancer. (D) Validation of CD155 expression in three GEO datasets: GSE67522, GSE39001 and GSE29570. CD155 mRNA levels were compared using Student’s t-test in the “limma” software package. (E) Representative images of CD155 immunohistochemistry (IHC) staining in normal cervical tissue (n = 18), HSIL tissue (n=20), and cervical cancer tissue (n=66). (F) Representative images of Ki67 IHC staining in cancer tissue (left: 100x, right: 200x). (G) CD155 expression was significantly positively correlated with the expression of Ki67 (r = 0.6608, P = 0.0004) in cervical cancers (data from IHC scores). NS, no significant. *P < 0.05, **P < 0.01, and ***P < 0.001.




Table 1 | Association between CD155 expression and the clinicopathological features of patients with cervical cancer.





CD155 Regulates the Proliferation and Apoptosis of Cervical Cancer Cells

Silencing of CD155 expression or overexpression of CD155 was accomplished by transfection with siCD155 or CD155-PCMV in CaSki and HeLa cells. Compared with the control group, the efficiency of silencing or overexpression in CaSki and HeLa cells was greater than 60% at the protein level (Supplementary Figure 1A). The effect of CD155 expression on the proliferation of cervical cancer cells was detected by the CCK8 assay. Silencing CD155 significantly reduced the proliferation of HeLa and CaSki cells, whereas overexpression of CD155 significantly increased the proliferation of in both cell lines (Figure 2A). The association of CD155 associated with apoptosis. Forty-eight hours after transfection of CaSki or HeLa cells with siCD155, Annexin-V and 7AAD staining revealed obvious apoptosis compared with the NC group (Figure 2B), The apoptotic ratio in CaSki and HeLa cells was quantitatively analyzed with FlowJo v10 (Supplementary Figure 2A). Silencing CD155 increased the number of CaSki and HeLa cells in G0/G1 phase and reduced the number of cells in the S phase; the opposite effects were observed when CD155 was overexpressed in these cell lines. Compared with the control group, CaSki and HeLa cells transfected with siCD155 were blocked in G0/G1 phase (Figure 2C). Quantitative analysis of the cell cycle is shown in Supplementary Figure 2B. Finally, Transwell assays showed that cell migration and invasion were significantly reduced by silencing CD155 but significantly increased by overexpressing CD155 in CaSki and HeLa cells (Figure 2D). The results of the quantitative analysis are shown in Supplementary Figures 2C, D.




Figure 2 | CD155 affects the biological behavior of cervical cancer cells. CaSki and HeLa cells were transfected with NC-CD155, si-CD155, PCMV-NC, and PCMV-CD155. (A) The viability of Hela and CaSki cells was measured by using the CCK8 assay. (B) Apoptosis was detected by flow cytometry after staining with Annexin V-APC and 7AAD. (C) Cell cycle analysis by flow cytometry. (D) Transwell assays were used to assess the invasion and migration capacity of CaSki and HeLa cells in which CD155 was overexpressed or knocked down. The data are the mean ± SEM of at least three independent experiments. *P < 0.05.





The Effect of CD155 on the Expression of Proteins Related to the Cell Cycle and Apoptosis

Proteins related to proliferation, apoptosis, and cyclin were analyzed by Western blot. Compared with the control group, silencing CD155 reduced the expression of the cell cycle-related proteins CDK2, CyclinD1, and C-myc, but increased P27KIP1 expression in HeLa and CaSki cells. Silencing CD155 also reduced the expression of the proliferation-related proteins E2F1and Ki67 while increasing the expression of the apoptosis-related proteins CL-PARP, CL-Caspase-3, and CL-Caspase-9. The same proteins were affected in the opposite manner by overexpressing CD155 in CaSki and HeLa cells (Figure 3).




Figure 3 | CD155 affects the expression of cell cycle- and apoptosis-related proteins in CaSki and HeLa cells. (A) After transfecting CaSki and HeLa cells with NC-CD155, si-CD155, PCMV-NC, or PCMV-CD155, the protein expression levels of CD155, CDK2, CyclinD1, P27KIP1, C-myc, E2F1, Ki67, CL-caspase3, CL-caspase9 and CL-PARP were analyzed by western blot. β-actin as a control. (B) Quantitation of the bands shown in (A) using Image J The data are the mean ± SEM of at least three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.





CD155 Regulates the AKT/mTOR Pathway, Autophagy, and the NF-κB Pathway in Cervical Cancer

To explore the molecular mechanism of CD155 in cervical cancer progression, we used a phosphoprotein antibody array to screen more than 300 molecules in sixteen cancer-related pathways. Proteins related to the AKT/mTOR and NF-κB pathways showed the most obvious changes after CD155silencing (Figure 4A), and thus we focused on these pathways in our subsequent analyses Western blot analysis revealed that the LC3BII/LC3BI ratio and Beclin1 expression were increased in CD155- silenced CaSki and HeLa cells. By contrast, the LC3BII/LC3BI ratio and Beclin1 expression were significantly decreased in PCMV-CD155 CaSki and PCMV-CD155 HeLa cells (Figure 4C). Consistent with the Western blot results, immunofluorescence assay showed that the proportion of cells containing LC3B puncta (> 3) was increased in cells transfected with CD155 siRNA, but, decreased in cells transfected with PCMV-CD155 (Figure 4B). The above results indicate that CD155 knockdown significantly enhances autophagy in CaSki and HeLa cells, while overexpression of CD155 has the opposite effect. To determine whether CD155 regulates the AKT/mTOR pathway in cervical cancer cells, we examined the expression of AKT, p-AKT, mTOR, p-mTOR, p-4EBP1, and p-P70S6K expression, which are critical molecules in the AKT/mTOR pathway. Western blot results analysis showed that the total expression of AKT and mTOR was not significantly altered in CD155-silenced CaSki and HeLa cells, but p-AKT, p-mTOR, p-4EBP1, and p-P70S6K expression decreased significantly. By contrast, in PCMV-CD155 CaSki and PCMV-CD155 HeLa cells, the expression of p-AKT, p-mTOR, p-4EBP1, and p-P70S6K increased significantly. These results indicate that CD155 regulates the AKT/mTOR signaling pathway in cervical cancer cells and activates autophagy (Figure 4C).




Figure 4 | CD155 regulates the AKT/mTOR pathway, autophagy, and the NF-κB (NF-κB) pathway. (A) Phosphoproteome array analysis of phosphoprotein expression changes after CD155 knockdown in CaSki cells. Phosphoproteins whose levels increased or decreased by more than 12% are marked in red and blue, respectively. (B) Immunofluorescence staining of LC3B in CaSki and HeLa cells transfected with CD155 siRNA (si-CD155), negative control RNA (NC-CD155), or PCMV-CD155, Scale bar: 10 µm. (C) Western blot analysis of the protein levels of AKT, p-AKT, mTOR, p-mTOR, p-4EBP1, p-p70S6K, Beclin1, LC3I, LC3II, p-NF-κBp65, p-IKKα/β, and p-IKKγ in CaSki and HeLa cells transfected with NC-CD155, si-CD155, PCMV-NC, or PCMV-CD155. β-actin was used as a loading control. (D) The Co-IP results showed that CD155 interacted with AKT to form the CD155/AKT complex. The Co-IP and western blot results showed that in PCMV-CD155 CaSki and PCMV-CD155 HeLa cells, the abundance of the CD155/AKT complex was significantly increased. (E) Immunofluorescence for p-NF-κBp65, p-IKBα using CaSki and HeLa cells infected with CD155 siRNA (si-CD155), negative control RNA (NC-CD155), or PCMV-CD155, Scale bar: 10 µm. Data are the mean ± SEM of at least three independent experiments.



We analyzed the expression of NF-κB pathway-related proteins in the cervical cancer cell lines. As shown in Figure 4C, silencing CD155 decreased the expression of NF-κB related proteins such as p-NF-κBP65, p-IKKα/β, and p-IKKγ whereas overexpression of CD155 had the opposite effect. The quantitative analysis of the expression of NF-κB-related proteins was presented in Supplementary Figures S3. The expression of p-IKBa and p-NF-κBp65 in CaSki and Hela cells were analyzed by the immunofluorescence method. CD155 overexpression promotes phosphorylation of IKBα, p-NF-κBP65 was activated and transferred to the nucleus and ultimately promoted cell proliferation and transcription. Silencing CD155 in CaSki and HeLa cells has opposite results (Figure 4E).

To further study whether there is a direct interaction between CD155 and AKT. We performed immunoprecipitation analysis. Co-IP analysis results showed that in CaSki and HeLa cells, CD155 can interact with AKT to form a CD155/AKT complex. To further explore the regulatory role of the CD155/AKT complex in CaSki and HeLa cells. The Co-IP and western blot results showed that, compared with that in CaSki and HeLa cells, the abundance of the CD155/AKT complex in PCMV-CD155 CaSki and PCMV-CD155 HeLa cells was significantly increased (Figure 4D).



AKT Knockdown Reverses the Anti-Apoptotic and Inhibition of Autophagy and AKT/mTOR/NF-κB Pathway Activating Effects of CD155 Overexpression

To examine whether the anti- apoptotic effect of CD155 is mediated by AKT/mTOR and AKT/NF-κB signaling pathway activation, siRNA targeting AKT was used to transfect cells overexpressing CD155. Forty-eight hours after transfection of siAKT, autophagy, cell apoptosis and cell proliferation were analyzed. Because our observations above indicated that p-AKT plays a role in the mechanism by which CD155 promotes cervical cancer progression, we detected the expression of p-AKT instead of AKT. Western-blot analysis showed nearly 70%. Subsequent flow cytometry and westernblot analyses showed that knockdown of AKT in CaSki and HeLa cells overexpressing CD155 reduced the anti-apoptotic effect of CD155 expression (Figure 5A). Knockdown of AKT significantly reduced the increases in p-mTOR, p-IKKα/β, and p-IKKγ expression induced by CD155 overexpression. At the same time, expression of the autophagy protein Beclin-1 and the LC3BII/LC3BI ratio increased significantly. Finally, knockdown of AKT reversed the increases in CL-caspase9 and Ki67 induced by overexpression of CD155 (Figure 5B).




Figure 5 | AKT knockdown reverses the anti- apoptotic effects and activation of the AKT/mTOR/NF-κB pathway induced by CD155 overexpression. CaSki and HeLa cells overexpressing CD155 were transfected with AKT-siRNA (A) Flow cytometry was used to detect apoptosis after staining with APC Annexin-V and 7AAD. The apoptotic ratio in CaSki and HeLa cells was quantitatively analyzed with FlowJo v10. (B) The expression of CD155, p-AKT, p-mTOR, Beclin-1, LC3BI, LCBII, p-IKKγ, p-IKKα/β, CL-caspase9, and Ki67 was measured by western blot. β-actin was used as a control. Quantitation was performed using Image J, and the data are the mean ± SEM of at least three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.





CD155 Overexpression Promotes Cervical Cancer Growth In Vivo

To further verify the effect of CD155 overexpression on the proliferation of cervical cancer cells in vivo, we constructed tumor xenograft models by injecting nude mice with CaSki cells transfected with PCMV-NC or PCMV-CD155. Tumor weight and volume were significantly higher in the PCMV-CD155 group than in the PCMV-NC group (Figures 6A–C). The expression of Ki67, p-AKT, and p-NF-κBP65 in xenograft mouse tissue was evaluated by IHC. Ki67, p-AKT, and p-NF-κBP65 staining was significantly stronger in tumor tissue from the PCMV-CD155 group than in tumor tissue from the control PCMV-NC group (Figure 6E). Western blotting was used to detect protein expression in tumor forming tissues in vivo. The LC3BII/LC3BI ratio and protein expression of Beclin-1 were significantly decreased in the PCMV-CD155 group, while the protein expression of p-AKT, p-mTOR, p-IKKα/β and Ki67 was significantly increased (Figure 6D). The above results indicate that the CD155 overexpression significantly promotes tumor growth in vivo.




Figure 6 | CD155 overexpression promotes cervical cancer growth in vivo. (A) Images of xenograft tumors derived from cells transfected with PCMV-CD155 or PCMV-NC. (B) The volumes of xenograft tumors derived from cells transfected with PCMV-CD155 or PCMV-NC. (C) The weight of xenograft the formed tumors derived from cells transfected with PCMV-CD155 or PCMV-NC. (D) Western blotting was used to detect protein expression in tumor forming tissues in vivo. The LC3BII/LC3BI ratio and protein expression of Beclin-1 were significantly decreased in the PCMV-CD155 group, while the protein expression of p-AKT, p-mTOR, P-IKKα/β and Ki67 was significantly increased. All data represent three independent experiments. The data were the mean ± SEM of at least three independent experiments. (E) Images of HE staining of xenograft tumors (200x). The expression of p-AKT, Ki67, and p-NF-κBp65 in xenograft tumors was detected by IHC (200x). *P < 0.05, **P < 0.01.






Discussion

CD155 is highly expressed in many tumors, and CD155 protein levels are closely related to tumor progression and poor prognosis (10, 11). Serum levels of soluble CD155 are significantly higher in cancer patients than in healthy volunteers and correlate positively with tumor staging (20). These studies support the potential of CD155 as a biomarker to assess cancer progression and prognosis, but the mechanism of CD155 in cervical cancer has not been examined. In the present study, we found that serum CD155 levels were elevated in cervical cancer and HSIL patients and also differed significantly between HSIL patients and healthy women. However, testing of larger samples is necessary to confirm the sensitivity and specificity of serum CD155 in detecting HSIL and cervical cancer patients and the efficiency and feasibility of cervical cancer screening combined with conventional HPV DNA testing and cytology need to be further evaluated and verified.

Ki67 is a marker of cell proliferation, initially defined by its city of origin (Kiel) and the number of original clones (21). Ki-67 is highly expressed in cycling cells but strongly down-regulated in resting G0 cells. Consequently, Ki67 is a clinically significant proliferation marker used to grade many types of cancer (22). Ki67 detection is widely used in the auxiliary diagnosis of cervical precancers and cancers (23). In the present study, analyses of clinical specimens and GEO datasets indicated that CD155 protein expression is up-regulated in cervical cancer. Furthermore, IHC analysis showed that CD155 expression is positively correlated with Ki67 expression. These results support a close relationship of CD155 with neoplasia and the development of cervical carcer.

CD155 has been previously shown to promote tumor growth. CD155 enhances serum-induced activation of Ras/Raf/MEK/ERK signaling by up-regulating cyclin D2 and E, down-regulating P27KIP1, and shortening the G0/G1 phase of the cell cycle in NIH3T3 cells, ultimately slowing cell proliferation (9). In addition, knocking out CD155 reduces tumor size and weight in colon cancer models and attenuates tumor metastasis rates in several other mouse tumor models (24, 25). In the present study flow cytometry, CCK8 cell proliferation assays and tumor xenotransplantation experiments showed that CD155 accelerates the formation and progression of cervical cancer by promoting the proliferation of cervical cancer cells through a shift from G0/G1 phase to S phase.

In the various stages of cell proliferation, diverse cell cycle proteins exhibit changes in expression and degradation patterns to coordinate mitotic events (26). In the present study, functional experiments showed that silencing CD155 inhibited cell proliferation by inducing cell cycle arrest at the transition from G0/G1 phase to S phase. The protein E2F ((E2 factor) is differentially expressed during the cell cycle and controls cell proliferation (27). E2F-1 is a crucial transcriptional regulator of the cell cycle transition between G1 and S phase (28). P27KIP1 is a cyclin-dependent kinase inhibitor (CKI) of G1 cyclin/CDK complexes (29). However, the pattern of binding of the P27KIP1 protein to cyclin D/CDK4,6 complexes is more complicated (30). Our results showed that silencing CD155 induces significant changes in cell cycle-related molecules, including down-regulation of CDK2, CyclinD1, E2F1, and C-myc, and up-regulation of P27KIP1. Overexpressing CD155 in CaSki and HeLa cells had the opposite effects on these proteins.

The expression of CD155 is closely related to the invasion and migration ability of tumor cells. Stimulation of CD155 with its ligand promotes the Src kinase-mediated phosphorylation of the ITIM of CD155, focal adhesion kinase (FAK), and Paxillin, ultimately inhibiting cell adhesion and improving cell viability (6). CD155, the PDGF receptor, and integrin αvβ3 form a ternary complex at the leading edge of the cell (31, 32) that plays a vital role in frontier dynamics and ultimately improves cell movement (4). Consistent with this role of CD155, our results showed that silencing CD155 reduces the invasion and migration ability of cervical cancer cells.

CD155 knockdown significantly induced apoptosis in colon cancer cells and increased the expression of CL-caspase-3 and CL-PARP. The apoptosis induced by CD155 knockdown seems to be related to an imbalance of anti-apoptotic and pro-apoptotic gene products (25). In the present study, the results of both flow cytometry analysis of apoptosis and western blot detection of the expression of apoptotic molecules in CD155-silenced cervical cancer cells were are consistent with these previous results.

Autophagy plays an important role in the occurrence, development and treatment of cancer. Although controversy remains, it is generally believed that autophagy inhibits cancer progression in the early stage of cancer but promotes progression in the middle and late stages (33, 34). The AKT/mTOR signaling pathway is a crucial pathway that regulates apoptosis, proliferation, and autophagy (35, 36). Here, we demonstrated for the first time that silencing CD155 promotes the autophagic flux of cervical cancer cells via regulation of the mTOR pathway. This study demonstrated that CD155 can interact with AKT and form CD155/AKT complex in Caski and HeLa cells through CO-IP assay. We further found that the CD155/AKT complex expression was increased in PCMV-CD155 CaSki and PCMV-CD155 HeLa cells. Furthermore, we showed that CD155 regulates the mTOR pathway by promoting the phosphorylation of AKT. In this study, silencing CD155 in cervical cancer cells significantly reduced p-AKT, p-mTOR, p-P7S60, and p-4EBP1 expression levels and cell proliferation whereas autophagy and apoptosis were significantly increased compared with control cells. The opposite pattern was observed in cervical cancer cells overexpressing CD155.

The NF-κB pathway is related to tumor cell adhesion, angiogenesis, inflammation, and metastasis (37), and blocking NF-κB activity increases apoptosis (38). In addition, NF-κB is involved in the regulation of the cell surface expression of adhesion molecules such as E-selectin, vascular cell adhesion molecule-1, and intercellular adhesion molecule-1 (39). Consistent with these effects, the flavone morusin inhibits human cervical cancer growth and migration through NF-κB attenuation (40). Here, we found that CD155 regulates the proliferation and apoptosis of cervical cancer cells via the regulation of NF-κB. Western blot analysis revealed that silencing CD155 can down-regulates p-NF-κBp65, p-IKKα/β, and p-IKKγ, whereas overexpression of CD155 has the opposite effect.

We further verify the mechanism between CD155 and AKT through rescue experiments. AKT knockdown confirmed that the anti-apoptotic and inhibition of autophagy effects of CD155 overexpression are mediated by activation of the AKT/mTOR and NF-κB signaling pathways. Transfection of CaSki and HeLa cells stably overexpressing CD155 with si-AKT increased the rate of apoptosis and autophagy. In addition, it reduced the increases in the expression of AKT/mTOR and NF-κB related proteins induced by CD155 overexpression. These findings suggest that CD155 Promotes the Progression of Cervical Cancer Cells through AKT/mTOR and NF-kB Pathways (Figure 7).




Figure 7 | The proposed mechanism of CD155 in cervical cancer cells.



The effects of CD155 on cervical cancer progression involve mechanisms other than AKT/mTOR/NF-κB. Furthermore, CD155 also plays an immunosuppressive role in tumor progression, which was not examined here. Addressing these limitations will be the focus of our subsequent work.



Conclusion

Our research demonstrated that CD155 can interact with AKT to form a complex, activates the AKT/mTOR/NF-κB pathway and inhibit autophagy and apoptosis. In addition, CD155 promotes cell cycle progression by up-regulating cyclinD1 and down-regulating the expression of P27KIP1. These findings suggest that CD155 may be a valuable target for the treatment of cervical cancer.
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Supplementary Figure 1 | CaSki and HeLa cells were transfected with NC-CD155, si-CD155, PCMV-NC. or PCMV-CD155. (A, B) Protein levels of CD155 and β-actin in CaSki or HeLa cells were analyzed by western blot. (mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001).

Supplementary Figure 2 | CaSki and HeLa cells were transfected with NC-CD155, si-CD155, PMC-NC, or PMV-CD155. (A) After Annexin-V and 7AAD staining, cell apoptosis was detected by flow cytometry. The apoptotic ratio in CaSki and HeLa cells was quantitatively with FlowJo v10. (B) Cell cycle analysis by flow cytometry and quantitative analysis of the cell cycle a were shown (C, D) Quantitative analysis of the invasion and migration of CaSki and HeLa cells in which CD155 was knocked or overexpressed. (mean ± SEM, *p < 0.05, **p < 0.01).

Supplementary Figure 3 | CaSki and HeLa cells were transfected with NC-CD155, si-CD155, PMC-NC, or PMV-CD155. (A, B) The proportions of CaSki and HeLa cells containing LC3B puncta (> 5). (C–F) Quantification of relative protein expression levels in Figure 4C, D. (mean ± SEM; *p < 0.05, **p < 0.01).

Supplementary Figure 4 | (A) The levels of related proteins in in tumorforming tissues in vivo. β-actin was used as a control. Quantitation was performed of western-blot assay using Image J. The data were the mean ± SEM. (B) Comparison of p-AKT expression in xenograft tumors. (C) Comparison of Ki67 expression in xenograft tumors. (D) Comparison of p-NF-κBp65 expression in xenograft tumors. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Introduction

To assess the feasibility of a home-based aerobic exercise and nutrition counseling intervention and effect on cardiorespiratory fitness, cardiovascular disease risk profile, and immune response in obese endometrial cancer survivors.



Methods

A longitudinal pilot study assessed a 12-week home-based aerobic exercise and nutrition counseling intervention in obese endometrial cancer survivors. The primary outcome was feasibility defined as 80% adherence to weekly walking sessions calculated among individuals that completed the intervention. Secondary outcomes comprised pre- and post-intervention differences in cardiorespiratory fitness, cardiovascular risk factors, and T-cell function. Descriptive statistics summarized data. Wilcoxon sign tests identified differences between and pre and post-intervention variables.



Results

Nineteen women with stage 1 endometrial cancer consented; 9 withdrew and one was a screen failure. Median adherence to weekly walking sessions was 83.3%. Body composition was significantly altered with a reduction in median fat mass from 52.5 kg to 46.9 kg (p=0.04), and BMI from 37.5 kg/m2 to 36.2 kg/m2 (p = 0.004). There was no significant difference in cardiorespiratory fitness or cardiovascular parameters. The percentage of CD4+ and CD8+ T-cells producing IFNγ towards MAGE-A4 significantly increased from and 5.9% to 7.2% (p=0.043) and 13.9% to 14.8% (p=0.046), respectively. There were 3 related adverse events: hip pain, back sprain, and abdominal pain.



Discussion

Our home-based exercise and nutrition counseling program was feasible based on 80% adherence to walking sessions and favored altered body composition. However, the discontinuation rate was high and further research is needed to overcome barriers to implementation. Improvement in cardiovascular parameters will most likely require longer and more intensive programs.





Keywords: endometrial cancer, obesity, cardiovascular disease, exercise intervention study, nutrition intervention program



Introduction

Endometrial cancer is the sixth most common malignancy in women with over 380,000 new cases globally in 2018 (1). The majority of women are diagnosed with localized disease, and in the United States alone there are approximately 727,700 endometrial cancer survivors (2).

Endometrial cancer is an obesity-driven malignancy, with the alarming rates of obesity contributing to increases in incidence and mortality.

Obesity negatively impacts prognosis for endometrial cancer patients with a meta-analysis of women with endometrial cancer showing that a 10% increase in BMI increased odds of all-cause mortality by 9.2% (3). Calle et al. reported that morbidly obese (BMI > 40) endometrial cancer survivors had a 6.25 times increased risk of death compared to normal weight endometrial cancer survivors, with cardiovascular disease (CVD) being the leading cause of death (4). Felix and colleagues reported that women with endometrial cancer were 8.8 times more likely to die of CVD compared to women in the general population (5).

Therefore, we conducted a pilot study evaluating a 12-week home-based physical activity and nutrition counseling intervention to assess feasibility, safety, and effect on the cardiorespiratory fitness, CVD risk profile, and immune response endometrial cancer survivors.



Materials and Methods


Hypothesis and Study Objectives

We hypothesized that a 12-week home-based exercise and personalized nutrition counseling intervention will be both feasible and safe among endometrial cancer survivors. Our primary objective was to assess the feasibility of the intervention, defined as 80% adherence to prescribed weekly walking sessions among individuals that completed the intervention. Our secondary objectives were to evaluate the safety of the program as well as its effects on the cardiorespiratory fitness, cardiovascular risk factors and immune response.



Patient Selection

Women with early stage localized endometrial cancer were recruited from the Duke Gynecologic Oncology clinic from May 2017 through July 2018. The inclusion criteria were as follows: age greater than 18 years; localized endometrial cancer (stage I and II); at least two months since hysterectomy and planned intervention date; Karnofsky performance status ≥ 70%; BMI 30.0 – 49.9; body weight < 300 pounds; no plan for adjuvant endometrial therapy; ability to exercise safely on a treadmill; reliable transportation; ability to provide informed consent; ability to speak and understand English; and ownership of a personal mobile device compatible with the study activity monitor. Individuals scheduled to undergo adjuvant endometrial therapy were excluded secondary to concern that further therapies may limit their ability to participate in scheduled exercise. Patients were excluded if they were already participating in more than 60 minutes of moderate intensity or 30 minutes of vigorous intensity exercise per week, or weight reduction dieting. This exercise criteria, which is well below American Heart Association recommendations for adult physical activity, was selected in order to identify patients most likely to benefit from the intervention. Patients with any absolute contraindications to exercise testing based on American Thoracic Society criteria were excluded.



Study Design

The pilot study consisted of 12 weeks of home-based exercise and nutrition intervention with pre and post-intervention testing. IRB approval was obtained (Pro00074542).

Eligible patients underwent pre-intervention cardiorespiratory fitness and laboratory testing and body composition measurements including BOD POD assessment of body fat percentage. BOD POD uses air displacement plethysmography to provide a precise scale and volume measurement of body composition.

As an exploratory analysis, pre and post-intervention T-cell function was assessed. Tumor-associated antigen (TAA) specific T-cells were generated by co-culturing peripheral blood mononuclear cells (PBMCs) with peptide pulsed dendritic cells generated from the THP-1 (ATCC, VA, USA) monocytic cell line similar to previous methods (6).

Exercise recommendations included 10,000 steps per day and five weekly walking sessions for 25-30 minutes at a moderate intensity, defined as being able to carry on a brief conversation, but not able to sing or a 12 – 14 on the Borg Rating of Perceived Exertion scale. Daily steps were recorded by the FitBit (San Francisco, CA) activity monitor and walking sessions recorded in the exercise diary. Nutrition counseling was provided by a trained dietician (PAW) with recommended individualized daily caloric intake based on adjusted body weight to achieve weight loss. Participants were contacted every few weeks to provide support, assess progress and identify safety concerns. After the 12-weeks, post-intervention testing and a qualitative assessment were performed.

Any adverse events that occurred during the study duration were reviewed and signed off by the principal investigator and reported to the IRB in accordance with current policies.



Data Analysis and Statistics

The primary outcome of this longitudinal pilot study was feasibility, defined by 80% median adherence to weekly walking sessions among women completing the intervention. Adherence to weekly walking sessions was defined as walking 25 – 30 minutes at a moderate intensity as reported in the participant’s exercise diary. Based on previous exercise trial experience a dropout rate of 25% was anticipated with a plan to enroll 15 subjects to achieve program completion for 10 women. Safety of the study was assessed by the type and prevalence of adverse events during the course of the pilot study.

Descriptive statistics were used to summarize the data. Wilcoxon sign tests were used to test for differences between pre and post-intervention variables. Statistical analysis was conducted using SAS v. 9.4 software.




Results


Patient Selection and Demographics

19 women meeting inclusion criteria were consented; one was a screen failure and 9 withdrew (Figure 1). Eight of the 9 women that withdrew from the study, discontinued during the pre-intervention period. Only one patient withdrew after initiation of the exercise and nutrition counseling intervention. Reasons for withdrawal included inability to commit to the study due to time requirements (n = 1), claustrophobia during BOD POD assessment (n = 1), and unknown (n = 7).




Figure 1 | Patient cohort flow diagram: recruitment and retention of participants throughout the duration of the study period.



Nine patients enrolled and completed the study (Table 1).


Table 1 | Patient Demographics.





Feasibility and Safety

The median adherence to prescribed weekly walking sessions for women completing the intervention was 83.3% (45.8% – 91.7%) and the mean adherence was 85.7% (41.6% - 100%) (Table 2). There were three study-related adverse events: abdominal pain (n = 1); back sprain (n = 1) and unilateral hip pain (n = 1). The abdominal pain and back sprain resolved on study. The participant with unilateral hip pain was lost to follow up.


Table 2 | Activity and Nutrition Adherence.





Cardiorespiratory Fitness, Cardiovascular Disease Risk Factors

There were no significant differences from baseline to post-intervention markers of cardiorespiratory fitness or CVD. A significant decrease in total body mass was observed from visit 2 median body mass of 99.7 kg to visit 6 median body mass of 93.8 kg (p = 0.004; Table 3). Similarly, there was a significant decrease in total fat mass (p = 0.04) and BMI (p = 0.004).


Table 3 | Pre and Post Intervention Markers of Cardiorespiratory Fitness, Cardiovascular Disease and Body Composition.





Immune Function

Of the nine participants, blood samples for immune assessment were available for five women, and samples were not available for four [processing issue (n = 2); limited venous access (n = 2)]. Following a six-hour stimulation, the percentage of CD4+ and CD8+ T-cells producing IFNγ towards MAGE-A4 significantly increased from and 5.9% to 7.2% (p=0.043) and 13.9% to 14.8% (p=0.043), respectively (Table 3).



Qualitative Assessment

All nine women completing the study reported a positive experience on the telephone survey. Emerging themes in qualitative assessment of the study included increases in self-confidence, motivation, perception of energy levels and exercise tolerance (Table 4).


Table 4 | Free responses to qualitative prompts and corresponding themes.






Discussion

Our findings demonstrated that a home-based exercise and nutrition counseling program is feasible based on 80% adherence to walking sessions and favored altered body composition in those initiating the study exercise and nutrition intervention. The walking sessions were safe and there were no serious or life-threatening events. There was a high rate of drop-out during the study pre-intervention phase of the study which included the baseline cardiorespiratory testing and BODPOD measurements. Given this high rate of discontinuation prior to the exercise and nutrition intervention, and lack of information regarding reason for withdrawal, further research is needed to overcome barriers to implementation.

No serious or life-threatening adverse events occurred during this study. The musculoskeletal injuries reported were likely secondary to increased activity and were similar to adverse events reported in previous weight-loss interventions (7–9). In addition, our findings revealed a significant decrease in total body mass, fat mass, and BMI.

There were no significant improvements in markers of cardiorespiratory fitness or other CVD risk factors observed. The presence of baseline EKG abnormalities in seven of nine patients was alarming and further highlights the need for intervention to improve the cardiovascular health of these women.

Our novel exploratory analyses of T-cell function show a significant improvement in IFNγ production from CD4+ and CD8+ T-cells towards the tumor associated antigen MAGE-A4, and a non-significant trend for MAGE-A3 suggesting that T-cells post-intervention are more capable of recognizing tumor antigens. In these women there was a significant increase in relative VO2peak (p=0.043) suggesting a relationship with cardiorespiratory fitness and immune function. In healthy individuals, a single bout of exercise generated an enhanced T-cell response to tumor antigens, suggesting a beneficial role for exercise and tumor control by T-cells (6). Whether improved T-cell response will result in reduced risk for endometrial cancer recurrence remains unclear. Though the mechanisms remain unknown, our findings suggest physical activity and diet may enhance cytotoxic T-cell responses to cancer antigens. A previous investigation of endometrial morphology and molecular pathways following bariatric surgery-induced weight loss demonstrated reduction in biomarkers of insulin resistance (hemoglobin A1C, HOMA-IR) and inflammation (hsCRP, IL-6) demonstrating potential mechanisms by which weight loss may impact endometrial cancer risk (10). Another investigation of biomarkers in obese women following bariatric surgery similarly demonstrated reduction in inflammatory markers, including CRP, IL-1Ra and IL-6, following weight loss (11). The reduction in inflammatory markers following bariatric surgery suggest that weight loss contributes to a favorable immune environment that may restore the endometrium to a lower risk state. Our findings of an enhanced cytotoxic T-cell response following an exercise and nutrition counseling intervention further suggest a possible role of exercise and/or nutrition on immunologic response. Further investigation is needed to provide insight in potential regulatory mechanisms of exercise, nutrition, and/or weight loss on immune function.

Previous weight-loss interventions in other patient populations at increased risk of CVD have shown improvements in markers of cardiovascular fitness and CVD risk factors (12, 13). While improvement in body mass was seen in our pilot cohort, we believe that the lack of favorable changes on markers of cardiorespiratory fitness and lipid profile was secondary to the small sample size and short-term intervention.

Among endometrial cancer survivors, there have been limited high-quality exercise and nutrition counseling interventions. The SUCCEED trial, a six-month nutrition and exercise intervention among 70 obese endometrial cancer survivors, demonstrated an increase in physical activity and weight loss (7). Basen-Engquist and colleagues reported a home-based exercise intervention in endometrial cancer survivors which showed increased physical activity, improved predicted VO2MAX, and improved systolic blood pressure among the obese cohort (14). While these studies have shown promising results, a recent Cochrane analysis of interventions for weight loss in endometrial cancer survivors found no improvement in cancer-specific survival, overall survival, cardiovascular event frequency, or significant weight loss at six or twelve months (15).

The qualitative survey at the conclusion of the study indicated that the intervention was well received with all nine women reporting their experience to be beneficial and four specifically noting plans to continue to apply the lifestyle changes beyond the intervention period. Previous investigations of weight-loss interventions in endometrial cancer survivors have likewise shown improvements in self-efficacy and emotional well-being which correlate with weight loss (8, 12, 16, 17). The qualitative assessment was performed at the conclusion of the study and therefore qualitative data was limited to only those individuals that completed the intervention. Therefore, responses are more likely positive than from those who did not complete the intervention.

Key limitations of the study included small sample size and participant dropout. Improvements in cardiorespiratory fitness and markers of CVD will most likely require longer and more intensive intervention. Although feasibility criteria was met among individuals that initiated the exercise and nutrition intervention study phase, the generalizability of this pilot investigation is significantly limited by the small sample size. The 50% dropout rate is higher than in similar interventions aimed at weight loss in endometrial cancer survivors (19-22%) and raises concern for withdrawal bias (8, 9). This exceeded our estimated dropout rate of 25% and ultimately resulted in a lower number of pilot study participants than originally anticipated. Patients were screened only by initial interest with many women choosing not to enroll after the study requirements were described in further detail and other women enrolling in the study but later being unable or unwilling to complete the study tasks. Given that the majority of the women that withdrew from the study did so prior to initiation of the exercise and nutrition counseling intervention, more thorough counseling of the pre-intervention testing requirements may contribute to lower rates of discontinuation in future trials. The more intensive requirement for cardiopulmonary exercise testing as well as the pre and post-intervention testing requiring additional transportation may have contributed to the higher dropout rate. Despite a high drop-out rate, the results of the qualitative assessment indicate that the intervention was well-received among the women that completed the study. Unfortunately, we are unable to identify the patients that are more likely to successfully complete the intervention at this point in time. Further measures to mitigate patient discontinuation, such as more detailed discussion of study participation at time of enrollment, centralization of study visits to a single site or closer follow-up throughout the duration of the study would need to be considered prior to application of this pilot intervention on a broader scale.

In conclusion, our pilot study represents a feasible and safe method of home-base physical activity and nutrition counseling intervention for endometrial cancer survivors which led to significant improvements in weight and BMI. However, longer and more intensive studies will be needed to determine if exercise and nutrition weight loss interventions will reduce the risk of CVD and mortality in endometrial cancer survivors. Our results will inform future study designs and support funding to conduct further studies on cardiovascular biomarkers and cardiovascular fitness in endometrial cancer survivors.
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Aberrant DNA methylation is considered to play a critical role in the chemoresistance of epithelial ovarian cancer (EOC). In this study, we explored the relationship between hypermethylation of the Mahogunin Ring Finger 1 (MGRN1) gene promoter and primary chemoresistance and clinical outcomes in high-grade serous ovarian cancer (HGSOC) patients. The MALDI-TOF mass spectrometry assays revealed a strong association between hypermethylation of the MGRN1 upstream region and platinum resistance in HGSOC patients. Spearman’s correlation analysis revealed a significantly negative connection between the methylation level of MGRN1 and its expression in HGSOC. In vitro analysis demonstrated that knockdown of MGRN1 reduced the sensitivity of cells to cisplatin and that expression of EGR1 was significantly decreased in SKOV3 cells with low levels of MGRN1 expression. Similarly, EGR1 mRNA expression was lower in platinum-resistant HGSOC patients and was positively correlated with MGRN1 mRNA expression. Kaplan-Meier analyses showed that high methylation of the MGRN1 promoter region and low expression of MGRN1 were associated with worse survival of HGSOC patients. In multivariable models, low MGRN1 expression was an independent factor predicting poor outcome. Furthermore, low expression of EGR1 was also been confirmed to be significantly related to the poor prognosis of HGSOC patients by Kaplan-Meier. The hypermethylation of the MGRN1 promoter region and low expression of MGRN1 were associated with platinum resistance and poor outcomes in HGSOC patients, probably by altering EGR1 expression.




Keywords: MGRN1, HGSOC, methylation, platinum resistance, prognosis



Introduction

Due to the lack of initial symptoms and sensitive screening methods, approximately 70% of women with epithelial ovarian cancer (EOC) are diagnosed at an advanced stage of disease (1, 2); EOC is the most lethal gynecologic malignancy in China (3, 4). Currently, the treatment strategy for patients with advanced EOC is platinum-based chemotherapy following primary debulking surgery (5–7). Although the majority of EOC patients respond well to first-line chemotherapy, most of these patients relapse and develop platinum resistance within 2 years (7, 8). In addition, nearly 20% of patients do not respond at the beginning of chemotherapy (9–11). Therefore, chemotherapy resistance has become an important cause of high mortality among EOC patients.

Resistance to chemotherapeutics, including intrinsic and acquired resistance, is based on highly complex and individually variable biological mechanisms (12). Abnormal methylation of DNA has been considered to play an important role during the development of acquired chemoresistance in EOC patients (13). However, there are currently very few studies about the effect of DNA methylation on the development of intrinsic resistance in EOC patients. In our previous study, reduced representation bisulfite sequencing (RRBS) analysis showed that the promoter region of the Mahogunin Ring Finger 1 (MGRN1) gene had abnormal hypermethylation in high-grade serous ovarian cancer (HGSOC) patients with platinum resistance (14). MGRN1 is an intracellular C3HC4 RING finger domain protein that exhibits E3 ubiquitin ligase activity and plays critical roles in the control of protein degradation (15). Ubiquitin-mediated proteolysis has played a crucial role in controlling protein level homeostasis and regulating the cell cycle, cell proliferation, apoptosis and DNA damage responses, which are involved in tumorigenesis, tumor development, prognosis and drug resistance (16). However, the role of MGRN1 in tumorigenesis, tumor progression, and drug responses is not currently well understood. A study by Dugué et al. suggests that hypomethylation of MGRN1 CpG sites in peripheral blood DNA is associated with the development of sporadic and familiar breast cancer (17).

Based on the results of RRBS, this study investigated the role of hypermethylation of the MGRN1 upstream region in platinum resistance in HGSOC patients. First, we examined the effects of MGRN1 methylation status and expression in ovarian tumor samples on the prognosis of HGSOC patients. Furthermore, we also investigated the possible role and mechanism of decreased MGRN1 expression in ovarian cancer cells in the response to cisplatin in vitro. To the best of our knowledge, this is the first study to investigate the role of the methylation status of the MGRN1 promoter region in platinum resistance in HGSOC patients.



Materials and Methods


Tissue Samples

A total of 96 HGSOC tissues were obtained from the Department of Gynecology at the Fourth Hospital, Hebei Medical University, China (November 2011–June 2015). The detailed clinicopathological features of the patients are summarized in Table 1. The informed consent of each subject was obtained, and this study was approved by the Medical Ethics Committee of the Fourth Affiliated Hospital of Hebei Medical University. Based on the platinum-free interval (PFI), all the study participants were divided into a platinum-sensitive group (n=55) and a platinum-resistant group (n=41). PFI of less than 6 months is widely used to clinically define platinum-resistant disease, whereas a PFI greater than 6 months is often used to define platinum-sensitive disease (18). The participants were regularly followed-up for 5 years. Overall survival (OS) and progression-free survival (PFS) were used to assess the survival status of the patients.


Table 1 | Clinical characteristics of 96 HGSOC patients.





Genomic DNA Extraction and MALDI-TOF Mass Spectrometry

Of the 96 HGSOC samples, high-quality DNA from 26 HGSOC tissue samples was isolated using the Wizard Genomic DNA Purification Kit (Promega, Madison, Wisconsin), as described by the manufacturers. MALDI-TOF mass spectrometry (Sequenom, San Diego, California, U.S.) was used to detect the methylation level of the MGRN1 promoter region. This experiment was conducted at CapitalBio Co., Ltd. (Beijing, China). PCR primers were designed using Methprimer (http://www.urogene.org/methprimer). For each reverse primer, an additional T7 promoter tag for in vivo transcription was added, whereas a 10 m tag on the forward primer was used to adjust melting temperature differences. Mass spectra were obtained via MassARRAY Compact MALDI-TOF (Sequenom). The resultant methylation calls were analysed with EpiTyper software v1.0 (Sequenom) to generate quantitative results for each CpG site or an aggregate of multiple CpG sites.



RNA Extraction and Quantitative Real-Time Reverse Transcriptase-PCR (RT-qPCR)

Total RNA was isolated from 96 HGSOC tissue samples using the TRIzol-chloroform extraction method (Generay Biotech Co., Ltd., Shanghai, China), as described by the manufacturers. The total cDNA was reverse-transcribed using the Revert Aid First-Strand cDNA Synthesis Kit (Thermo Scientific, USA). The specific primers for the target genes that were used in RT-qPCR were designed using Primer Premier 5.0 and produced by Sangon Biotech Co., Ltd. (Shanghai, China). GAPDH was used as the housekeeping gene. The primer sequences were as follows: MGRN1 forward, 5’-TACAAAGACGATGCCGACAG-3’; MGRN1 reverse, 5’-GCCTGGCAGTAGATGGTGAT-3’; GAPDH forward, 5’-AATCCC ATCACCATCTTCCA-3’; and GAPDH reverse, 5’-TGGACTCCACGA CGTACTCA-3’. The reactions were run with the QuantiNova TMSYBR® Green PCR Kit (Qiagen, Hilden, Germany) in an Mx3005P instrument. The comparative quantification of each target gene was performed based on the cycle threshold (Ct) and normalized to GAPDH using the 2-ΔCt method.



MGRN1 Immunohistochemical (IHC) Study of the Clinical Samples

Of the 96 HGSOC samples, 52 paraffin-embedded HGSOC tissue samples collected in the pathology department of the Fourth Hospital of Hebei Medical University were used for immunohistochemical (IHC) staining of MGRN1. MGRN1 immunostaining was performed using a primary antibody, namely rabbit antihuman MGRN1 (RNF156, 1:500 dilution; Proteintech, China). Briefly, 4-μm thick sections were dewaxed in xylene and dehydrated through a graded series of ethanol. After blocking endogenous peroxidase and nonspecific binding, the sections were incubated overnight at 4°C with primary antibody and then with biotinylated secondary antibody and streptavidin-peroxidase complex. After the sections were washed in PBS, they were incubated with DAB reagent and counterstained with haematoxylin. Negative control sections were incubated with PBS instead of primary antibody. The sections were independently examined by two pathologists, who were blinded to the clinicopathological information. The immunoreactivity of MGRN1 was considered to be positive in tumor cells showing cytoplasmic staining without nuclear staining. The immunohistochemical staining was evaluated using a previously reported scoring method (19). If the final score was ≥ 4, the tumor was considered to have high MGRN1 expression, whereas a score < 4 indicated low MGRN1 expression.



Cell Culture

The human serous ovarian cancer SKOV3 cell line was purchased from the iCell Bioscience Inc. (Shanghai, China). The SKOV3 cell line was cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco; Thermo Fisher Scientific, Inc.) The medium was always supplemented with 10% (w/v) fetal bovine serum, 100 U penicillin, and 100 µg/L streptomycin (Gibco; Thermo Fisher Scientific, Inc.). The cells were maintained in a 95% humidified and 5% CO2 atmosphere at 37°C. Each vitro experiments were repeat three times biologically.



Stable Cell Lines

MGRN1 expression plasmids and lentiviral packaging reagents and shRNA were purchased from Genecopoeia Inc. (MD, USA). The designed three target sequences in the MGRN1 gene were 5′-GGAAACTACTTTGCTTCGCAC-3′ (shRNAa); 5′-GCGTGTTTCCAGTAGTCATC C-3′ (shRNAb) and 5′- GGCATTGAGAACAAGAACAAC-3′ (shRNAc). The most effective construct, recombinant plasmid inserted with MGRN1 gene shRNA expression vector shRNAa was selected for the study. A random sequence of shRNA (shNC) was used as the negative control. Transfection of the SKOV3 cell line was performed according to the manufacturer’s protocol. In brief, SKOV3 cells were seeded in a six-well plate at a density of 4×105 cells/mL in a volume of 2mL/well. When the SKOV3 cells reached 70–80% confluence, they were transfected with shRNA. Forty-eight hours later, culture medium containing 1 μg/ml puromycin (Genecopoeia) was used for selection for one week. The surviving cells were reseeded in fresh culture medium. Then, MGRN1 gene expression was observed under a fluorescence microscope, and the cells were subjected to RT-qPCR analysis to confirm the downregulation of MGRN1.



Detection of Changes in MGRN1 via Western Blotting

Proteins were isolated using RIPA lysis buffer. Total protein was extracted and BCA protein assay kit (Thermo) was used to quantify protein, followed by SDS-PAGE electrophoresis. The protein separated by electrophoresis was electro-transferred onto PVDF membranes, and blocked with 5% skim milk. Then, 1: 1000 rabbit anti-human MGRN1 antibody(RNF156, Proteintech, China) was added into the protein, and the solution was kept at 4°C overnight. The membranes were washed with TBST buffer 3 times (10 min each time). Anti-rabbit IgG was used as the secondary antibody (a dilution of 1: 5000; Proteintech, China), and the solution was cultured for 1h at 37°C. The membranes were washed with TBST for 3 times (10 min each time), and then with TBS for 10min. The antigen-antibody reaction was visualized by detection with Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE, USA), and β-actin (ab8226, Abcam, Cambridge, UK) served as internal reference.



Cell Viability Assays

The cells were inoculated in 96-well microplates in medium containing 10% fetal bovine serum and penicillin/streptomycin. After overnight incubation, the cells were treated with cisplatin (Pfizer), returned to the incubator for 24 h, and then analyzed. Cell Counting Kit-8 (CCK-8) was used to measure cell activity. Ten microliters of CCK-8 was added to each well and incubated for 3 h (37°C; 5% carbon dioxide). Then, the absorbance was measured at 492 nm with a microplate reader. Each vitro experiments were repeat three times biologically.



Apoptosis Assays

The Annexin V Apoptosis Detection kit I (BD Biosciences, Franklin Lakes, NJ, USA) was used to analyze the apoptosis of the SKOV3 cells. Briefly, the concentration of ovarian cancer cells at logarithmic growth phase was adjusted to 3×105/mL, and the cells were inoculated into 6-well plates at 2 ml/well. The cells were collected after 24 h of cisplatin treatment. After washing with PBS two times, the cells were resuspended in 100 μL of 1 × binding buffer and subsequently incubated with 5 μL of Annexin V staining solution at room temperature for 30 min in the dark. Then, 400 μL of 1 × binding buffer was added, and the cell apoptosis rate of each group was determined by flow cytometry.



RNA Sequencing

This experiment was conducted at Differential Gene Technology Co., Ltd. (Anhui, China). EdgeR was used to identify the top ten enriched annotation terms among the differentially expressed genes (1.5-fold in either direction, P<0.05) between the SKOV3 sh-NC group and the SKOV3 sh-MGRN1 group.



Statistical Analysis

The statistical analyses were performed using SPSS 21.0 (Chicago, IL, USA). The Wilcoxon rank sum test was used to compare the methylation level and mRNA expression of MGRN1 between the two groups. The χ2 test was used to compare the protein expression of MGRN1 in each group. Spearman correlation analysis was performed to analyze the correlation between MGRN1 expression and methylation status. Kaplan–Meier analysis and the Cox proportional hazard model were used to analyze the relationship between the methylation level and mRNA expression of MGRN1 and the prognosis of HGSOC. A t test was used to analyze the cell activity and apoptosis data.




Results


MGRN1Promoter Methylation Levels in the Platinum-Resistant Group and Platinum-Sensitive Group

In our previous study, we used the RRBS assay to compare the differences in the genome-wide methylation patterns between 8 platinum-resistant epithelial ovarian cancer patients and 8 platinum-sensitive epithelial ovarian cancer patients. The results showed that a region from -1148 to -1064 within the promoter of MGRN1 was significantly hypermethylated in the platinum-resistant group compared to the platinum-sensitive group (Figure 1A). To further confirm the results of the RRBS assay, MALDI-TOF mass spectrometry was used to examine the methylation levels of this region in 12 platinum-resistant HGSOC patients and 14 platinum-sensitive HGSOC patients. In the present study, we tested the methylation levels of five CpG sites (-1148, -1118, -1107, -1097 and -1064 from the transcription start site) within this region. The analysis revealed that methylation levels of two CpG sites (-1107 and -1097) were significantly higher in the tumor tissues of platinum-resistant HGSOC patients than in those of platinum-sensitive HGSOC patients (P=0.01, 0.04, Figure 1B).




Figure 1 | The methylation level of MGRN1 promoter was associated with platinum-resistant in HGSOC patients. (A) Schematic diagram of the abnormal methylation region (-1148 to -1064 upstream) in the promoter region of the MGRN1 gene. (B) The methylation of -1107 and -1097 CpG site were significantly hypermethylated in platinum-resistant HGSOC tissues compared with platinum-sensitive HGSOC tissues by MALDI-TOF Sequenom MassARRAY. (C) The mRNA expression of MGRN1 was lower in platinum-resistant HGSOC patients than platinum-sensitive HGSOC patients. (D) MGRN1 protein expression in HGSOC tissues. *P < 0.05, **P < 0.01.





MGRN1 Expression in the Platinum-Resistant Group and Platinum-Sensitive Group

RT-qPCR was used to determine the mRNA levels of MGRN1 in the tumor tissues from 41 platinum-resistant HGSOC patients and 55 platinum-sensitive HGSOC patients. The results showed that the mRNA level of MGRN1 in platinum-resistant HGSOC patients was 1.20-fold lower than that in platinum-sensitive HGSOC patients (P=0.01, Figure 1C). Furthermore, IHC analysis was conducted to examine the protein expression of MGRN1 in 25 platinum-resistant HGSOC patients and 27 platinum-sensitive HGSOC patients. The analysis results showed that the frequency of positive MGRN1 expression in platinum-resistant HGSOC patients was significantly lower than that in platinum-sensitive HGSOC patients (P=0.02, Table 2). IHC staining showed that the MGRN1 protein was mainly expressed in the cytoplasm of HGSOC tissues (Figure 1D).


Table 2 | Comparison of MGRN1 protein expression between platinum-resistant HGSOC tissues and platinum-sensitive HGSOC tissues.





Association Between MGRN1 mRNA Expression and Its Methylation Levels in HGSOC

Spearman’s correlation analysis showed that MGRN1 mRNA expression was significantly negatively correlated with the methylation level of the MGRN1 promoter region (average of -1107/-1097 CpGs: r=-.511, P=0.01). The results indicated that the hypermethylation of the MGRN1 promoter may be responsible for the downregulation of MGRN1 mRNA expression in HGSOC tissues.



Silencing of MGRN1 Expression in Serous Ovarian Cancer Cells by shRNA

To investigate the role of MGRN1 expression in the sensitivity of serous ovarian cancer cells to cisplatin, SKOV3 cells were transfected with shRNAa-MGRN1, shRNAb-MGRN1, shRNAc-MGRN1 plasmid or shNC plasmid, respectively. After transfection for 48 hours, the expression of MGRN1 was confirmed by RT-qPCR. As shown in Figure 2A, shRNAa-MGRN1 could effectively decrease MGRN1 expression in SKOV3 cells, as compared with shNC groups. We also confirmed the expression of MGRN1 in shRNAa-MGRN1 group by Western blot. Therefore, we established MGRN1 stable knockdown cell lines using shRNAa-MGRN1 (P<0.05, Figures 2A, B).




Figure 2 | The alteration of the sensitivity to cisplatin after a knockdown of MGRN1 expression in SKOV3 cells. (A) RT-qPCR assay showed the reduced expression of MGRN1 in shRNAa-MGRN1, shRNAb-MGRN1 and shRNAc-MGRN1 cells compared to shNC cells. (B) Western blot assay showed the reduced expression of MGRN1 in shRNAa-MGRN1 cells compared to shNC cells. (C) CCK-8 assays showed a significant increase in the proliferation rates in the shRNA-MGRN1 cells compared with the shNC cells after cisplatin treatment at several concentrations for 24h. (D) Flow cytometry showed that the apoptosis rate in the shRNA-MGRN1 cells was significantly lower than that in the shNC cells after exposure to cisplatin at the 10μM concentration for 24h. *P < 0.05, **P < 0.01. All the experiments were performed in triplicate.





Effect of MGRN1 Knockdown on the Cellular Response to Cisplatin

CCK-8 assays were used to compare the cell proliferation of the shRNA-MGRN1 group and shNC group. The proliferation rate was significantly higher in the shRNA-MGRN1 group than in the shNC group after treatment with cisplatin at several concentrations for 24 h (P<0.05, Figure 2C). In addition, flow cytometry analysis demonstrated that the percentage of apoptotic cells in the shRNA-MGRN1 group was significantly lower than that in the shNC group after exposure to 10 μM cisplatin (P =0.03, Figure 2D).



RNA-Seq Analysis Reveals That EGR1 Expression Is Differentially Regulated by MGRN1 in Ovarian Cancer Cells

To gain a better understanding of the differential regulation of transcription between the shNC transfection group and shRNA-MGRN1 transfection group, we performed an RNA-seq analysis of the total RNA harvested from the shNC group and shRNA-MGRN1 group. The top ten annotated, protein-coding genes that were differentially regulated in the shNC group compared to the shRNA-MGRN1 group are shown in Table 3 (P<0.05). Of these genes, EGR1 was the most differentially expressed, with 4.26-fold lower expression in the shRNA-MGRN1 group than in the shNC group (P=8.65E-07). EGR1 is a key gene involved in regulating cell proliferation and apoptosis in a variety of cancer tissues, and knockdown of EGR1 has been shown to promote resistance to cisplatin. Thus, we further validated the mRNA levels of EGR1 in cells and tissues by quantitative reverse-transcription PCR (RT-qPCR). The results showed that EGR1 mRNA expression was reduced by 72% in the SKOV3 shRNA-MGRN1 group compared with the SKOV3 shNC group (P<0.01, Figure 3A). The mRNA level of EGR1 in 41 platinum-resistant HGSOC patients was 1.15-fold lower than that in 55 platinum-sensitive HGSOC patients (P=0.02, Figure 3B). Spearman’s correlation analysis showed that MGRN1 mRNA expression was significantly positively correlated with EGR1 mRNA expression (r=-.379, P=0.01). Next, we used publicly available ovarian cancer data from The Cancer Genome Atlas (TCGA) series to validate our results. MGRN1 mRNA expression was also strongly associated with EGR1 mRNA expression in the ovarian cancer population (P<0.01).


Table 3 | Genes differentially expressed between shRNA-MGRN1 group and shNC group.






Figure 3 | The low mRNA expression of EGR1 was associated with platinum-resistant in HGSOC patients. (A) RT-qPCR showed the reduced expression of EGR1 in sh-MGRN1 cells compared to shNC cells. (B) The mRNA expression of EGR1 in platinum-resistant HGSOC patients and platinum-sensitive HGSOC patients. (C, D) Kaplan-Meier analysis of PFS and OS according to the EGR1 mRNA expression in HGSOC patients. *P < 0.05, **P < 0.01.





Hypermethylation and Low Expression of MGRN1 Correlate With Poor Prognosis of HGSOC Patients

A total of 26 HGSOC patients were divided into hypermethylation and hypomethylation groups based on the median value of MGRN1 methylation. Kaplan-Meier survival analysis revealed that the MGRN1 hypermethylation group exhibited lower PFS and OS of HGSOC patients compared to the MGRN1 hypomethylation group (P=0.04, Figure 4A; P=0.03, Figure 4B). Next, we investigated the correlation between MGRN1 mRNA expression and the clinical outcomes of HGSOC patients. A total of 96 HGSOC patients were divided into low- and high-expression groups based on the median value of MGRN1 mRNA expression. Kaplan-Meier analysis showed that compared with high MGRN1 expression, low MGRN1 expression was associated with significantly lower PFS and OS of HGSOC patients (P=0.02, Figure 4C; P=0.01, Figure 4D). After adjusting for other prognostic factors (age, stage, grade and tumor residual size), low MGRN1 expression was also significantly associated with shorter OS (Table 1, P=0.01), demonstrating that MGRN1 expression was an independent predictor of poorer clinical outcomes in HGSOC patients. Furthermore, Kaplan-Meier analysis demonstrated that the low EGR1 expression group was associated with worse prognosis compared to the high EGR1 expression group (P<0.01, Figures 3C, D). Multivariable analysis showed that EGR1 expression was an independent predictor of worse clinical outcomes in HGSOC patients (Table 1, P=0.03, 0.01).




Figure 4 | The high methylation of MGRN1 and its low mRNA expression are associated with poor survival in HGSOC patients. (A, B) Kaplan-Meier analysis of PFS and OS according to the MGRN1 methylation level in 26 HGSOC patients. (C, D) Kaplan-Meier analysis of PFS and OS according to the MGRN1 mRNA expression in 96 HGSOC patients.






Discussion

In this study, we confirmed that MGRN1 gene promoter hypermethylation is associated with platinum resistance in patients with HGSOC based on the following findings: 1) the upstream region of MGRN1 was significantly hypermethylated in the cancer tissues of platinum-resistant patients with HGSOC, 2) the lower expression of MGRN1 due to hypermethylation of the upstream region was associated with clinical outcomes of patients with HGSOC, 3) knockdown of MGRN1 expression could desensitize SKOV3 ovarian cancer cells to cisplatin, 4) knockdown of MGRN1 expression in SKOV3 cells could significantly reduce EGR1 mRNA expression, which significantly correlated with the treatment outcomes in cisplatin-treated cancer patients, and 5) EGR1 expression in the cancer tissues of platinum-resistant patients was significantly lower than that of platinum-sensitive patients and was related to the clinical prognosis of patients with HGSOC.

Based on the results of previous RRBS analysis, we found that the methylation level of the MGRN1 upstream region (-1148 to -1064) was significantly higher in the platinum-resistant HGSOC patients. Mass spectrometry further analysis showed that hypermethylation of the MGRN1 promoter region was associated with platinum resistance in HGSOC patients. We also discovered that the expression levels of MGRN1 mRNA and protein in platinum-resistant HGSOC patients were significantly lower than those in platinum-sensitive HGSOC patients. Correlation analysis indicated that the methylation level of the MGRN1 promoter region was associated with MGRN1 mRNA expression. Furthermore, knockdown of MGRN1 expression could increase proliferation and decrease apoptosis in SKOV3 cells challenged with cisplatin. These findings suggested that lower MGRN1 expression due to hypermethylation of its promoter region might induce platinum resistance in HGSOC.

MGRN1, an E3 ubiquitin ligase of the Really Interesting New Gene (RING) finger family, is involved in many biological and cellular mechanisms (20). However, there is no study of the role of MGRN1 in chemotherapy resistance in cancer patients to date. In the current study, microarray analysis of total RNA showed that knockdown of MGRN1 expression in SKOV3 cells resulted in significant downregulation of multiple genes, including early growth response protein 1 (EGR1). EGR1 is a transcription factor that can be induced by a variety of stimuli or stressors, including growth factors, hormones, ionizing radiation, and chemotherapy drugs (21–23), and plays essential roles in cell proliferation and apoptosis (24–26). Knockdown of EGR1 expression can decrease cisplatin-induced apoptosis in a variety of cancer cells (27–29), while overexpression of this gene sensitizes ovarian cancer cells to cisplatin-induced apoptosis (28). He et al. found that EGR1 expression levels were significantly higher in ovarian cancer tissues with low ERCC1 expression than in ovarian cancer tissues with high ERCC1 expression, suggesting that EGR1 expression is positively correlated with potential cisplatin-sensitive ovarian cancer, since ERCC1 is widely accepted as a biomarker of platinum resistance (28). In our study, it was also observed that the expression of EGR1 in HGSOC patients with platinum resistance was significantly downregulated and was positively correlated with the expression of MGRN1. Although the mechanism by which MGRN1 regulates EGR1 is still unclear, a strong association between MGRN1 mRNA expression and EGR1 mRNA expression was noted in the TCGA ovarian cancer dataset (Additional File 1 and Figure S1). Therefore, we speculate that MGRN1 may affect the platinum resistance of ovarian cancer by regulating the expression of EGR1. Of course, the molecular mechanism by which MGRN1 regulates EGR1 requires further study.

More importantly, Kaplan-Meier analyses showed that hypermethylation of the MGRN1 promoter region was associated with worse survival of HGSOC patients in this study. Further, multivariable analysis also indicated that HGSOC patients with lower MGRN1 mRNA expression have a worse prognosis than those with higher MGRN1 mRNA expression, which suggested the prognostic value of MGRN1 methylation for HGSOC patients due to the negative correlation between MGRN1 methylation and its expression. Here, we also confirmed that patients with low EGR1 mRNA expression had significantly shorter PFS and OS than those with high EGR1 mRNA expression. Of note, data derived from TCGA showed that the expression of EGR1 significantly correlated with the treatment outcomes in cisplatin-treated cancer patients (30). Therefore, EGR1 expression may be a useful marker for predicting the clinical prognosis of HGSOC patients.

In summary, our study demonstrated that the hypermethylation of MGRN1 is an independent marker of poor prognosis in HGSOC patients and may also be predictive of platinum resistance in HGSOC patients. Considering that DNA methylation may be used as a molecular marker for ovarian cancer chemotherapy, we believe that our findings warrant confirmation in a larger patient cohort and could facilitate patient selection for chemotherapy.
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Ovarian cancer is one of the leading causes of female cancer death. Emerging evidence suggests that many dietary natural products have anti-tumorigenic activity, including that of asparagus officinalis. The current study aimed to assess the anti-tumorigenic and anti-metastatic effects of asparagus officinalis on serous ovarian cancer cell lines and a transgenic mouse model of high grade serous ovarian cancer. Asparagus officinalis decreased cellular viability, caused cell cycle G1 phase arrest and induced apoptosis in the OVCAR5 and SKOV3 cells. Induction of apoptosis and inhibition of cell proliferation was rescued by the pan-caspase inhibitor, Z-VAD-FMK, implying that its cytotoxic effects were mainly dependent on caspase pathways. Asparagus officinalis increased levels of ROS and decreased mitochondrial membrane potential with corresponding increases in PERK, Bip, Calnexin PDI and ATF4 in both cell lines. Treatment with asparagus officinalis also reduced ability of adhesion and invasion through epithelial–mesenchymal transition and reduction of VEGF expression. The combination of Asparagus officinalis with paclitaxel had synergistic anti-proliferative activity. Furthermore, Asparagus officinalis significantly inhibited tumor growth and reduced serum VEGF in a genetically engineered mouse model of ovarian cancer under obese and lean conditions, accompanied with a decrease in the expression of Ki67, VEGF and phosphorylated S6, and in an increase in phosphorylation of AMPK in the ovarian tumor tissues. Overall, our data provide a pre-clinical rationale for asparagus officinalis in the prevention and treatment of ovarian cancer as a novel natural product.
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Introduction

Ovarian cancer (OC) is the most lethal gynecologic malignancy and ranks fifth in overall cancer deaths in women, with an anticipated 21,410 new cases and 13,770 deaths anticipated for 2021 in the United States (1). Due to the lack of an effective method for the early detection of this disease and nonspecific symptoms at early stages, greater than 75% of ovarian cancer cases go undetected until an advanced stage, with an overall survival rate of less than 40% at 5 years (2, 3). The mainstay of treatment for ovarian cancer is tumor debulking surgery followed by platinum and paclitaxel chemotherapy. Bevazizumab and PARP inhibitors are now additional drugs in advanced ovarian cancer (4). Patients typically have high initial response rates, but the majority of patients are ultimately faced with a recurrence and platinum resistance despite significant advances in treatment strategies (3, 5). Thus, effective management of recurrence and chemo-resistance remains a significant challenge, and novel therapies including targeted therapy need to be developed to improve outcomes.

Asparagus officinalis (ASP) is a perennial vegetable with remarkable anti-fungal, anti-hepatotoxic, cytotoxic, anti-mutagenic, anti-inflammatory and diuretic properties (6). The roots and buds of ASP are rich in many bioactive phytochemicals including oligosaccharides, steroidal saponins, amino acid derivatives and essential minerals, which has been used for treatment of various chronic inflammation diseases and cancers in Chinese traditional medicine (6–8). Polysaccharides, steroidal saponins and flavonoids extracted from ASP have been reported as main bioactive constituents that might have anti-tumor properties (9). A large prospective epidemiological study showed that high consumption of composite vegetables, including ASP, was inversely associated with risk of hepatocellular carcinoma (10). ASP polysaccharide reduced cell proliferation of hepatocellular carcinoma cells and tumor growth in HepG2 cell xenograft tumors in nude mice through induction of apoptosis (11). Saponins extracted from ASP exerted potential inhibitory activity on cell growth and invasion in various cancer cells (12). Bousserouel et al. recently found that white ASP extracts induced cell death and activated TRAIL DR4/DR5 apoptosis pathways in the SW480 colon carcinoma cells and their derived metastatic cells (SW620). Feeding wistar rats with fresh ASP in drinking water caused a 50% reduction in the number of preneoplastic lesions at the surface of the colon in a rat model of colon carcinogenesis using azoxymethane (AOM)-initiated colon cancer (13). These results suggest that ASP has potential anti-tumorigenic and anti-metastatic activity against a wide range of cancers in preclinical models. Our current study aimed to evaluate the possible anti-tumorigenic and anti-metastatic effects of the ASP extract on cell proliferation, apoptosis, cell cycle progression, cell stress, invasion and tumor growth in human serous ovarian cancer cell lines and a transgenic mouse model of high grade serous ovarian cancer. This is the first study to investigate the inhibitory effect of ASP on tumor growth and invasion in ovarian cancer.



Materials and Methods


Cell Culture and Reagents

The OVCAR5, SKOV3, OVCAR3, OV433, IGROV-1 and Hey cell lines were utilized in this study. The OVCAR5, OVCAR3, OV433 and SKOV3 cells were maintained in DMEM/F12 medium with 10% bovine serum. The IGROV-1 cells were grown in RPMI 1640 medium supplemented with 10% bovine serum. The Hey cells were maintained in RPMI 1640 medium supplemented with 5% bovine serum. All media included 100 units/ml penicillin and 100 microgram/ml streptomycin. Cells were cultured at 37°C in 5% CO2 humidified incubators. All antibodies used were from Cell Signaling (Danvers, MA).



Preparation of ASP Extract

The extract from shoots of ASP was supplied by the Shandong Juxinyuan Agricultural Technology Co, LTD and Shandong Shuoyi Biotechnology Co, LTD, P.R. China. ASP was grown in greenhouse without pesticides and chemical fertilizers, only organic matter or manure was applied to the plants during the growing season. If necessary, ASP wastes included broken spears, bottom cuts and other unmarketable parts were disposed and used as natural pesticides. Briefly, the crushed stems and shoots were washed in distilled water at 95°C and then extracted with squeezer equipment. After centrifuge to remove debris fragments, the crude extract was concentrated by vacuum and then extracted using a water bath. The final extract contains 70% soluble substances and is then sterilized under pasteurization. Additionally, 11 pesticide ingredients are tested by local government agency. The results showed that no pesticide components were detected in the extracts (Supplemental Tables 1 and 2).



Cell Proliferation Assay

The OVCAR5 and SKOV3 cells (4000 cells/well) were plated in 96 well plates for 24 hours. The cells were then incubated with different doses of ASP for 72 hours. Add 5ul of MTT (5mg/ml, Sigma) to each well for 1 hour. 100 ul dimethyl sulfoxide (DMSO) was added into each well to stop the reaction. The absorbance at 595 nm was determined in each well with a Tecan plate reader. The effect of ASP on cell inhibition was calculated as a percentage of control cell growth. These experiments were repeated three times to confirm consistency of results.



Colony Formation Assay

The OVCAR5 and SKOV3 cells were seeded in 6-well plates (200 cells/well) in their standard growth media overnight, and then were treated with ASP for 24 hours. The cells were continually cultured for 12 days with media changes every third or fourth day. Subsequently, cells were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. The number of colonies were counted under the microscope. Each experiment was repeated three times for consistency of results.



Apoptosis Assay

The expression of Annexin V (Annexin V FITC kit, Biolegend, San Diego, CA) was detected by Cellometer (Nexcelom, Lawrence, MA). 2.5 x 105/ml cells were seeded into six well plates. After 24 hours, the cells were treated with various doses of ASP for 12-18 hours. The cells were harvested and suspended in binding buffer. Added Annexin V to the binder buffer and placed in the dark for 15 minutes. The Cellometer was then used to measure the samples, and FCS4 express software was used to interpret the data. All experiments were repeated three times.



Cleaved Caspase 3, 8 and 9 Assays

The OVCAR5 and SKOV3 cells (2.5 × 105 cells/well) were plated in 6-well plates for 24 hours and then the cells were treated with ASP at the indicated concentrations for 14 hours. Cells were washed with PBS and added lysis buffer into each well. Reaction buffer contained caspase 3, 8 and 9 substrates was added to lysis buffer in a new black 96-well plate at 37°C for 20-30 minutes. The fluorescence intensity (excitation/emission=465/540) for Caspase 3, 8 and 9 activities were recorded using a Tecan plate reader (14). These assays were repeated three times



Cell Cycle Progression Assay

Cell cycle progression was assessed and measured by Cellometer. 2.5 x 105/ml cells were plated on 6-well plates, incubated for 24 hours and then treated with various doses of ASP for 48 hours. The cells were harvested and washed with PBS. 90% methanol was added to the cells and the cells were maintained overnight at -20°C. The cells were re-suspended in 50 ug RNase A solution with 10 mM Propidium Iodide and 0.05% Triton X-100 followed by 30 minutes of incubation. The samples were then assessed by Cellometer. FCS4 express software was used to analyze the data. All experiments were repeated twice for consistency of results.



Adhesion Assay

Laminin-1 was use to coat each well of 96 well plates and then incubated for 2 hours. OVCAR5 and SKOV3 (1.2 x 105 per ml) cells were cultured with varying concentrations of ASP for 2 hours and then the cells were fixed with the addition of 5% glutaraldehyde for 30 minutes. Adherent cells were stained with 0.1% crystal violet (100 ul) for 20-30 minutes. The cells were washed with water and acetic acid (100 ul) was added to each well. Shaking plate for 5 minutes. The absorbance was measured at 570 nm using a microplate reader. Each experiment was repeated three times.



Invasion Assay

Invasion ability was determined using Transwell Migration Assay system (Thermo Fisher Scientific) according to the manufacturer’s protocol. OVCAR5 and SKOV3 cells were cultured with serum free media for 12 hours and then seeded in the upper chambers of the wells in a 96 well plate. The lower chamber was added with regular media containing different doses of ASP for 4 hours. After washing lower chambers with PBS, 100 uL calcein AM solution was added to the lower chambers for 30-60 minutes. The lower chamber plate was measured by Tecan plate reader for reading fluorescence at EX/EM 485/520 nm. Each experiment was repeated three times.



Reactive Oxygen Species Assay

The production alterations of reactive oxygen species caused by ASP was detected via DCFH-DA assay. In brief, the OVCAR5 and SKOV3 (6500 cells/well) were seeded in black 96-well plates and allowed to incubate for 24 hours. Then the cells were subjected to ASP at indicated concentrations for 8 hours. After treatment, DCFH-DA (20 μM) in phenol-red-free regular media was then applied and kept for 30 minutes. The analysis was conducted by Tecan plate reader in a setting of excitation/emission wavelength of 485/530 nm separately. The experiments in triplicate were carried out to make the results sense.



Mitochondrial Membrane Potential Assays

JC-1 assay was used to detect ASP induced mitochondrial membrane potential (15, 16). The OVCAR5 and SKOV3 cells (6,000 cells/well) were incubated into 96-well plates overnight and treated with ASP at indicated doses for 8 hours. The media were removed and 100ul of warmed PBS with 2 uM JC-1 was added to each well for 30 minutes at 37°C. The plate reader (Tecan) monitored the fluorescence intensity at the excitation/emission wavelength of 530/580 nm. Each experiment was repeated three times.



Western Immunoblotting

The OVCAR5 and SKOV3 cell lines were treated for 8 to 24 hours with different concentrations of ASP in their appropriate medium. RIPA lysis buffer was used to lyse the cells for 30 minutes on ice. The protein concentration was quantified using a bicinchoninic acid (BCA) assay (Bio-Rad, Hercules, CA). 30 µg of protein was loaded per lane and separated using 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were transferred onto PVDF membranes. The membrane was incubated with a primary antibody at 4°C overnight. After washing with TBST buffer, the membranes were incubated with the secondary antibodies for 1 hours at room temperature. Antibody binding was detected using SuperSignal™ West Pico on the ChemiDoc™ Image System (Bio-Rad). Each experiment was repeated multiple times to assess for consistency of results



Detection of VEGF Concentrations in Mice Serum

Mouse VEGF ELISA kit (R&D Systems, Minneapolis, MN) was used to detect the concentrations of VEGF in serum according to the manufacturer’s instructions.



Transgenic Mouse Model of High-Grade Serous Ovarian Cancer

The  ; p53fl/fl; Brca1fl/fl (KpB) mouse model has been described previously (17, 18). Animal protocol was approved by the Institutional Animal Care and Use Committee (IACUC) in the University of North Carolina at Chapel Hill. In the implementation of animal experiments, we strictly follow the protocol (19-141). Ad5-CMV-Cre (Transfer Vector Core, University of Iowa) was injected into the left ovarian bursa cavity of KpB mice at 6–8 weeks age. The mice were randomly divided into four groups (15 mice per group), including a control group and two ASP treatment groups. In the treatment groups, the mice were treated with 200 or 800 mg/kg daily by oral garage for 4 weeks. The concentrated extract without ASP was used to treat control mice.

In order to explore the effect of ASP on tumor growth in KpB mice under obese and lean conditions, the mice were given a LFD (Low fat diet) or an HFD (High fat diet, Research diet, New Brunswick, NJ) at the age of 3 weeks and divided four groups: HFD control, HFD +ASP, LFD control and LFD+ASP. When ovarian tumor in diameter reached 0.1-0.2 cm, the mice were treated with ASP (200 mg/kg, for 4 weeks, daily) by oral garage. During the treatment, the ovarian tumor was checked weekly using palpation until tumors had grown to a size amenable to caliper measurement. Mice were euthanized after ASP treatment. Ovarian tumors and blood samples were harvested and stored at −80°C until use. Tumor volume was calculated using the following: (width2 × length)/2.



Immunohistochemical (IHC) Analysis

The paraffin-embedded tissue sections were continuously cut at 5 μm from ovarian cancer tissues of KpB mice and dewaxed. Citrate buffer was used for antigen retrieval. The sections were incubated with primary antibodies with Ki67, phosphorylated-AMPK, phosphorylated-S6, and VEGF overnight at 4°C. After application of secondary antibodies, sections were applied with an ABC Substrate System (Vector Labs, Burlingame, CA) for the color reaction and with Mayer’s hematoxylin for counterstaining. The sections were scanned by Motic and scored by ImagePro software (Rockville, MD).



Statistical Analysis

Data are presented as a mean ± the standard error of the mean. Statistical tests and graphs were generated using GraphPad Prism 8 software. An unpaired Student’s t test was used for comparisons between groups. P values <0.05 were considered statistically significant.




Results


ASP Inhibited Cell Proliferation

The OC cell lines OV433, OVCAR3, IGROV-1, Hey, OVCAR5 and SKOV3 were exposed for 72 hours to an extract of ASP at concentrations varying from 0.01 to 15 mg/ml. The MTT assay showed that with increasing concentrations of ASP, cell viability decreased in a dose−dependent manner, compared to the control cells in all six OC cell lines (Figure 1A). The mean IC50 values of ASP were 3.5 mg/ml for OVCAR5, 0.75 mg/ml for IGROV-1, 0.51 mg/ml for Hey, 4.9 mg/ml for OVCAR3, 1 mg/ml for OV433 and 4.2 mg/ml for SKOV3. Given that the colony formation assay is a well-established in vitro method for testing the proliferative capacity of treated cells, we evaluated the long-term effect of ASP on colony formation in the OC cell lines. Our results revealed the significantly decreased colony-forming capacity of OVCAR5 and SKOV3 cells by 71.3% and 56.2%, respectively, when exposed to 5mg/ml ASP for 24 hours and subsequent culture of the cells for 12 days, as compared to those not exposed to the ASP (Figure 1B). These results indicate that ASP has the ability to inhibit cell proliferation of OC in vitro.




Figure 1 | ASP inhibited OC cell proliferation and colony formation. The OVCAR5, OVCAR3, Hey, OV433, IGOV-1 and SKOV3 cell lines were treated with different concentrations of ASP in 96-well plates for 72 hours. Cell proliferation was assessed by MTT assay. ASP suppressed cell proliferation in a dose-dependent manner in OC cells (A). The effect of ASP on the long-term growth of the OVCAR5 and SKOV3 cell lines was assessed through a colony-forming assay. ASP inhibited colony formation in both cell lines after 12 days of treatment (B). All data are presented as mean ± SE of triplicate samples and are representative of three independent experiments.





ASP Induced Apoptosis

To determine whether ASP could induce apoptosis in OC cells, an Annexin V assay was performed in the OVCAR5 and SKOV3 cells after 18 hours of treatment with different concentrations of ASP. Figure 2A illustrates the Annexin V assay results for both cell lines. Treatment with ASP increased annexin V expression in a dose dependent manner, along with decreasing protein expression of MCL-1 and BCL-XL in both cell lines (Figure 2B). To evaluate whether mitochondrial apoptotic pathways were involved in ASP-induced apoptosis in the OC cells, ELISA assays were used to detect the activities of cleaved caspase 3, 8 and 9 in both cell lines after 14 hours of treatment. ASP significantly increased the level of cleaved caspase 3, 8 and 9 in a dose dependent manner. ASP at 5mg/ml increased cleaved caspase 3 by 1.58 in the OVCAR5 cells and 1.74 times in the SKOV3 cells (Figure 2C). To further examine the role of ASP on mitochondrial apoptotic pathway, the OVCAR5 and SKOV3 cells were pre-treated with the caspase inhibitor Z-VAD-FMK (10 µM) for 1 hour, followed by treatment with ASP for 18 and 48 hours. Pre-treatment with Z-VAD-FMK partially blocked ASP’s effects on reducing MCL-1 expression and inducing cleaved caspase-3 activity (Figures 2D, E). Similarly, Z-VAD-FMK significantly rescued cell viability from ASP-mediated apoptosis in both cell lines (Figure 2F). These results suggest that ASP inhibits cell proliferation through induction of the mitochondrial apoptotic pathway in OC cells.




Figure 2 | ASP prompted apoptosis in OC cells. ASP increased the expression of Annexin V in the OVCAR5 and SKOV3 cells in a dose dependent manner after 18 hours of treatment (A). The cells were treated with the indicated concentration of ASP for 24 hours. Western blotting showed that ASP reduced the expression of BCL-XL and MCL-1 in both cells (B). The activities of cleaved caspase 3, 8 and 9 for the cells treated with different concentrations of ASP were significantly increased after 14 hours of treatment (C). OVCAR5 and SKOV3 cells were pretreated with VAD-FMK (10 µM) for 1 hour, followed by treatment with ASP for 18 and 48 hours. Pretreatment with Z-VAD-FMK partially blocked ASP’s effects on reducing MCL-1 expression and inducing cleaved caspase-3 activity in both cells (D, E). Blocking caspase pathways by Z-VAD-FMK in combination with ASP significantly rescued cell viability (F). All experiments were repeated three times. *p < 0.05, **p < 0.01.





ASP Induced Cell Cycle G1 Arrest

To instigate whether ASP could affect cell cycle progression in OC cells, the cell cycle was evaluated by Cellometer in the OVCAR5 and SKOV3 after exposure to ASP. Both cell lines were treated with ASP at differing doses (0.1-5 mg/ml) for 48 hours. Cellometer results showed that ASP increased G0/G1 cell cycle phase and reduced S phase in a dose-dependent manner. G1 phase increased from 52.5% in control to 66.3% at a dose of 5 mg/ml in OVCAR5 cells and 54.2% to 71.6% in SKOV3 cells (Figure 3A). Moreover, western blotting results confirmed that ASP significantly decreased CDK4 and CDK6 expression after 24 hours of treatment (Figure 3B). These data suggest that inhibition of cell growth by ASP is also the results of cell cycle G1 arrest in OC cells.




Figure 3 | Induction of cell cycle G1 arrest by ASP is dose-dependent. The OVCAR5 and SKOV3 cells were incubated in the presence of the indicated doses of ASP for 48 hours. The cell cycle phase distribution was determined by Cellometer. ASP induced an arrest of cells at the G1 phase in a dose-dependent manner in both OVCAR5 and SKOV3 cells (A). To evaluate expression of cell cycle related proteins, the OVCAR5 and SKOV3 cells were treated with ASP for 24 hours. Western blotting results showed that the expression of CDK4 and CDK6 proteins were decreased after treatment with ASP (B). The results shown are one of three independent experiments.





ASP Induced Cellular Stress

Given the role of ROS as a mediator of apoptosis in cancer cells (19), we investigated whether the apoptosis induced by ASP was involved in ROS generation in OC cells. Cellular ROS productions were assessed using the ROS fluorescence indicator DCFH-DA assay. ASP treatment for 8 hours significantly increased ROS production in a dose-dependent manner in both cell lines. ASP increased ROS by 1.54 times in the OVCAR5 cells and 1.51 times in the SKOV3 cells at a dose of 5mg/ml compared to untreated cells (Figure 4A). To further characterize whether this increase in ROS is associated with mitochondrial function, the JC-1 and TMRE ELISA assays were used to detect alterations of mitochondrial membrane potential (ΔΨm) after ASP exposure. Both assays showed that ASP induced the loss of ΔΨm in a dose-dependent manner in both cell lines after 8 hours of treatment compared to control cells (Figures 4B, C). Furthermore, ASP regulated the expression of the endoplasmic reticulum (ER) stress-related proteins in the OVCAR5 and SKOV3 cells. Western immunoblotting showed that ASP up-regulated the protein expression of PERK, ATF4, PDI, BiP and Calnexin in both cell lines after 24 hours of treatment (Figure 4D). These results suggest that an increase in ROS production and loss of ΔΨm are also associated with the anti-proliferative effects of ASP in OC cells.




Figure 4 | ASP induced cellular stress in OC cells. Effects of ASP on ROS, JC-1 and TMRE products were measured by ELISA assays. ASP significantly increased the levels of ROS and decreased JC-1 and TRME products in both cell lines compared to the control-treated cells after 8 hours of treatment (A–C). The results from Western blotting analysis showed that ASP increased the expression of the cellular stress related proteins in both cell lines after treatment for 24 hours, including PERK, Bip, ATF4, Calnexin and PDI (D). *p < 0.05; **p < 0.01.





ASP Inhibited Tumor Growth in KpB Mice

To determine whether different doses of ASP affect tumor growth, KpB mice, a transgenic mouse model of high grade serous OC, were treated with 200mg/kg or 800 mg/kg ASP or vehicle daily through oral gavage (15 mice/per group). After 4 weeks of treatment, ovarian tumor weights were decreased in mice treated with 200mg/kg or 800mg/kg ASP compared with mice in the vehicle group (Figures 5A, B). ASP decreased tumor weight by 51% in the 200 mg/kg group and by 56% in the 800mg/kg group. There was no statistical difference in the anti-tumorigenic effects between the 200 and 800 mg/kg treatment groups. The mice showed tolerance to ASP at 200 or 800 mg/kg and maintained normal activities. No changes in body weight or blood glucose levels were detected in ASP-treated mice over 4 weeks.




Figure 5 | ASP inhibited tumor growth in a transgenic mouse model of OC (KpB). The KpB mice were treated with 200mg/kg or 800mg/kg ASP daily for 4 weeks after ovarian tumors reached 0.1 cm in diameter. Treatment with 200 mg/kg ASP inhibited tumor growth in KpB mice (A). There was no significant difference in tumor weights after treatment with 200mg/kg versus 800mg/kg ASP (B). The KpB mice were then fed either a HFD (obese) or LFD (lean) at 3 weeks age of birth. The HFD and LFD mice were treated with 200 mg/kg ASP daily for 4 weeks when their ovarian tumors reached 0.1 cm in diameter. ASP significantly reduced tumor weights in both the HFD and LFD groups as compared to the vehicle treated controls (C). IHC results showed that ASP decreased Ki-67 expression in the ovarian tumor tissues in the obese and lean mice (D). *p < 0.05; **p < 0.01.



Given that we previously confirmed that obesity significantly promoted tumor growth in the KpB mice (17, 20, 21) and that ASP is a dietary product, we next investigated whether ASP reduces tumor growth under both obese and lean conditions. KpB mice were fed the low fat diet (LFD; lean) or high fat diet (HFD; obese) at 3 weeks of age and divided into four groups (LFD and HFD controls, LFD +ASP and HFD+ASP groups, 15 mice/group). The average animal body weight was 25.9 g in the LFD group and 39.6g in the HFD group at the beginning of the ASP treatment. The mice were administrated ASP daily by oral gavage (200mg/kg) for 4 weeks once tumors reached 0.1-0.2 cm in diameter. At the end of the treatment, a HFD (control) significantly increased overall tumor weight compared to LFD control mice (1.48 g versus 1.01 g). ASP-induced decreases in tumor weight in the HFD group were significantly greater than in LFD mice (63% versus 50%, p<0.05), indicating that anti-tumorigenic efficacy of ASP may be related to obesity status (Figure 5C). In order to evaluate effect of ASP on tumor cell proliferation after ASP treatment, the expression of ki67 was detected by IHC analysis. ASP inhibited the expression of Ki-67 in the HFD mice by 39% and in the LFD by 21% compared to each control group (Figure 5D).



ASP Inhibited Adhesion and Invasion

Given that ASP previously exhibited anti-invasion activity in pancreatic, breast and colon cancer cells (12), adhesion, invasion and wound healing assays were used to detect the effects of ASP on adhesion and invasion the OC cell lines. The OVCAR5 and SKOV3 cells were treated with ASP for 2 hours in 96 well plate coated with laminin-1. A significant decrease in cell adhesion was observed in ASP treatment cells (Figure 6A). Cell invasion was detected using a transwell invasion assay with a matrigel-coated insert. OVCAR5 and SKOV3 cells were cultured in the upper chambers of the transwell and incubated with different concentrations of ASP for 4 hours. Cellular invasion was decreased by 27.4% in the OVCAR5 cells and 38.4% in the SKOV3 cells, respectively (Figure 6B). Wound healing was monitored at 0, 24 and 48 hours, and the results showed that ASP reduced cell migration at 24 and 48 hours of treatment compared to control groups (Figure 6C). To determine the effect of ASP on epithelial-to-mesenchymal transition (EMT) and angiogenesis in OC cells, OVCAR5 and SKOV3 cells were treated with ASP for 24 hours. Western blotting results showed that ASP reduced the expression of slug, snail and VEGF (Figure 6D).




Figure 6 | ASP inhibited adhesion and invasion. The OVCAR5 and SKOV3 were treated with ASP at a range of doses from 0.1−5 mg/ml. laminin-1 assay showed that treatment OVCAR5 and SKOV3 cells with ASP for 2 hours significantly reduced cell adhesion (A).Invasion was determined by transwell assay after 4 hours of treatment with ASP. ASP significantly reduced cell invasion in a dose-dependent manner in both cells (B). Migration was assessed by wound healing assay after treatment with ASP for 48 hours. The results showed that ASP reduced OC cell migration (C). Western blotting found that ASP reduced the expression of VEGF, Snail and Slug in both cell lines (D). The obese and lean KpB mice were treated with 200 mg/kg ASP for 4 weeks. ASP decreased serum VEGF products in both obese and lean mice (E). IHC results showed that ASP reduced VEGF expression in both obese and lean mice (F). *p < 0.05, **p < 0.01.



To examine whether ASP reduced VEGF levels in serum and tumor tissue of KpB mice, serum VEGF was measured by ELISA assay. ASP significantly decreased VEGF production by 28.3% in the HFD group and 24.1% in the LFD group compared to control mice (Figure 6E). In the ovarian tissues of KpB mice fed a HFD, VEGF expression was increased by 8% compared to the mice fed a LFD. IHC results showed that ASP treatment reduced the expression of VEGF in ovarian tumors by 16% in the HFD group and 11% in the LFD group (Figure 6F). Overall, these results suggest that ASP has potential to inhibit invasion in OC cells and KpB mouse model of OC



ASP Activated AMPK and Inhibited mTOR Pathways

To examine whether the AMPK/mTOR pathway plays a role in the anti-tumorigenic activity of ASP, the OVCAR5 and SKOV3 cells were treated with different concentrations of ASP for 24 hours, and western blotting was used to detect changes in the AMPK/mTOR pathway using phosphorylated AKT, AMPK and S6 antibodies. We found that phosphorylated AMPK expression was upregulated and phosphorylated S6 was downregulated in both cell lines following ASP treatment. However, ASP increased phosphorylated AKT expression in the SKOV3 cells and decreased expression of phosphorylated AKT in the OVCAR5 cells, suggesting that ASP inhibited mTOR signaling through a negative feedback loop in SKOV3 cells (Figure 7A). To further investigate the role of ASP and the AMPK/mTOR pathway in vivo, the expression of phosphorylated S6 and AMPK was evaluated by IHC in the ovarian tumors of KpB mice. As expected, ASP treatment significantly increased the H-Score of phosphorylated AMPK from 48 to 65 in the HFD group and from 45 to 61 in the LFD group. Moreover, treatment with ASP also reduced the H-Score of phosphorylated S6 in the HFD and LFD groups compared with the control mice, indicating that ASP inhibited tumor growth through the AMPK/mTOR pathway in vitro and in vivo (Figure 7B).




Figure 7 | ASP activated AMPK and inhibited the AKT/mTOR pathways. The OVCAR5 and SKOV3 ovarian cell lines were treated with ASP at indicated doses for 24 hours. The expression of phosphorylated AMPK, Akt and S6 was analyzed by western blotting. ASP increased the expression of phosphorylated AMPK and decreased the expression of phosphorylated S6 in both cell lines. ASP decreased the expression of phosphorylated AKT in the OVCAR5 cells and increased phosphorylated AKT expression in the SKOV3 cells (A). IHC results showed that ASP increased phosphorylated AMPK and decreased phosphorylated S6 expression in the ovarian cancer tissues of obese and lean mice (B). *p < 0.05; **p < 0.01.





ASP in Combination With Paclitaxel Synergistically Inhibits the Cell Viability

To evaluate the synergistic effect of ASP on paclitaxel in OC cells, the OVCAR5 and SKOV3 cell lines were treated with varying concentrations of paclitaxel and then in combination with different concentrations of ASP for 72 hours. Cell viability was evaluated using the MTT assay. Relative cell viability was decreased in a dose-dependent manner following treatment with paclitaxel or ASP. When ASP concentrations between 1 and 5 mg/ml were combined with different concentrations of paclitaxel, additive or antagonistic effects were observed in both cell lines. In contrast, 0.5 mg/ml or 0.1 mg/ml of ASP combined with paclitaxel (0.1-5 nM) led to a greater inhibition of cell viability than those of ASP or paclitaxel alone (Figures 8A, B). To quantify the response of OVCAR5 and SKOV3 cells to the combination of ASP and paclitaxel, the combination index (CI) was calculated using CompuSyn software. The results showed that 0.1 mg/ml or 0.5 mg/ml (data not shown) of ASP combined with paclitaxel (0.1-5 nM) caused a synergistic cytotoxic effect (CI<1) in both cell lines (Figure 8C).




Figure 8 | ASP increased sensitivity to paclitaxel in OC cells. The OVCAR5 and SKOV3 ovarian cell lines were treated with 0.1 mg/ml ASP combined with different concentrations of paclitaxel for 48 hours. Cell proliferation was assessed by MTT assay. ASP combined with paclitaxel (0.1-5 nM) caused a synergistic cytotoxic effect in both cells (A, B). The combination index (CI) was calculated using CompuSyn software (C). *CI < 1: synergism, CI = 1: additive effect, and CI > 1: antagonism.






Discussion

There is growing evidence that selected dietary products such as fruits and vegetables as part of complementary medicine may have promise in the prevention and treatment of cancers (22). ASP has been used as a traditional herbal medicine to treat diabetes, fever, kidney disease, inflammation and cancers in both European and Asian countries (10, 22–24). Recent research reports have suggested that ASP has the potential to be an anti-neoplastic agent because it exhibits a wide range of anti-tumorigenic activity through targeting multiple cell signaling and metabolic pathways in vitro and in vivo (11–13, 18, 24–26). In this study, we used the extract of ASP to investigate its effects on cell proliferation, cellular stress, invasion and tumor growth in serous OC cell lines and a transgenic mouse model of high grade serous OC. ASP was found to significantly inhibit cell proliferation, increase cellular stress, induce cell cycle G1 arrest and apoptosis, and decrease invasion in OC cells. Importantly, ASP inhibited ovarian tumor growth along with decreasing Ki67, VEGF and phosphorylated-S6 as well as increasing phosphorylated-AMPK expression in ovarian tumors of both obese and lean KpB mice, a model of high grade serous OC. Furthermore, low concentrations of ASP synergistically increased sensitivity to paclitaxel in OC cells. Our results are the first to delineate that ASP exerts anti-proliferative and anti-metastatic effects by targeting the AMPK/mTOR pathway in OC through our in vitro and in vivo studies.

ASP is a popular and healthy vegetable that is rich in vitamins, minerals and amino acids and fiber (7). Despite its promise in the treatment of various diseases, there is relatively little knowledge about the biochemistry of ASP and its numerous pharmacological activities and mechanisms. The phytochemical investigation of ASP with the aim of isolating and identifying active compounds has led to the isolation and identification of steroidal saponins, saccharides, flavonoids, phenolic compounds, acetylenic compounds and sulfur-containing compounds, among others, from this vegetable (12, 23, 24, 27, 28). The majority of species extracted from ASP have elicited a wide range of ant-tumorigenic activities in different cancer cells, such as inhibiting cell proliferation, inducing apoptosis/cell cycle arrest and inhibiting invasion via multiple signaling pathways (12, 13, 25, 29). Although different sections of ASP contain different concentrations of the active compounds (7), the extracts from different parts of ASP seem to exhibit similar anti-tumorigenic activity against different types of cancer cells. Saponins extracted from different parts of ASP show similar inhibition of cell growth in different cancer cell lines (12, 24, 30). The extracts from ASP shoots reduced cell proliferation of colon cancer via activating the TRAIL apoptotic death pathway and inhibited colon carcinogenesis in Wistar rats (13). We extracted concentrated ASP from shoots to evaluate its anti-tumorigenic effects in serous OC. This extract of ASP exhibited significant inhibition of cell viability and reduction of cell invasion, confirming that crude ASP extracts from shoots are rich in bioactive phytochemicals that inhibit the growth of cancer cells, including OC cells (12, 31).

Previous studies have proposed that ASP inhibits tumor cell growth by several mechanisms. ASP was initially reported to irreversibly inhibit DNA synthesis and cause cell growth inhibition in HL60 cells (24). Subsequently, it was found that inhibition of tumor cell growth by ASP was via induction of apoptosis and cell cycle arrest in cancer cells (29, 30). Asparanin A, a steroidal saponin extracted from ASP, induced p53-independent cell cycle G2 arrest and mitochondrial apoptosis in HepG2 cells (25). However, a more recent study found that treatment with Asparanin A, isolated from stems and spears of ASP, leads to induction of cell cycle G0/G1 arrest, activation of caspases pathway and reduction of mitochondrial membrane potential through the PI3K/AKT/mTOR pathway in endometrial cancer cells (30). In addition, the activation of TRAIL DR4/DR5 death receptor pathways has been recently described in ASP treated colon cancer cells, leading to the activation of caspase-8 and caspase-3 (13). In the current study, we found that ASP caused cell cycle G1 arrest, reduced mitochondrial membrane potential and activated caspase 3, 8 and 9, accompanied by a decrease in BLC-2 and MCL-1. Application of Z-VAD partially abrogated ASP’s effects on apoptosis and inhibition of cell proliferation. Given that BCL-2 family members control mitochondrial outer membrane permeabilization and trigger apoptosis through Bax/Bcl-2 ratio and caspase activation (32), our results suggest that inhibition of cell growth by ASP mainly depends on the extrinsic and intrinsic apoptotic pathways, in which apoptotic stimuli induce ROS and reduce mitochondrial membrane potential, which triggers cleavage of caspase 8 and 9 in apoptosomes and subsequent activation of the downstream executioner caspase-3, leading to inhibition of cell growth in ovarian cancer.

Metastasis of serous ovarian carcinomas involves detachment of tumor cells from the primary tumor site as well as direct extension to sites that are proximal to the primary tumor through the process of EMT which allows anchoring and extravagating cancer cells to regain epithelial features and proliferate into the tumor (33, 34). ASP has been documented to have inhibitory effects on the invasion of breast cancer cells in a dose-dependent manner by targeting the Rho GTPase signaling pathway (12). Treatment with polysaccharide from ASP in an orthotopic hepatocellular carcinoma model of Wistar rats significantly reduced CD34 and VEGF expression in tumor tissues, indicating an anti-angiogenic function for ASP in vivo (29). In line with these results, we observed that ASP treatment inhibited cell adhesion and invasion in a dose-dependent manner in serous OC cells and reduced VEGF levels in the serum and ovarian tumors of KpB mice. Thus, the underlying mechanisms by which ASP reduces invasion in OC cells may be related to ASP’s effects on the regulation of EMT and angiogenesis.

The combination of natural products with conventional therapies is an attractive strategy for the prevention and treatment of cancer, as many natural products are well-tolerated in patients (9, 35). Because ASP was efficacious as a single agent against multiple types of cancer in pre-clinical models, we further explored combining ASP with paclitaxel and the resulting anti-proliferative effects of this combination in OC cells. It has been reported that de-proteinized asparagus polysaccharide significantly potentiated the anti-tumorgenic effects of mitomycin in hepatocellular carcinoma cells and a mouse xenograft model of hepatocellular carcinoma (11). Similarly, our results found that the combination of low dose ASP and paclitaxel was synergistic in inhibiting proliferation in the OVCAR5 and SKOV3 cell lines as tested by MTT assay. Although more evidence is needed to better understand the underlying mechanism of action for the synergistic cytotoxicity of this combination, these results support further investigation of the combination treatment of ASP and paclitaxel in OC in vivo.

In conclusion, growing evidence suggests that ASP may be a novel dietary agent for the prevention and treatment of cancer, in addition to its potential overall health benefits. In addition to saponins and polysaccharides, we still have little understanding of the anticancer activity of other components of ASP and their underlying biochemical pathways. This study is the first to show that ASP is a potent inhibitor of cell proliferation and tumor growth in OC cells and the KpB high grade serous OC mouse model, under both obese and lean conditions. Thus, future studies are warranted to continue to explore ASP as a promising and well-tolerated dietary intervention as well as adjunct treatment in highly lethal ovarian cancer.
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Background

Due to the rarity of adenosquamous carcinoma of the cervix (ASCC), studies on the incidence, prognostic factors, and treatment outcomes of ASCC remain scarce. Therefore, we performed a retrospective population-based study to systematically investigate the characteristics of ASCC patients.



Methods

Patients with a histopathologically confirmed diagnosis of ASCC were enrolled from the Surveillance, Epidemiology, and End Results database between 1975 and 2016. Univariate and multivariate Cox regression analyses were performed to identify the potential predictors of cancer-specific survival (CSS) in patients with ASCC. Selected variables were integrated to establish a predictive nomogram and the predictive performance of the nomogram was estimated using Harrell’s concordance index (C-index), calibration curve, and decision curve analysis (DCA).



Results

A total of 1142 ASCC patients were identified and included in this study and were further randomized into the training and validation cohorts in a 7:3 ratio. The age-adjusted incidence of ASCC declined from 0.19 to 0.09 cases per 100,000 person-years between 2000 and 2017, with an annual percentage change of -4.05% (P<0.05). We identified age, tumor grade, FIGO stage, tumor size, and surgical procedure as independent predictors for CSS in ASCC patients and constructed a nomogram to predict the 3- and 5-year CSS using these prognostic factors. The calibration curve indicated an outstanding consistency between the nomogram prediction and actual observation in both the training and testing cohorts. The C-index was 0.7916 (95% CI: 0.7990-0.8042) and 0.8148 (95% CI: 0.7954-0.8342) for the training and testing cohorts, respectively, indicating an excellent discrimination ability of the nomogram. The DCA showed that the nomogram exhibited more clinical benefits than the FIGO staging system.



Conclusions

We established and validated an accurate predictive nomogram for ASCC patients based on several clinical characteristics. This model might serve as a useful tool for clinicians to estimate the prognosis of ASCC patients.





Keywords: adenosquamous carcinoma of the cervix, incidence, prognostic factors, nomogram, risk classification system



Introduction

Cervical cancer was the fourth most frequent malignancy and the leading cause of gynecologic cancer-associated mortality worldwide in 2018 (1). Although the introduction of the human papillomavirus (HPV) vaccine and effective cervical cancer screening strategies have resulted in a significant decline in the incidence and morbidity of cervical cancer, it continues to be the most prevalent gynecological malignancy in 28 countries and the leading cause of cancer-related deaths in 42 countries (1, 2). High incidence and mortality from cervical cancer persist in low- and middle-income countries, such as southern Africa, and are primarily attributed to the lack of effective prevention and high-quality screening strategies (1, 3). Histologically, squamous cell carcinoma of the cervix (SCCC) represents the most common subtype of cervical cancer, accounting for approximately 75% of all cervical cancers, followed by adenocarcinoma of the cervix (ADCC) with a proportion of approximately 15% (4). Unusual histological subtypes such as adenosquamous carcinoma and neuroendocrine tumors are rare. Adenosquamous carcinoma of the cervix (ASCC) is an infrequent malignant epithelial neoplasm characterized by the presence of both squamous cell and glandular differentiation according to the World Health Organization (WHO) classification of tumors of female reproductive organs (5).

Few reports have documented the survival outcome and prognostic factors in patients with ASCC; however, inconsistencies exist among these studies. Furthermore, most of these studies considered ASCC a type of ADCC; thus, specific studies on patients with ASCC are lacking. Besides, there is a paucity of published literature related to the epidemiology, clinical characteristics, and response to therapy against ASCC. Therefore, we conducted a retrospective study based on a large population to systematically investigate the characteristics of patients with ASCC.



Materials and Methods


Data Source

Data including the incidence, demographic information, clinical characteristics, treatment modalities, and survival information were collected from the Surveillance, Epidemiology, and End Results (SEER) database of the National Cancer Institute using SEER*Stat software version 8.3.8. The SEER database is universally considered one of the most authoritative and reliable programs for oncologists performing cancer research because of its large sample size, regular updates, and high-quality data (6).



Study Population

Women diagnosed with cervical cancer between 1975 and 2016 were preliminarily identified from the SEER database. Tumor site and histology were coded according to criteria specified by the WHO International Classification of Diseases for Oncology. Eligible patients with a histopathologically confirmed diagnosis of cervical cancer were included, and patients with more than one primary tumor were excluded from this study. The detailed inclusion and exclusion criteria in the present study are shown in Figure S1. In this study, demographic data included age at diagnosis (≤60 or >60 years), marital status (married, unmarried, or widowed), and race (black, white, or other). Clinical and histopathological characteristics included the grade (I/II: well/moderately differentiated, III/IV: poorly differentiated/undifferentiated or unknown), the International Federation of Gynecology and Obstetrics (FIGO) stage (I, II, III, or IV), and tumor size (≤3.5 cm, >3.5 cm, or unknown). The treatment modalities included surgery (no or yes), radiotherapy (no/unknown or yes), and chemotherapy (no/unknown or yes). Surgery was further classified into the following types to investigate the influence of different surgical approaches on the survival of patients with ASCC: none performed, local tumor destruction (LTD), total hysterectomy without the removal of tubes and ovaries (THR-RTO), total hysterectomy with the removal of tubes and ovaries (THR+RTO), and radical hysterectomy (RHR). Survival data included the survival length in months, and vital status (cause-specific death, death for other cause, or alive). Data on the FIGO stage was not available in the SEER database; thus, in our study, it was defined according to the TNM staging system.

Cancer-specific survival (CSS) was considered the primary endpoint in this study and was defined as the survival time from the time of diagnosis to the time of death from ASCC or last follow-up.



Statistical Analysis

Categorical data are presented as frequency and proportion. Chi-square test was used to analyze the differences between categorical variables among different groups. The Kaplan-Meier method was used to construct survival curves, and the log-rank test was used to compare the CSS rates in patients with different histological subtypes, different treatment modalities, and different risk groups. ASCC patients were randomized into training and validation cohorts in a 7:3 ratio. The Cox proportional hazard model was used to identify the independent prognostic factors of CSS in the training cohort. Statistically significant risk factors were integrated to establish the predictive nomograms of the 3-year and 5-year CSS rates. Using Harrell’s concordance index (C-index), the discrimination and calibration of nomograms were measured to evaluate the predicted probabilities of the nomogram in both the training and validation cohorts. Calibration (1000 bootstrap resamples) curves were plotted to compare the consistency between the nomogram prediction and actual survival probability at 3- and 5-year CSS. The net reclassification improvement (NRI) and integrated discrimination improvement (IDI) were calculated to assess the difference in predictive power between the constructed nomogram and the traditional FIGO stage model. Decision curve analysis (DCA) was used to evaluate the clinical benefits of the nomogram model and the FIGO staging system. A two-sided P-value of <0.05 was considered statistically significant.



Statistical Software Programs

The age-adjusted incidence (from 2000 to 2017) of different histological subtypes was calculated using the SEER*Stat software. Other statistical calculations including the survival curve, calibration plot, DCA, C-index, NRI, and IDI values were performed using R software program version 4.0.2. The incidence-time curve was plotted using Microsoft Excel version 2019. The cut-off point of the tumor size and nomogram scores for the risk stratification was determined using X-tile version 3.6.1. Relevant R packages included “rms”, “survival”, “compare”, “nricens”, “regplot”, “mstate”, “survminer”, “foreign”, “caret”, “lattice”, and “nomogramEX” (https://cran.r-project.org/).




Results


Incidence, Proportion, Clinicopathological Characteristics, and Treatment Outcome in Cervical Cancer in Women With Different Histological Subtypes

Overall, the age-adjusted incidence of ASCC and SCCC has significantly decreased from 2000 to 2017 in the US, whereas that of ADCC has gradually increased. Indeed, the incidence of ASCC declined from 0.19 to 0.09 cases per 100,000 person-years between 2000 and 2017, with an annual percentage change (APC) of -4.05% (P<0.05) (Figure 1A). The incidence of SCCC declined from 3.46 to 2.34 cases per 100,000 person-years, and the APC was -2.38% (P<0.05) (Figure 1A). However, the incidence of ADCC slowly increased from 0.69 to 0.85 cases per 100,000 person-years during the observation period, with an APC of +1.16% (P<0.05) (Figure 1A).




Figure 1 | The age-adjusted incidence of ASCC, ADCC, and SCCC between 2000 and 2017 (A); Proportion of different histological subtypes of cervical cancer (B); Kaplan-Meier curves showing cancer-specific survival of patients with ASCC, ADCC, and SCCC (C).



A total of 23,215 eligible cervical cancer patients meeting the selection criteria were identified and included in the present study. Among them, 17,339 (75%) patients had SCCC, 3,012 (13%) had ADCC, 1,142 (5%) had ASCC, and 1,722 (7%) patients presented with other histological subtypes (Figure 1B).

Kaplan-Meier analysis revealed that patients with ASCC and SCCC exhibited comparable CSS (P=0.336), and patients with ADCC exhibited a better treatment outcome compared with those with ASCC and SCCC (P=0.007 and P<0.001, respectively). The 5-year CSS rate was 74% for ADCC, 69% for ASCC, and 68% for SCCC (Figure 1C).

The demographic profiles of patients with ASCC indicated that patients were younger, mostly married; presented with higher tumor grades, earlier FIGO stage, and smaller tumor size; and more patients underwent radical surgery than those with SCCC. However, the proportion of individuals who were young, unmarried, Black, had poor tumor differentiation, advanced stage, larger tumor size, and receiving radiotherapy or chemotherapy among ASCC patients was higher than that in ADCC patients. The demographic and clinical characteristics of cervical cancer patients with different histological subtypes are summarized in Table S1.



Clinicopathological Characteristics of Patients With ASCC

A total of 1,142 ASCC patients were further analyzed. The demographic characteristics of ASCC patients revealed that most women were younger (84.2%) and married (62.7%). In addition, most of the patients were White (75.7%). The clinical characteristics of cancer suggested that more than half of the ASCC patients presented with grade III/IV (51.5%) tumors, and nearly half of all patients presented with FIGO stage I (49.5%). The number of patients with a tumor size ≤3.5 cm (38.0%) was comparable to those with a tumor size >3.5 cm (36.7%). Although the proportion of ASCC patients who underwent radical surgery, including THR+RTO (22.3%) and RHR (32.9%) was high, a significant proportion of patients received radiotherapy (60.5%) and chemotherapy (52.6%). Clinicopathological characteristics of ASCC patients are presented in Table 1.


Table 1 | Clinical features of ASCC patients in the total, training, and validation cohorts.





Independent Predictors for CSS

ASCC patients were randomized into the training and validation cohorts in a 7:3 ratio, and no significant difference was observed between the two cohorts for each of the variables (Table 1). The independent risk factors for CSS were screened in the training cohort. Univariate analyses revealed that age, marital status, tumor grade, FIGO stage, tumor size, surgical procedure, radiotherapy, and chemotherapy were significant prognostic factors for the CSS of patients with ASCC (all P <0.05) (Table 2). However, race did not significantly influence CSS (Table 2). A subsequent multivariate Cox regression analysis indicated that age, grade, FIGO stage, tumor size, and surgical procedure were independent predictors of CSS of patients with ASCC (all P <0.05) (Table 2).


Table 2 | Univariate and multivariate Cox analyses for CSS of ASCC patients in the training cohort.



To evaluate the relationship between radiotherapy or chemotherapy and CSS in ASCC patients, the patients were divided into three groups including localized (stage I), regional (stage II-III), and distant (stage IV) groups. Kaplan-Meier analysis revealed that the CSS rate in patients receiving radiotherapy or chemotherapy was significantly lower than that in patients who did not receive radiotherapy (5-year CSS rate: 91% vs. 71%, P<0.001) or without chemotherapy (5-year CSS rate: 87% vs. 73%, P<0.001) in the localized group (Figure S2).



Nomogram for the Prediction of CSS

A predictive nomogram model was constructed according to the independent risk factors for CSS to predict the 3- and 5-year CSS (Figure 2). The nomogram findings indicated that the FIGO stage had the widest score span (61 scores), suggesting that FIGO stage played a pivotal role in predicting the prognosis of ASCC patients among all variables, followed by surgical procedure (39 scores), tumor size (30 scores), age (19 scores), and tumor grade (13 scores). The scores of different levels of each variable are presented in Table 3.




Figure 2 | Nomogram for predicting 3- and 5-year cancer-specific survival of ASCC patients.




Table 3 | Scores of each variable in the nomogram.



The internal and external validation of nomograms was performed in the training and validation cohorts, respectively. The C-index was calculated in the training cohort (internal validation) and testing cohort (external validation) with a value of 0.7916 (95% CI: 0.7990-0.8042) and 0.8148 (95% CI: 0.7954-0.8342), respectively, suggesting a strong discrimination power of the predictive model. The calibration curves revealed a satisfactory correlation between the prediction of the nomogram and the actual observation in both the training and validation cohorts, demonstrating the excellent calibration ability of the nomogram model (Figure 3).




Figure 3 | Calibration curves for 3- (A) and 5-year (B) CSS of ASCC patients in the training cohort; Calibration curves for 3- (C) and 5-year (D) CSS of ASCC patients in the validation cohort.





Comparison of the Nomogram Model With the FIGO Staging System

Comparing the predictive performance between the novel nomogram model and classical FIGO staging system was achieved by analyzing the NRI values, IDI values, change in C-indexes, and DCA.

The NRI value in the training cohort was 0.6278 (95% CI: 0.4248-0.8355) for 3 years of follow-up and 0.5992 (95% CI: 0.4142-0.7862) for 5 years of follow-up; the corresponding values in the validation cohort were 0.2718 (95% CI: 0.1348-0.7513) and 0.3053 (95% CI: 0.1659-0.7216), respectively. These results indicated that the new model exhibited improved predictive performance compared with the conventional FIGO staging system. Similarly, the IDI values for the 3- and 5-year follow-up were 0.0865 and 0.0916 (all P<0.001), respectively, and 0.0438 and 0.0506, respectively (all P<0.001), in the validation group. The change in C-index was 0.0628 (95% 0.0609-0.0647) in the training cohort and 0.0454 (95% 0.0437-0.0471) in the validation cohort. These values suggested that the constructed nomogram exhibited superior predictive performance compared with the FIGO staging system. All results are presented in Table 4.


Table 4 | Value of the NRI, IDI, and C-indexes of the nomogram and FIGO staging system in both the training and validation cohorts.



The clinical benefits of the nomogram and the FIGO stage were also analyzed, and the results are presented using DCA models (Figure 4). The DCA models revealed that the proposed nomogram was superior to the FIGO staging system in evaluating clinical benefits, indicating more reliable predictions using the nomogram model.




Figure 4 | DCA curves for 3- (A) and 5-year (B) CSS of ASCC patients in the training cohort; DCA curves for 3- (C) and 5-year (D) CSS of ASCC patients in the validation cohort.





The Novel Risk-Stratification System

Based on the corresponding nomogram score of each variable, the total score was calculated for all ASCC patients. The median total score was 201, and ranged from 137 to 299 in the training group. Patients were divided into low- (≤200), medium- (201-260), and high-risk (>260) groups according to these risk scores. Kaplan-Meier analysis showed marked differences in the CSS of these three risk groups, and the 3-year CSS rate was found to be 91% for the low-risk group, 58% for the medium-risk group, and 13% for the high-risk group (Figure 5). These results suggested that the novel risk-stratification system exhibited a strong ability to identify high-risk ASCC patients, which was further tested in the validation and total cohorts (Figure 5).




Figure 5 | Kaplan-Meier curves showing the cancer-specific survival of ASCC patients with different risk groups in training (A), validation (B), and the total cohort (C).






Discussion

Since ASCC is a rare cervical malignancy, only limited reports are available regarding its clinicopathological characteristics and treatment outcomes. Furthermore, the majority of these reports include retrospective analyses on a very small sample size and meta-analysis that show remarkable inconsistencies in results (7–10). To the best of our knowledge, the present study is the first and the most extensive population-based study to assess the incidence, prognostic factors, and treatment outcomes of ASCC patients. In particular, we also developed a novel prognostic nomogram model to predict the 3- and 5-year CSS in ASCC patients in this study.

According to the reported data (11), the present study also indicated that the age-adjusted incidence rate of SCCC gradually decreased, while the ADCC incidence slightly increased between 2000 and 2017. The APC was -2.38% and 1.16% for SCCC and ADCC, respectively (all P<0.05). The incidence of ASCC remained low, with a range of 0.09-2.0 cases per 100,000 person-years relative to SCCC and ADCC. Moreover, the incidence of ASCC significantly decreased with an APC of -4.05% from 2000 to 2017 (P<0.05). Consistent with previous findings (12, 13), the present study further confirmed that ASCC was more poorly differentiated and characterized by smaller tumor size. The present study also revealed significant differences in age, marital status, FIGO stage, and surgical procedure between ASCC and SCCC patients.

The difference in survival outcomes among SCCC, ASCC, and ADCC patients remains unexplained. A previous study comprising 161 cases indicated that the survival rate in ASCC patients was significantly lower than that in SCCC patients (5-year overall survival rate: 75% vs. 52%, P=0.006), which was attributed to differences in FIGO stage, pelvic lymph node involvement, and vascular invasion (7). Studies have reported that ADCC and ASCC had a similar survival outcome and were significantly poorer than that of SCCC patients in the early stage of the tumor (14–16). However, some studies have reported that the ASCC subtype is a poor predictor for survival in patients with an advanced tumor stage (12). Our results also revealed that women with ASCC and SCCC had a comparable CSS rate and poorer prognosis than ADCC patients, without considering the clinical stage. The proportion of stage I patients in the ADCC group (60%) was higher than that in the other two groups (49.5% for ASCC and 43.5% for SCCC), which resulted in better survival. The inconsistent results among different studies are mainly caused by the difference in exclusion and inclusion criteria. Notably, our study was conducted on a much larger sample size than previous studies and comprised 1,142 ASCC patients.

The present study is the first to perform a comprehensive analysis of the prognostic factors and treatment responses among ASCC patients. Univariate and multivariate COX regression models revealed that age, tumor grade, tumor size, FIGO stage, and surgical methods were independent risk factors. A nomogram was constructed to evaluate the 3- and 5-year CSS in ASCC patients. The predictive model indicated that FIGO stage was the most vital predictive factor. A single-center study also demonstrated that FIGO stage was the most potent prognostic factor in ADCC, and that the 5-year overall survival rate for patients with stage I reached 92%, in contrast to only 40% for those with stage II-IV ASCC (17).

Several reports regarding cervical carcinoma focus on certain risk factors for survival outcomes. Ample evidence indicates that tumor differentiation and clinical stage greatly affect the survival of patients with cervical cancer, and poor differentiation and high stage contribute to worse survival (18). Surgery is considered an essential initial treatment for prolonging the survival of patients with cervical tumors. The present study also demonstrated that invasive surgical methods such as RHR could significantly reduce the death hazard compared to non-surgery patients (HR: 0.358, 95% CI: 0.243-0.528, P<0.001). Previous reports have also indicated that the incidence of ovarian metastasis in non-squamous histological subtypes increases compared to SCCC; hence, bilateral oophorectomy is actively recommended in patients with ADCC (19, 20). In contrast, a large population-based study has reported that survival is not significantly prolonged by radical surgery in the early stage of microinvasive adenocarcinoma, suggesting the unsuitability of the method for these patients (21). In our study, the nomogram score in THR+RTO was 9, which was lower than 28 for THR-RTO, suggesting that RTO presented a survival advantage. It is noteworthy that there was no direct comparison between THR+RTO and THR-RTO in this study. In terms of tumor size, the conclusions of previous studies were relatively consistent with ours (22–24). Notably, irrespective of the FIGO stage and histological subtype, tumor size exhibits a significant impact on the survival of patients with cervical cancer, and larger primary tumors significantly shorten the survival compared to smaller ones (25–27). The results from our study were in agreement with those from published studies. The mortality risk was significantly higher in ASCC patients with large tumor sizes (more than 3.5 cm) according to both univariate and multivariate models. We found that age played a key role in the nomogram model. Older age of more than 60 years was identified as a high-risk factor for CSS in ASCC patients. An early study involving more than 10,000 cervical cancer cases revealed that the 5-year survival rate was 69% in patients < 40 years, and 45% for those ≥ 40 years regardless of stage. Moreover, the investigators also found that the 5-year survival rate gradually decreases with an increase in age (28). In contrast, another recent report indicated that younger age represented a detrimental factor in the early stage of cervical carcinoma, which may be attributed to a high percentage of young women with invasive diseases (29).

Surprisingly, radiotherapy and chemotherapy were not identified as independent prognostic factors for CSS in ASCC patients by multivariate cox analysis in this study. Indeed, the univariate cox analysis revealed that both radiotherapy and chemotherapy significantly increased the mortality hazard (HR=2.570; 95% CI: 1.933-3.418; P<0.001 and HR=2.526; 95% CI: 1.950-3.271; P<0.001, respectively). Therefore, patients from the training group were divided into three subgroups according to different FIGO stages to assess the efficacy of radiotherapy and chemotherapy on survival. Kaplan-Meier survival analysis indicated that adjuvant radiotherapy or chemotherapy after surgery significantly shortened the CSS of patients in the local stage subgroup. Chemotherapy significantly improved CSS only in the distant stage subgroup. Radiotherapy slightly improved CSS in the regional and distant stage subgroup, but the result was not statistically significant. Overall, our data revealed that adjuvant chemotherapy or radiotherapy was not strongly recommended in patients with ASCC at an early stage. Currently, there is a consistent opinion that chemotherapy alone following surgery is not recommended for patients at the early stage of cervical cancer, and radiotherapy or concurrent chemoradiation therapy can reduce recurrence and improve survival, and is instead recommended as the standard adjuvant therapy in patients with risk factors (30, 31). Since the SEER database did not have data regarding stromal invasion, lymphovascular space invasion, and conditions of margin and parametrial involvement, further stratification of patients according to these risk factors could not be performed. Furthermore, data concerning the administration and sequence of radiotherapy and chemotherapy were not available in the database; hence, the specific therapeutic patterns remain unknown. Therefore, we could not compare different treatment strategies among different risk groups.

The traditional FIGO stage is closely associated with the prognosis of cervical carcinoma and used as the primary reference by clinicians to make the clinical diagnosis. However, this staging system is predominantly based on tumor characteristics, including tumor size, depth of invasion, lymph node involvement, and distant organ metastasis. Other parameters such as age, marital status, tumor grade, and treatment choice are not considered in the FIGO staging system (32). Therefore, in this study, we integrated demographic and clinicopathological data, developed a novel prognostic model, and successfully established a predictive nomogram model for patients with ASCC. All variables integrated into this predictive model were prevalent and easily accessible while treating patients. Based on the corresponding score of each variable, the CSS probability of ASCC patients was intuitively predicted by the nomogram model. Besides, both internal and external validation based on calibration curves, C-indexes, and DCA curves demonstrated that this prognostic nomogram exhibited excellent predictive performance. The difference in predictive ability between the novel nomogram and the conventional FIGO stage system was further evaluated. The C-indexes of the proposed nomogram were higher than those of the FIGO staging system in both the training and validation cohorts, implying that the novel model had better discrimination ability than the conventional one. The DCA curves indicated that the nomogram model exhibited consistent advantages in clinical usefulness compared to the FIGO staging system. Furthermore, the NRI and IDI values demonstrated that the novel model had a better predictive ability than the conventional FIGO stage system.

Based on the total score of all predictors in the nomogram model, a novel risk classification system was established to stratify women with ASCC in the training cohort into three prognostic groups, including the low-, medium- and high-risk groups. Three significantly distinguishable survival curves revealed that the risk classification model effectively recognized high-risk ASCC patients, and this discrimination ability was further confirmed in the validation and total cohort. The constructed nomogram and the novel risk stratification system are convenient and easy-to-use scoring systems and might serve as useful tools for clinicians to more precisely estimate the prognosis of ASCC patients and stratify subgroups of patients who need a specific treatment strategy.

Currently, the SEER database comprises 21 cancer registries, covering more than one-third of the US population, and provides valid and reliable data. Clinical prediction models based on SEER data present quality assurance and persuasiveness (33). Although our study was carefully conducted on a large sample size of patients in the United States, several limitations still exist. First, data regarding the nutritional status, progression or recurrence, and second or later treatment course were not available. These factors might likely affect the critical aspects of disease progression in an oncological study. Besides, we were unable to record each variable for every patient. For example, the information regarding tumor size was missing for most patients, and thus, the inclusion or exclusion of patients with missing data might have affected the study results. Lastly, our study was retrospective in nature; thus, inherent selection biases were inevitable. Therefore, well-designed prospective studies are warranted to further verify the conclusions of our study.



Conclusions

This study comprehensively analyzed the incidence, prognostic factors, and treatment outcomes of ASCC patients in a large population. The incidence of ASCC declined between 2000 and 2017. The proportion of young, married, high grade, early FIGO stage, small tumor size, and patients receiving more radical surgery in the ASCC group were significantly higher than those in the SCCC group. FIGO stage, surgical procedure, tumor size, age, and tumor grade were independent prognostic factors for CSS in ASCC patients. Adjuvant radiotherapy or chemotherapy was not recommended in patients with ASCC at an early stage. An accurate predictive nomogram was established and validated. A novel risk stratification system based on the established nomogram could effectively distinguish high-risk ASCC patients.
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The purpose of this study was to investigate the predictors of the effect of olaparib on platinum-sensitive recurrent ovarian cancer with unknown germline BRCA mutations. We retrospectively examined 20 patients with platinum-sensitive ovarian cancer who were treated at the Nippon Medical School Chiba Hokusoh Hospital, Japan, from 2018 to 2020. We found that the median progression-free survival was 11.4 months (95% Confidence interval (CI): 3.8–Not Available (NA)) in the group with NLPN score [recurrent neutrophil-lymphocyte ratio (rNLR) × number of previous regimens] >7.51, and median progression-free survival was not reached in the group with NLPN score <7.51 (95% CI: 21.8–NA) (p = 0.0185). There was a clear correlation between the degree of dose reduction of olaparib and recurrence (p = 0.00249). Our results show that NLPN scores lower than 7.51 are associated with a favorable outcome of olaparib treatment for platinum-sensitive recurrent ovarian cancer. In cases with a high rNLR, it may be necessary to start olaparib treatment as early as possible to obtain low NLPN scores. Our results imply that the effectiveness of olaparib can be determined after recurrence and before platinum treatment begins. As newer drugs for ovarian cancer are developed, the measurement of biomarker levels at the start of treatment for recurrent ovarian cancer, as shown in our study, may provide strong support for cancer treatment protocols.
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Introduction

Epithelial ovarian cancer (EOC) is the fifth leading cause of cancer-related deaths in women (1). Most patients are already at an advanced clinical stage of EOC at the time of diagnosis as the initial symptoms of EOC are unclear. Therefore, the EOC survival rate is relatively short. EOCs are sensitive to chemotherapy and respond well to platinum/taxanes in the early stages of treatment, but the 5-year recurrence rate remains at 60% to 80%. Tumor development and progression can elicit an adaptive immune response, and antitumor immunity has been shown to be significantly correlated with patient prognosis. EOC is not a single entity, and various histological subtypes can develop from the ovarian epithelium, including low-grade serous, endometrial, clear cell, and mucinous ovarian cancers (2). Of these, high-grade serous ovarian cancer (HGSOC) is the most common histological subtype, and accounts for approximately 70% of all ovarian cancer cases and a majority (90%) of the ovarian cancer-related deaths.

Several prognostic factors have been proposed to reliably predict EOC outcomes, including histology, tumor stage, residual lesions after surgery, weight loss, response to chemotherapy, and BRCA1/2 mutation status (3). In fact, HGSOC is often associated with homologous recombination deficiency, whereas the microsatellite instability (MSI) phenotype is responsible for up to 14% of all ovarian endometrial cancers and approximately 10% of all clear-cell ovarian cancers. Gene expression analysis of endometrial ovarian cancer and HGSOC identified four different molecular subtypes—immunoreactive, differentiated, proliferative, and mesenchymal—with significantly different survival times (4). A reanalysis of the Cancer Genome Atlas (TCGA) classification in the Mayo Clinic cohort of HGSOC patients showed that the longest survival rates occurred in patients with immunoreactive subtypes. However, this classification had to be validated, and the authors were unable to define a predictive role for each subtype (5). In this regard, it has been previously reported that the presence of a high number of tumor-infiltrating lymphocytes (TILs) in the tumor-cell islets, the peritumoral stroma, or both is significantly correlated with improved results (6).

In contrast to the strong immune response with respect to the presence of TILs and a better prognosis in some patients, tumor immune escape (a mechanism by which antitumor immunity is effectively neutralized) is considered one of the main reasons for disease progression and treatment failure in others. The coordination of many mediators, including cytokines (interleukin (IL)-10, tumor growth factor (TGF)-β, and prostaglandin E2), membrane-bound ligands (B7-H1), and programmed cell death-1 (PD-1), is required to suppress tumor cells and immunosuppressive T-regulatory cells (Tregs) such as FOXP3+CD4+ cells. In addition, tumor-associated macrophages (TAMs) are involved in inhibiting the activity of immune-effector cells such as CD4+ T cells, CD8+ T cells, and natural killer cells in tumor microenvironments (7).

The poly ADP-ribose polymerase inhibitor (PARPi), olaparib, was recently approved by the United States Food and Drug Administration (8) for therapeutic use in heavily pretreated germline BRCA mutation (gBRCAm)-associated ovarian cancer. The reported response rates were ~40% in gBRCAm and 24% in BRCA1/2 wild-type (BRCAwt) ovarian cancer patients (9). The susceptibility of patients with gBRCAm-associated ovarian cancer to DNA-damaging agents, including PARPi, has validated the use of gBRCAm as a predictive biomarker for PARPi response (10). However, at least half the gBRCAm-positive HGSOC women do not respond well to PARPi, whereas many BRCAwt-positive HGSOC women respond well to PARPi. The challenge remains to identify, develop, and validate biomarkers to apply within this gBRCAm-positive HGSOC patient population to predict more accurately who will benefit from PARPi therapies.

Recently, in addition to BRCA, homologous recombination deficiency, platinum sensitivity, excision repair cross complementation group 1 (ERCC1), and ADP-ribosylation (ADPRylation) levels have been reported as factors that predict the therapeutic effect of PARPi; however, there are no reports on predictive biomarkers that can be easily measured (11, 12). The neutrophil-to-lymphocyte ratio (NLR), defined as the ratio of neutrophil count to lymphocyte count, is the systemic potential balance between neutrophil-dependent tumor-promoting inflammation and lymphocyte-related antitumor immunity. This inflammatory biomarker is used most widely to evaluate the prognosis of cancer (13–15). Elevated NLR in EOC patients has been found to be associated with a poor prognosis (16, 17). It has also been confirmed that high NLR correlates with the immune profile of the patient (18). Regardless of all the prognostic factors assessed so far, platinum sensitivity, defined as a patient who experiences a recurrence 6 months after the end of primary platinum-based chemotherapy, is considered a predictor of survival outcome in EOC patients (19).

The purpose of this study was to explore the predictors of the effects of olaparib on platinum-sensitive recurrent ovarian cancer by analyzing data, such as NLR, systemic inflammation index (SII), blood inflammatory response, cancer antigen-125 (CA125) levels, and the number of chemotherapy rounds that the patients have undergone.



Materials and Methods


Ethical Approval

Written informed consent was obtained from all patients. In addition, approval was obtained from the Ethics Committee of the Nippon Medical School Chiba Hokusoh Hospital (approval number: 874).



Patient History

Between January 2018 and December 2020, 28 patients were diagnosed with ovarian cancer recurrence at our hospital. Of these patients, 22 were diagnosed with platinum-sensitive recurrence when the recurrence occurred more than 6 months after the last use of platinum-based anticancer drugs. Of these 22 patients, 20 had chosen olaparib as maintenance therapy after treatment with platinum-based anticancer drugs, none chose maintenance treatment with bevacizumab, one did not wish for maintenance therapy after platinum-based anticancer drugs, and one chose best supportive care as her performance status was poor. The remaining six patients developed platinum-resistant recurrences. Platinum-based drug treatment in the 20 patients selected for this study included Paclitaxel (PTX) (175 mg/m2 day 1) + Carboplatin (CBDCA) (area under the concentration-time curve (AUC) 5 day 1) every 21 days, PTX (80 mg/m2 day 1, 8, 15) + CBDCA (AUC 6 day 1) every 21 days, Gemcitabine (1000 mg/m2 day 1, 8) + CBDCA (AUC 4 day 1) every 21 days, and Irinotecan (60 mg/m2 day 1, 8, 15) + Cisplatin (60 mg/m2 day 1) every 21 days; these previous treatments lasted from 2 to 4, 4, 4, and 4 months, respectively.

The 20 patients subjected to olaparib maintenance therapy for platinum-sensitive recurrent ovarian cancer were eligible for our study. Doses ranged from 400-600 mg/day and treatment time had a mean of 12.9 months (range 4-30 months). Of these 20 patients, 9 had recurrence after the start of olaparib administration: median time to recurrence 9.9 months (range 4-22 months). No dropouts due to side effects were observed in any case. Olaparib dose reduction was performed in 11 patients. Among them, one patient received a one-step dose reduction for anemia and 10 patients received a two-step dose reduction [eight for renal dysfunction (creatinine clearance <50) and two for persistent fatigue]. The basic dose was 600 mg/day, with a one-step dose reduction to 500 mg/day and a two-step dose reduction to 400 mg/day.



Study Design

Here, we retrospectively examined 20 patients with platinum-sensitive ovarian cancer who were treated at the Nippon Medical School Chiba Hokusoh Hospital from 2018 to 2020. The patients were placed into two groups: those who relapsed after starting olaparib treatment and those who did not. The age, histology, and number of treatment regimens before recurrence for all patients are shown in Table 1. The method proposed by Ledermann et al. was used as the starting standard and dose-reduction standard for olaparib administration (10). The patients were divided into three groups based on olaparib drug reduction: no dose reduction; one-step dose reduction; and two-step dose reduction. The primary endpoint was recurrence-free survival.


Table 1 | Patient characteristics (n = 20).





Blood Sample Analysis

Blood samples were obtained from the patients: (i) immediately after detection of recurrence and before the start of platinum-based treatment, and (ii) immediately after completion of platinum-based treatment and before the start of olaparib treatment. These blood samples were used to determine the white blood cell, neutrophil, and lymphocyte counts using a multi-item automatic blood cell analyzer (XE-2100, Sysmex, Kobe, Japan). A chemistry autoanalyzer (Hitachi 7700, Hitachi, Ibaraki, Japan) was used to measure the serum lactate dehydrogenase (LDH) levels that were analyzed using a lactate dehydrogenase kit (L-type LD J, FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) and the c-reactive protein (CRP) levels that were analyzed using an N-assay LA CRP-S D-type assay (Nittobo Medical, Tokyo, Japan) according to the manufacturer’s protocols. The CA125 levels were determined using the ARCHITECT i2000SR immunoassay analyzer (Abbott, Chicago, IL, USA). The NLR, which has already been reported as a prognostic factor in EOC, was calculated using the neutrophil/lymphocyte count, and the SII was calculated as platelet count × neutrophil/lymphocyte count (20). The NLPN score was calculated by multiplying the rNLR by the number of previous drug regimens.



Histopathology

Surgical tissue specimens obtained during debulking surgery were stained with hematoxylin and eosin to determine the different histological cancer types of the patients. Specimens positive for serous carcinoma were analyzed for p53 overexpression by immunostaining with anti-p53 [DO-7] antibody (GeneTex, Inc. Irvine, CA, USA) to identify those positive for HGSOC. We also analyzed the number of regimens used thus far, and used the revised Response Evaluation Criteria in Solid Tumors (RECIST) guidelines (version 1.1) to judge the therapeutic effect [complete response (CR) or partial response (PR)] in patients after platinum-based treatment.



Statistical Analysis

The age, histology, number of treatment regimens before recurrence (Table 1), and the NLR, SII, LDH, CRP, and CA125 values at the time of recurrence and before the start of olaparib treatment (Table 2) in both groups were analyzed using t-tests. Log-rank tests were performed to compare the therapeutic effects of the platinum-based treatment as well as the effects of olaparib dose reduction. The Cochran-Armitage test was used to analyze the trend between the degree of dose reduction of olaparib and recurrence after the start of treatment. The prediction of the therapeutic effects of olaparib from blood sampling data was calculated using the receiver operating characteristic (ROC) curve. The effectiveness of the ROC curve was evaluated using the area under the curve (AUC), and the threshold was set at the point where the sum of sensitivity and specificity was maximized on the ROC curve. All statistical analyses were performed using EZR (Saitama Medical Center, Jichi Medical University, Saitama, Japan), which is a graphical user interface for R (The R Foundation for Statistical Computing, Vienna, Austria). More precisely, it is a modified version of the R commander, which is designed to add statistical functions that are frequently used in biostatistics (21).


Table 2 | Laboratory findings from blood samples obtained from epithelial ovarian cancer patients (n = 20).






Results


Patient Characteristics

Eleven patients did not relapse and nine relapsed. The average age of these patients was 61.36 and 62.33 years, respectively, with the most common histology of each being HGSOC, as shown in Table 1. Patients that relapsed had been treated with more previous platinum-based regimens (NPRs) before olaparib than patients (on average 4 regimens) than patients that did not relapse (on average 2.63 regimens). Immunohistochemical studies revealed overexpression of p53 in 6 of 20 cases, 4 of which were negative p53 and 10 of which were not available. These cases with p53 overexpression are not associated with recurrence (Odds ratio 1 95% CI 0.0422–23.671).



Platinum-Based Therapy and Relapse Data

The average progression-free survival (PFS) during the observation period was 12.9 months. The application of the revised RECIST guidelines (version 1.1) after platinum-based treatment showed 13 cases of CR and 7 cases of PR (Table 1) (22). Complete response was lower in patients with recurrence and PR was higher, but these differences were not statistically significant from those for patients without recurrence. Olaparib dose reduction was far more frequent in the group that had recurrence (8/11; 73%; versus 1/9, 11% in patients with no recurrence; p = 0.00249).



Laboratory Findings and Olaparib Effectiveness

Regarding bloodwork and olaparib effectiveness (Table 2), we investigated the relationship of neutrophil to lymphocyte counts (NRL). The Pearson product-moment correlation coefficient for NLR at recurrence (rNLR) and NLR before olaparib was 0.473 (95% CI 0.0383–0.757, p = 0.0353).



NLPN Findings

When combining rNLR and NPR data, we obtained NLPN scores. The AUC of the ROC curve for PFS was 0.828 (95% CI 0.611–1), and the threshold NLPN score value NPR at which the sum of sensitivity and specificity is maximized on the ROC curve was 7.51 (sensitivity = 0.909, specificity = 0.778) (Figure 1).




Figure 1 | Receiver operating characteristic (ROC) curve for progression-free survival (PFS) based on the NLPN score (neutrophil-lymphocyte ratio at recurrence × number of previous regimens followed).



Patients were then grouped according to high (>7.51) and low (<7.51) NLPN scores. The median PFS was 11.4 months in the high-NLPN score group (95% CI 3.8–NA). The median PFS was not reached in the low-NLPN score group (95% CI 21.8–NA, p = 0.0185) (Figure 2).




Figure 2 | Progression-free survival (PFS) in patients grouped according to high (>7.51) and low (<7.51) NLPN scores (neutrophil-lymphocyte ratio at recurrence × number of previous regimens followed).



There was a clear correlation between the degree of olaparib dose reduction and recurrence (p=0.00249) (Table 1), and no correlation between the NLPN score and dose reduction (p = 0.202) (Table 3). As the aim of our study was to find predictors of therapeutic effect at the stage of recurrence, we did not use dose reduction after the start of treatment as a predictor.


Table 3 | Relationship between olaparib dose reduction and NLPN (neutrophil-lymphocyte ratio at recurrence × previous number of regimens) score.






Discussion

We identified two important clinical issues in this study.


Low NLPN Scores Are Associated With Favorable Outcomes in Patients With Platinum-Sensitive Recurrent Ovarian Cancer

We investigated the inflammation index as a predictor of olaparib susceptibility in patients with platinum-sensitive recurrent EOC and the potential value of the number of treatment regimens they have received. We found that a low NLPN score was an independent predictor of platinum sensitivity when adjusted for age, histology, and platinum-treatment response (CR or PR).

The NLR just before starting olaparib after the end of platinum treatment also predicted the therapeutic effect of olaparib. However, there was a correlation between the rNLR and the NLR just before starting olaparib administration. This implies that the effectiveness of olaparib is determined and measurable after recurrence and before platinum treatment begins.

The role of neutrophils in promoting ovarian cancer has been previously described (23), as well as the predictive role of inflammation on tumor progression and treatment success (24). The association of NLR with cancer progression has been found in many studies. The NLPN is an index that improves NLR by adding information on drug susceptibility at the beginning of the maintenance treatment. As new drugs for ovarian cancer are being developed continuously, the measurement of biomarkers at the start of treatment for recurrent ovarian cancer, as shown in our study, may provide strong support in cancer treatment protocols.



Degree of Olaparib Dose Reduction Is Significantly Correlated to Disease Recurrence

There was no correlation between the NLPN score and the dose of olaparib (Cochran-Armitage test, p = 0.202). To date, no reports have been associated with olaparib and platinum-sensitive recurrent ovarian cancer. In a previous clinical trial that showed the effect of maintenance treatment with olaparib on platinum-sensitive recurrent ovarian cancer, the initial dose was 400 mg; therefore, the two-step dose reduction of 400 mg in our study was not too small, as the therapeutic effect of the 400 mg dose was insufficient (25). Rather, the default dose of 600 mg in our study, which could be considered an overdose compared to the 400 mg dose determined in the trial, may be considered more therapeutic. The therapeutic effect of olaparib was directly correlated with the drug dose after the start of treatment. As the main purpose of this study was to identify biomarkers for olaparib at the time of recurrence, the dose of olaparib was not included in the analysis of therapeutic efficacy predictors.

The dose setting for olaparib in Study 19 is based on the Phase 1 study presented at ASCO 2007 (10, 26). On the other hand, the SOLO2 trial was designed to positively confirm the findings made in Study 19 in a similar disease setting. An adaptive-design phase 1 trial of olaparib bioavailability (Study 24; NCT00777582) (27) has previously established that olaparib exposure with a 300 mg twice-daily tablet dose was similar to, or higher than, exposure in patients receiving olaparib 400 mg twice-daily capsule (10). Therefore, our study complements Study 24, and the experience must be carried on to the more relevant early settings.

Currently, the only PARPi effectiveness biomarkers are BRCA, homologous recombination status, and platinum sensitivity (28–30). The insurance approval for the use of olaparib in platinum-sensitive recurrent ovarian cancer in Japan occurred on January 19, 2018, before the gBRCA test had been approved for insurance. Therefore, many of the patients included in this study had an unknown gBRCA status at the time that our study was conducted. In addition, basic experiments suggest the effectiveness of PARPi on tumors with mutations in both BRCA2 and p53 (31). Since our study was a retrospective study, only 10 of 20 cases could be confirmed by immunohistochemical studies for the presence or absence of p53 overexpression: No correlation was found between p53 overexpression and recurrence after olaparib. This may be one of the main limitations of our study. Another limitation is the retrospective nature of the survey, which may have biased the data analysis. However, the consistency of the results produced by similar previous studies suggests that inflammatory indicators should be tested as prognostic and predictive markers.

Another limitation of our study was the small patient sample size that can cause bias in interpreting the relationship between NLPN scores and clinical responses. Additionally, this post-hoc study of 20 patients was for exploratory purposes, and the sample size of the study was insufficient to effectively address this relationship in detail. Therefore, the NLPN score may not be able to predict clinical response. As this was a retrospective study, the association between high and low NLPN scores and gBRCA1/2 status was unknown.




Conclusions

In conclusion, our results suggest that the NLPN score is an independent predictor of olaparib susceptibility in platinum-sensitive ovarian cancer. A high NLPN score is a poor prognostic factor for olaparib treatment in platinum-sensitive ovarian cancer, regardless of age, histology, or degree of response to platinum treatment (CR or PR). There was a significant correlation between the degree of olaparib dose reduction and recurrence. Since this result supports the conclusions of Study 24, the experience must be carried on to the more relevant early settings. The exploratory nature of our research requires that these findings be investigated in a positive and powerful setting before drawing decisive conclusions. A low NLPN score is associated with a favorable outcome of olaparib treatment for platinum-sensitive recurrent ovarian cancer. In cases with a high rNLR, it may be necessary to start olaparib as early as possible to achieve a low NLPN score.
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Objectives

Anti-diabetic biguanide drugs such as metformin may have anti-tumorigenic effects by behaving as AMPK activators and mTOR inhibitors. Metformin requires organic cation transporters (OCTs) for entry into cells, and NT-1044 is an AMPK activator designed to have greater affinity for two of these transporters, OCT1 and OCT3. We sought to compare the effects of NT-1044 on cell proliferation in human endometrial cancer (EC) cell lines and on tumor growth in an endometrioid EC mouse model.



Methods

Cell proliferation was assessed in two EC cell lines, ECC-1 and Ishikawa, by MTT assay after exposure to NT-1044 for 72 hours of treatment. Apoptosis was analyzed by Annexin V-FITC and cleaved caspase 3 assays. Cell cycle progression was evaluated by Cellometer. Reactive oxygen species (ROS) were measured using DCFH-DA and JC-1 assays. For the in vivo studies, we utilized the LKB1fl/flp53fl/fl mouse model of endometrioid endometrial cancer. The mice were treated with placebo or NT-1044 or metformin following tumor onset for 4 weeks.



Results

NT-1044 and metformin significantly inhibited cell proliferation in a dose-dependent manner in both EC cell lines after 72 hours of exposure (IC50 218 μM for Ishikawa; 87 μM for ECC-1 cells). Treatment with NT-1044 resulted in G1 cell cycle arrest, induced apoptosis and increased ROS production in both cell lines. NT-1044 increased phosphorylation of AMPK and decreased phosphorylation of S6, a key downstream target of the mTOR pathway. Expression of the cell cycle proteins CDK4, CDK6 and cyclin D1 decreased in a dose-dependent fashion while cellular stress protein expression was induced in both cell lines. As compared to placebo, NT-1044 and metformin inhibited endometrial tumor growth in obese and lean LKB1fl/flp53fl/fl mice.



Conclusions

NT-1044 suppressed EC cell growth through G1 cell cycle arrest, induction of apoptosis and cellular stress, activation of AMPK and inhibition of the mTOR pathway. In addition, NT-1044 inhibited EC tumor growth in vivo under obese and lean conditions. More work is needed to determine if this novel biguanide will be beneficial in the treatment of women with EC, a disease strongly impacted by obesity and diabetes.





Keywords: NT-1044, metformin, endometrial cancer, obesity, proliferation



Introduction

Endometrial cancer (EC) is known to be the most commonly diagnosed gynecologic malignancy in the United States (1). The incidence of EC is rising in tandem with the changing in hormonal factors and increasing prevalence of obesity and aging female population (2, 3). In 2021, it is estimated that 66,570 women will be diagnosed with an endometrial carcinoma, and an estimated 12,940 patients will succumb to this disease (1). Traditionally, EC has been subdivided into Type I and Type II tumors based on clinical and histologic differences (4–6). Type I tumors comprise 70-80% of endometrial adenocarcinomas and are thought to arise in part from unopposed estrogen stimulation. These tumors tend to be well-differentiated, of endometrioid histology, diagnosed at early stages, and associated with good prognosis. Obesity is predominantly associated with the development of type I endometrial cancer rather than type II endometrial cancer. Over 50% of endometrial cancers have been reported to attribute to overweight and obesity (2, 3). In addition, diabetes and insulin resistance have also been identified as independent risk factors for endometrial cancer and are associated with a 2-3 fold increased risk of developing this disease (7–11).

Metformin, a biguanide drug widely used for the treatment of Type II diabetes, has been shown to reduce cancer incidence and deaths among patients with diabetes (12–14). Metformin inhibits mitochondrial complex I in cells causing raised AMP/ATP ratios and, consequently leading to activation of AMPK (15). AMPK is the central regulator of energy utilization in cells, leading to increased glucose and fatty acid oxidation as well as other metabolic processes that generate ATP. The impact of these activities on metabolic disease is well documented (16); however, it is also clear that activation of AMPK leads to control of cell proliferation, in particular inhibition of the downstream PI3K/Akt/mTOR pathway (17–19). It should be noted that components of the PI3K/Akt/mTOR pathway are often mutated, amplified or aberrantly expressed in endometrial cancer (20–23). Activation of the PI3K/Akt/mTOR pathway, through PIK3CA amplifications, PIK3CA/PIK3R1/PIK3R2 mutations and PTEN mutations/loss of function, has also been linked to more aggressive EC tumor behavior (21–24). Our laboratory has previously reported that metformin inhibits cell proliferation in a dose dependent manner in EC cell lines and decreased tumor growth in the LKB1fl/flp53fl/fl mouse model of endometrioid endometrial cancer under obese and lean conditions (25, 26).

Metformin is currently being explored in the treatment of endometrial cancer in combination with hormonal and targeted therapies as well as chemotherapy; however, it should be noted that metformin did not improve on the efficacy of standard-of-care paclitaxel/carboplatin in advanced and recurrent endometrial cancer in NRG Oncology GOG286B (27), despite promising pre-clinical data in endometrial cancer cell lines and animal models (25, 26). Efforts are underway to develop new and improved pharmacologic versions of metformin for the treatment of diabetes mellitus, and it is logical that these same drugs may also have greater anti-tumorigenic benefits than metformin. Metformin is a highly basic molecule with a pKa of 11.5 and is present at <0.01% in its un-ionized form in blood, making metformin dependent on organic cation transporters (OCTs) for cellular entry (28). There are three OCTs, two of which (OCT1 and OCT3) are predominantly expressed on endometrial cancer cells; whereas, OCT2 is predominantly expressed in kidney and is responsible for metformin clearance in urine (29). This accounts for the short half-life of metformin (~1.7 hour), as well as the wide range of peak to trough drug levels, particularly in patients with impaired renal function (30). Therefore, novel biguanides with increased affinity for OCT1 and 3 and lower affinity for OCT2 could demonstrate higher tumor concentrations and a longer plasma half-life than metformin.

After screening approximately 140 biguanides, Novatarg has recently designed and synthesized NT-1044, a new biguanide with higher affinity for the OCT1 and OCT3 transporters. Although NT-1044 has 5.7 times greater affinity for OCT2 than metformin, affinity of NT-1044 for OCT1 and OCT3 is 153 times and 875 times greater than that of metformin, respectively, in HEK293 cells (Table 1). In the present study, we investigated the translational potential of NT-1044 as a therapeutic agent for endometrial cancer by evaluating the anti-tumor effects of this compound in endometrial cancer cell lines and a genetically engineered mouse model of endometrioid endometrial cancer.


Table 1 | Potency of metformin versus NT-1044.





Materials and Methods


Cell Culture and Reagents

Two endometrial cancer cell lines, Ishikawa and ECC-1, and ES-T cell line (human endometrial stromal cells from a premenopausal woman, immortalized by hTERT) were utilized in this study. The ECC-1, Ishikawa and ES-T cells were grown in RPMI 1640 medium (11 mM glucose) with 5% fetal bovine serum, MEM medium (5.5 mM glucose) with 5% fetal bovine serum and L-glutamine, and DMEM/F12 with 10% fetal bovine serum under 5% CO2, respectively. All media included 100 units/ml penicillin and 100 microgram/ml streptomycin. NT-1044 was provided by NovaTarg Therapeutics (Research Triangle Park, NC). All primary and secondary antibodies were from Cell Signaling (Beverly, MA). Enhanced chemiluminescence reagents were bought from Amersham Inc (Arlington Heights, IL).



Cell Proliferation Assays

The Ishikawa, ECC-1 and ES-T cells (4000 cells/well) were cultured in 96-well plates and exposed to various concentrations of metformin and NT1044 for 72 hours. Following treatments, 5 µl MTT solution (5 mg/ml) was added to each well, and the cells were cultured for an additional 1 hour. After aspiration of medium, 100 µl DMSO per well was used to terminate the reactions. The results were read by measuring absorption at 595 nm in a plate reader (Tecan, Cary, NC). The effect of NT-1044 or metformin on cell proliferation was calculated as a percentage of control cell growth obtained from DMSO treated cells grown in the same 96-well plates. Each experiment was performed in triplicate and repeated three times to assess for consistency of results.



Cell Cycle Analysis

The ECC-1 and Ishikawa cells (2.5×105 cells/ well) were cultured with or without NT1044 for 24 hours. The cells were subsequently collected by 0.05% Trypsin (Gibco), washed with PBS, and fixed in a 90% methanol solution. On the day of analysis, the cells were re-suspended in RNA A solution for 30 min at 37 °C, and then stained with PI staining solution for 10 min in the dark. Cell cycle progression was analyzed by Cellometer and analyzed by the FCS 4 Express Flow Cytometry Software (De Novo Software, Glendale, CA, USA). The experiments were repeated three times.



Annexin V Staining Assay

Apoptotic cells were quantified by the Annexin-V FITC Kit (Biovison). Briefly, ECC-1 and Ishikawa cells were seeded into 6 well plates at 2.5 × 105 cells/well overnight, and then the cells were treated with or without various concentrations of NT-1044 for 12 hours. The cells were harvested by 0.25% Trypsin and stained in 100 ul of Annexin-V and PI dual-stain solution for 15 min. The expression of Annexin V was detected by Cellometer, and analyzed by FCS 4 software. Apoptotic cells were expressed as a percentage of the total number of cells stained.



Reactive Oxygen Species (ROS) Assay

Intracellular ROS production was detected using DCFH-DA assay. The ECC-1 and Ishikawa cells were plated in the appropriate media at 6000 cells/well in a 96-well plate overnight, and then treated with various concentrations of NT-1044 for 12 hours. 10 μl of 200 μM of DCFH-DA was added into each well and mixed gently. The fluorescence intensity was detected at Ex485/Em 485/530 nm by a Tecan plate reader. Each experiment was repeated at least three times for consistency of response.



Cleaved Caspase 3 Assays

Caspase activity assays were performed with modifications as previously described (31). In brief, the ECC-1 and Ishikawa cells were plated in 6-well plates at a concentration of 2.5 × 105 cells/well for 24 hours. The cells were treated with NT-1044 at different concentrations for 12 hours. 150-180 ul 1X caspase lysis buffer was added to each well. Protein concentration was determined using the BSA assay. 10-15 ug lysates in a black clear bottom 96-well plate were incubated with reaction buffer and 200 uM of cleaved caspase 3 substrates for 30 min. The fluorescence of each well was determined using a Tecan microplate reader. Each experiment was repeated three times to assess for consistency of results.



Mitochondrial Membrane Potential Assay

Mitochondrial membrane potential was analyzed using the specific fluorescent probes JC-1 (32). The ECC-1 and Ishikawa cells were plated and treated with different concentrations of NT-1044 for 12 hours. Treated cells were then incubated with 2 uM JC-1 for 30 minutes at 37°C. The levels of the fluorescent probes were measured using a Tecan plate reader at two excitation/emission wavelength pairs. Each experiment was repeated three times to assess for consistency of results.



Ethidium Bromide Competition Assay for OCT1-3 Affinity

HEK293 cells stably transfected with hOCT1, hOCT2, and hOCT3 vectors were cultured for 24-48 hours in 24-well plates, respectively. After medium was aspirated, Ethidium Bromide (EtBr) or EtBr plus NT-1044 diluted in HBSS was added to each well and cultured for 2.5 min at 37°C. The plate was washed with HBSS. Intracellular fluorescence was determined by a plate reader (Tecan) at 535/590-nm excitation and emission wavelengths. Nonspecific fluorescence in control cells was subtracted from fluorescence in hOCT-overexpressing cells to yield data representing hOCT-specific fluorescence (33).



Western Immunoblotting

The Ishikawa and ECC-1 cells were seeded at 2.5 × 105 cells/well in 6-well plates and then treated with various concentrations of NT-1044 for 24 hours. The treated cells were lysed in an RIPA buffer (1% NP40, 0.5 sodium deoxycholate and 0.1% SDS) and centrifuged at 12,000 rpm for 15 min to collect supernatants. The protein concentration was determined using the BCA assay kit (Thermo Fisher Scientific). Equal amounts of protein were separated by SDS-PAGE gels and transferred to a PVDF membrane for 2 hours. The membrane was blocked by 5% milk and then incubated with the following primary antibodies: phos-AMPK and S6, MCL-1, BCL-XL, CDK4, CDK6, Bip, PERK and cyclin D1 at 4°C overnight. The membrane was washed with TBS-T and incubated with anti-rabbit or anti-mouse secondary antibodies for 1 hour. Enhanced chemiluminescence reagents was used to visualize protein binding through a gel imaging analysis system (Bio-Rad). The band densitometry was performed using Image J software. The relative expression of target protein was normalized to the expression of β-actin or α-Tubulin. Each experiment was repeated three times to assess for consistency of results.



NT-1044 Treatment in a Transgenic Mouse Model of Endometrial Cancer

For our in vivo studies, we utilized an LKB1fl/flp53fl/fl genetically engineered mouse model. This model was developed in our lab, and these mice develop endometrioid histology endometrial cancer (25). For this model, LKB1 and p53 are somatically inactivated via injection of AdCre virus directly into one uterine horn of the mice. The mice develop invasive endometrial cancer approximately 8 weeks after AdCre virus injection. Given that obesity and insulin resistance are known risk factors for the development of endometrial cancer, we assessed NT-1044 and metformin treatment in both obese and lean mice. To accomplish this, mice were fed either a high fat diet (HFD, 60% calories, obese group) or low fat diet (LFD, 10% calories, lean) starting 3 weeks after birth. At 6 weeks after birth, AdCre was injected into the right uterine horn of all mice. Eight weeks after AdCre injection, we treated the mice with either NT-1044 (200mg/kg/day, oral garage, daily) or metformin (200mg/kg, drinking water, daily) for a duration of 4 weeks in HFD and LFD groups (n = 15/group). Body weight and blood glucose were monitored weekly during the treatment. All mice were euthanized at the end of treatment. Tumor tissue and blood samples were collected. Animal experiments were approved by our Institutional Animal Care and Usage Committee in accordance with NIH guidelines.



Immunohistochemical Analysis

The mouse tumor tissue was formalin-fixed and paraffin-embedded. Slides (5 μm) were first incubated with protein block solution (Dako) for 1 hour and then with the primary antibodies for Ki-67 (1:400), phosphorylated-S6 (1:300) and phosphorylated-AMPK (1:100) for 2 hours at room temperature. The slides were then washed and incubated with appropriate secondary antibodies at room temperature for 1 hour. The slides were washed, and the specific staining was visualized using the Signal Stain Boost Immunohistochemical Detection Reagent (Cell Signaling Technology), according to the manufacturer’s instructions. Individual slides were scanned using the Aperio™ ScanScope (Aperio Technologies, Vista, CA), and digital images were analyzed for target protein expression using Aperio™.



Primary Culture

A normal endometrium of proliferative phase (36 years old) was collected in the operating room of the Department of Gynecologic Oncology, Shandong Cancer Hospital and institute, China. A specific written informed consent was obtained from patient, and the study was approved by the Institutional Ethics Committee of Shandong Cancer Hospital and Institute. Tissue was then digested in 0.2% collagenase IA for 45 min hours at 37°C water bath with shaking. Epithelial and stromal cells were separated using number 100 and number 400 sieves. 8000 cells/well were seeded into 96-well plated and cell proliferation was measured with MTT assay 72 hours after treatment.



Statistical Analysis

All experiments were repeated a minimum of three times. Results for experiments were normalized to the mean of the control and analyzed using the Student t-test using GraphPad software (La Jolla, CA, USA). Differences were considered significant if the p value was less than 0.05 (p<0.05) with a confidence interval of 95%.




Results


Effect of NT-1044 on Endometrial Cancer Cell Proliferation

The affinity of NT-1044 and metformin for OCT1-3 were compared at different concentrations using spectrophotometer in HEK293 cells. The results showed that the affinity of NT-1044 to OCT1 and OCT3 is stronger than that of metformin (Table 1). Next, we examined the effect of NT-1044 and metformin on cell proliferation in the ECC-1 and Ishikawa endometrial cancer cell lines. The cells were incubated for 72 hours with varying concentrations of NT-1044 and metformin and cellular viability was analyzed with the MTT assay. The results from the MTT assay showed a progressive decrease in cell proliferation with successive increases in the concentrations of NT-1044 and metformin (Figure 1A). NT-1044 exhibits dose-dependent effects on cellular growth for both cell lines at significantly lower doses than that of metformin. As shown in Figures 1B, C, the mean IC50 value of NT-1044 was approximately 87 ± 22.49 μM and 218 ± 50.76 μM for the ECC-1 and Ishikawa cells; the mean IC50 values of metformin were 1330 ± 211.38 uM for Ishikawa and 2750 ± 173.31 uM for ECC-1, respectively. The results indicated that the both cell lines were sensitive to NT-1044 treatment and that NT-1044 had a greater effect on inhibiting cell proliferation than metformin.




Figure 1 | NT-1044 inhibited cell proliferation and activated AMPK pathway in EC cells. The ECC-1 and Ishikawa cells were cultured in regular media for 24 hours, and then treated with the indicated concentrations of NT-1044 and metformin in 96-well plates for 72 hours. Cell proliferation was assessed by MTT assay. NT-1044 and metformin significant inhibited cell proliferation in a dose dependent manner (A–C). IC50 value of NT-1044 for ECC-1 = 87 μM; Ishikawa=218 μM. The ECC-1 and Ishikawa cells were treated with NT-1044 for 18 hours. Western blotting showed that NT-1044 increased phosphorylation of AMPK expression and decreased phosphorylation of S6 expression (D). The results are shown as the mean ± SE of triplicate samples and are representative of three independent experiments. *p < 0.05, **p < 0.01.



In order to determine whether NT1044 and metformin alter cell proliferation of normal endometrial cells, Normal TERT-immortalized endometrial stromal cell line, ES-T, and a primary culture of normal endometrium (proliferative phase) were used. ES-T, primary culture of epithelial cells and stromal cells were treated with either metformin, NT1044 or vehicle control. Metformin led to a modest growth inhibition in ES-T and primary culture cells after 72 hours of treatment, while NT1044 reduced cell proliferation with an IC50 of 688 uM in ES-T cells (Supplemental Figure 1). NT1044 exhibits greater effect on inhibiting cell proliferation than metformin in normal endometrial cells. These results indicate that normal endometrial cells are relatively metformin and NT1044 resistant compared to ECC-1 and Ishikawa cells.

Given that metformin exhibits anti-tumorigenic effects by activating AMPK and inhibiting mTOR pathways, we examined expression of key targets of these pathways after treatment with NT-1044. As illustrated in Figure 1D, western immunoblotting showed that NT-1044 significantly increased expression of AMPK phosphorylation and dramatically decreased the expression of phosphorylated S6 in both cell lines after 18 hours of treatment with NT-1044. Expression of pan-AMPK was not affected by NT-1044. However, NT1044 reduced the expression of pan-S6 in Ishikawa cells. These results indicate that NT-1044 inhibits cell proliferation via activation of AMPK and subsequent decreased phosphorylation of the S6 protein, resulting in inhibition of the mTOR pathway.



Effect of NT-1044 on Cell Cycle

After treating the ECC-1 and Ishikawa cells with NT-1044, the cell cycle profile was analyzed to evaluate the underlying mechanism of growth inhibition by NT-1044. As illustrated in Figure 2A, NT-1044 (1-1000 uM) resulted in dose dependent G1 cell cycle arrest in the ECC-1 and Ishikawa cell lines. NT-1044 at a dose of 1 mM increased the G1 population from 47.1 ± 2.72% to 63.8% ± 2.28 in the ECC-1 cells, and from 46.1 ± 3.06% to 57.3 ± 2.67% in the Ishikawa cells, respectively, compared with control groups (p<0.01). The synthesis of cyclin D1 is initiated during G1 and, through interaction with the cyclin-dependent kinases (CDK) 4 and 6, drives the G1/S phase transition (34). The expression of CDK4, CDK6 and Cyclin D1 were measured by Western blotting. Treatment of the ECC-1 and Ishikawa cells with NT-1044 for 24 hours led to a dose dependent decrease in Cyclin-D1, CDK6 and CDK-4 (Figure 2B). These results are basically consistent with our previous research on the effect of metformin on the cell cycle (25, 26).




Figure 2 | NT-1044 induced cell cycle G1 arrest in EC cells. The ECC-1 and Ishikawa cells were treated with NT-1044 for 24 hours. Cell cycle progression was assessed by Cellometer. NT-1044 induced cell cycle G1 arrest in a dose-dependent manner in both cell lines (A). Western blotting showed that NT-1044 decreased the expression of CDK4, CDK6 and cyclin D in a dose-dependent manner in both cell lines after 24 hours of exposure (B). *p < 0.05, **p < 0.01.





Effect of NT-1044 on Apoptosis

The effect of NT-1044 on apoptosis was evaluated by Annexin V and cleaved caspase 3 assays in both cell lines. Treatment of both cell lines with different concentrations of NT-1044 for 12 hours significantly increased Annexin V expression in a dose dependent manner as demonstrated in Figure 3A (p<0.01). Following incubation with 1 mM NT-1044, Annexin V-positive cells were increased from 4.2% to 13.4% for ECC-1 cells and 5.1% to 17.5% for Ishikawa cells, respectively. Treatment of both cell lines with 1 mM NT-1044 for 12 hours increased cleaved caspase 3 activity by approximately 70-85% compared with the untreated groups (Figure 3B, p<0.01). Western blotting analysis found that NT-1044 reduced expression of the anti-apoptotic proteins BCL-XL and MCL-1 in a dose-dependent manner after treatment for 18 hours (Figures 3C, D). These results suggest that NT-1044 inhibits endometrial cancer cell growth through the induction of apoptosis and cell cycle G1 arrest.




Figure 3 | NT-1044 induced apoptosis in EC cells. The ECC-1 and Ishikawa cells were cultured for 24 hours and then treated with NT-1044 for 12 hours. NT-1044 increased Annexin V expression in a dose-dependent manner in both cells (A). Both cell lines were treated with NT-1044 for 12 hours. Cleaved caspase 3 was measured by ELISA assay. The results showed that NT-1044 increased cleaved caspase 3 activity in both cell lines (B). Western blotting showed that NT-1044 decreased the expression of BCL-XL and MCL-1 in a dose-dependent manner in both cell lines after 18 hours of exposure (C, D). *p < 0.05, **p < 0.01.





NT-1044 Induces Cellular Stress

Given that metformin activates cellular stress in many types of solid cancers, we examined the effects of NT-1044 on cellular stress and mitochondrial membrane potential using DCFH-DA and JC-1 assays, respectively. After a 12-hour treatment with varying concentrations of NT-1044, a dose-dependent response on reactive oxygen species (ROS) assays can be seen, illustrating the effects of NT-1044 on inducing intracellular stress (Figure 4A). ROS was increased by 45-165% from baseline in ECC-1 and Ishikawa cells at a dose of 1 mM NT-1044. Meanwhile, Figure 3B shows significantly decreased mitochondrial membrane potential of 24.1-33.7% in ECC-1 and Ishikawa cells after treatment with NT-1044 for 12 hours at 1 mM (Figure 4B). We used western immunoblotting to analyze the changes in protein kinase-like endoplasmic reticulum kinase (PERK) and binding immunoglobulin protein (Bip), two proteins related to cell stress, after the cells were treated with different concentrations of NT-1044 for 24  hours. The data showed that the expression of PERK and Bip increased with increasing doses of NT-1044 (Figure 4C). These results indicate that NT-1044 induces intracellular oxidative stress in EC cells.




Figure 4 | NT-1044 induced cell stress in EC cells. The ECC-1 and Ishikawa cells were cultured for 24 hours and then treated with NT-1044 for 12 hours. Reactive Oxygen Species (ROS) was detected using the DCFH-DA Assay. Mitochondrial membrane potential was measured by JC-1 assay. NT-1044 significantly increased ROS products (A) and decreased JC-1 levels (B) in a dose dependent manner in the both cells. Both cells were treated with NT-1044 for 24 hours. Western blotting showed that NT-1044 increased the expression of BIP and PERK in the both cells (C). *p < 0.05, **p < 0.01.





NT-1044 Inhibits Tumor Growth in the LKB1 fl/flp53fl/fl Mouse Model of Endometrial Cancer

To validate and compare the anti-tumorigenic potential of NT-1044 and metformin in vivo under obese and lean conditions, we fed LKB1fl/flp53fl/fl mice with either a HFD (obese) at 3 weeks of age to induce obesity or fed them a LFD as lean controls. The obese and lean mice were treated with either placebo, NT-1044 or metformin at a dose of 200 mg/kg/day for 4 weeks (15 mice/per group). During treatments, tumor growth was monitored by palpation twice a week. Regular twice-weekly measurements yielded no changes in random blood glucose and body weight during NT-1044, metformin and placebo treatments. All mice were evidently well tolerated during the treatments. Obesity accelerated tumor growth with a 2.1-fold increase in tumor weight at sacrifice compared to mice fed a LFD. Both obese and lean mice treated with metformin had a significant reduction in tumor weight (Figures 5A, B, p<0.05). NT-1044 exhibited similar anti-tumor effects in obese and lean mice compared with metformin. However, metformin and NT-1044 had a more pronounced impact on the tumor growth of obese mice (70.3 and 75.8% reduction in tumor weight, respectively) compared to 58.1 and 63.8% reduction in tumor weight with NT-1044 and metformin treatment in lean mice, respectively (p<0.05). Although NT-1044 was significantly more potent than metformin for its in vitro anti-tumor activity, there was not a difference between NT-1044 and metformin in reduction of tumor weight under obese and lean conditions. The possible reasons are the duration of treatment and large doses of both agents used that did not allow the detection of a difference in drug potency in the LKB1fl/flp53fl/fl mice (35, 36). Overall, these results suggest that obesity promotes endometrial tumor growth and NT-1044 and metformin effectively suppresses the endometrial tumor growth in both obese and lean mice, with greater anti-tumorigenic effects in the setting of obesity.




Figure 5 | NT-1044 inhibited endometrial tumor growth in both the obese and lean LKB1fl/flp53fl/fl mice. LKB1fl/fl p53fl/fl mice were fed high fat diet (HFD) or low fat diet (LFD) at 3 weeks of age to induce obesity. The mice were divided into six groups: obese, obese + metformin, obese+NT-1044, Lean, lean + metformin. Lean+NT-1044. The obese and lean mice in both groups were treated with NT-1044 or metformin (200 mg/kg, oral gavage for NT1044 and drinking water for metformin) or placebo for 4 weeks. Obesity promoted tumor growth in obese mice versus lean mice. Either metformin or NT-1044 significantly reduced tumor weight in the obese and lean mice, with a greater impact on tumor weight in obese mice (A). During treatment, there were no significant changes in body weight in the six groups (B). Change in expression of Ki-67, phosphorylated-S6 and phosphorylated-AMPK were assessed by immunohistochemistry in the endometrial cancer tissues. The expression of Ki-67 and phosphorylated-S6 was reduced and phosphorylated-AMPK was increased in both groups after NT-1044 or metformin treatment (C). *p < 0.05, **p < 0.01.



To further investigate the anti-tumorigenic mechanism of NT-1044 in vivo, the expression of Ki-67, phosphorylated S6 and phosphorylated AMPK in the endometrial tumor tissues was evaluated by immunohistochemistry (Figure 5C). As expected, the expression of the proliferation marker Ki-67 was significantly reduced in the endometrial tumors following metformin and NT-1044 treatments, quantified as 55.1-67% decrease in tumors of obese mice and 27.2-31.4% in tumors of lean mice compared to controls (p<0.05). Consistent with our results in vitro, NT-1044 and metformin significantly reduced the expression of phosphorylated S6 and increased the expression of phosphorylated AMPK in obese and lean mice compared with the untreated mice, suggesting that metformin and NT1044 inhibited tumor growth through the AMPK/mTORC1 pathway in vivo (p<0.05). Together, these results further confirm that NT-1044 and metformin inhibits tumor growth of EC, potentially via targeting of the AMPK/mTOR/S6 pathway in vivo in both obese and lean mice.




Discussion

The mechanism of the inhibitory effect of metformin on proliferation of cancer cells and tumor growth has been suggested to be associated with cell cycle arrest, promotion of apoptosis, inhibition of metastasis and induction of cellular stress through the AMPK/mTOR pathway (37, 38). In this study, we sought to investigate the effects of NT-1044, an AMPK activator, on cell proliferation in two human endometrial cancer cell lines and on tumor growth in an endometrial cancer mouse model. When compared to metformin, NT-1044 shows more potent anti-proliferative activity than metformin in EC cells and the similar anti-tumor activities in the LKB1fl/fl p53fl/fl mouse model of EC. In addition, we found that NT-1044 suppressed cell growth, induced apoptosis and G1 cell cycle arrest, caused cellular stress, activated AMPK and inhibited mTOR pathways in vitro and in vivo.

Metformin inhibits the proliferation of cancer cells, including EC cells, by inhibiting cell cycle progression in the G1 phase and/or G2 phase through the downregulation of cyclins, and cyclin dependent kinases (38, 39). Our previous work confirmed that metformin significantly induced cell cycle arrest in G1 phase in the Ishikawa and ECC-1 cells (25, 26). Similarly, we found that NT-1044 promoted cell cycle-G1 arrest of ECC-1 and Ishikawa cells in a dose-dependent fashion in the current study. This effect was accompanied by decreases in the Cyclin-D1, CDK-6 and CDK-4 proteins, all of which are involved in cell cycle progression. These results confirm that NT-1044 has similar effects to metformin on cell cycle progression in EC.

Exposure to metformin has been shown to increase apoptosis in different types of cancers including EC cells, culminating in decreased cell viability (18, 26, 40). Enhanced apoptosis was reported to be mediated by increased caspase-3 activation and PARP cleavage (37). In our previous work, metformin induced caspase 3 activity but only at high concentrations of treatment (2-5 mM) (26). Lower doses of metformin had little effect on caspase-3 activity. Similar results have demonstrated that 10 mM metformin significantly increased the proportion of Annexin V positive cells and the expression of cleaved caspase-3 in Ishikawa cells (39). Whether metformin induces apoptosis is controversial as it has also failed to induce apoptosis in prostate and breast cancer cell lines at similar doses of treatment. The underlying reason for this difference may be attributed to the duration and concentration of metformin treatment as well as the status of wild type p53 (37, 41). Metformin may directly affect the expression of p53 in sensitive cancer cells, which in turn leads to regulation of p53 downstream targets and to induction of apoptosis (42). Given that metformin has poor lipophilicity and its bio-distribution in cancer cells relies on OCT1, OCT2 and OCT3, it is also possible that induction of apoptosis is related to OCT1/3 receptor expression and the biguanide potency. NT-1044 has significantly higher affinity for both OCT1 (IC50 213 μM vs. 3,532 μM) and OCT3 (IC50 20 μM vs. 17,500 μM) when compared to metformin (Table 1). Our preliminary studies on transporter proteins have shown that OCT1 and OCT3 are present in both endometrial cancer cell lines and endometrial tumors (Supplemental Figure 2). The higher potency of NT-1044 as well as the higher affinity to the OCT1 and OCT3 transporter when compared to metformin, may explain why NT-1044 is more effective at inducing apoptosis in our current study. However, additional research is needed to determine if OCT1 and OCT3 expression is in fact a predictor of treatment response to biguanides including NT-1044.

Inhibition of cell proliferation by NT-1044 was accompanied by inhibition of the AMPK/mTOR pathway. AMPK/mTOR pathway is well known to be regulated cancer cell growth and survival. The activation of AMPK reduces cell proliferation through negatively regulates mTOR signaling (43). Recent results showed that NT-1044 exhibited higher AMPK activation than metformin at the same dosage in differentiated human adipocytes (44).In its role as an AMPK activator, the anti-tumorigenic activity of NT-1044 appears similar to that of metformin, which has been shown to significantly decrease proliferation of several human cancer cell lines in vitro, including endometrial cancer (25, 26, 45–47). Since AMPK negatively controls mTOR activation and mTOR is a downstream effector of AKT, Activation of AMPK is considered to be a possible therapeutic target for cancers that contain high AKT activity (48). Given type I endometrial cancers exhibit a high frequency of PTEN deletions and mutations, leading to the activation of AKT, AMPK activation may have therapeutic potential for this disease (49). In this study, ECC-1 and Ishikawa cells have low expression of wild PTEN, but RL-95-2 cells, a PTEN mutant EC cell line, exhibited the similar sensitivity to metformin and NT1044 compared to ECC-1 and Ishikawa cells, suggesting that PTEN status may not play a big role in inhibition of cell growth in NT1044-treated endometrial cancer cells. Several studies have confirmed that loss of PTEN significantly enhances the sensitivity to rapamycin, an mTOR inhibitor (50–52). The results of the present study suggested that NT1044 may be promising therapy for type I endometrial cancer, which more frequently have PTEN mutations, as well as type II endometrial cancers, which less frequently have PTEN mutations.

Lastly, we explored the activity of NT-1044 in vivo in an endometrial cancer mouse model. We also assessed whether this drug would have different activity in lean versus obese mice given that obesity has been linked to both an increased risk of developing endometrial cancer and an increased risk of mortality from the disease (53, 54). In the obese mice, NT-1044 inhibited tumor growth by 76% (p=0.0065) whereas in the lean mice, it inhibited tumor growth by 64% (p=0.0011), suggesting that NT-1044 is more effective in the setting of obesity. NT-1044 exhibited similar anti-tumor activity compared to metformin. These findings are not surprising given the association between obesity, insulin resistance and endometrial cancer. In a pre-operative window study, metformin was shown to have increased activity against endometrial cancer in the subset of patients with metabolomic profiles consistent with increased insulin resistance (55).



Conclusion

As our work has demonstrated, NT-1044 has greater potency than metformin in vitro and comparable effects to metformin in vivo under obese and lean conditions. In addition, we recently found that NT1044 inhibited cell proliferation in normal endometrial stromal and epithelial cells, suggesting that NT1044 may have potential to treat non-malignant hyperplastic diseases in uterus (Supplemental Figure 1). In pharmacologic studies of NT-1044 for diabetes treatment, NT-1044 demonstrated the anticipated pharmacologic activity of a biguanide but at just 1/5 of the metformin dose (data not shown). Therefore, NT-1044 represents a novel biguanide with improved pharmacologic features over metformin that include increased selectivity of transporters and a longer plasma half-life, although this did not result in an increased benefit in its anti-tumorigenic effects in the LKB1 fl/flp53fl/fl. Thus, future work will focus on expansion of the NT-1044 treatment studies into additional patient-derived xenograft mouse models of endometrial cancer of varying genomic backgrounds to assess for potential biomarkers of NT-1044 response that may also align with obesity status, in particular mutations that affect the AMPK/mTOR pathway, a pathway well-known to be altered in both obesity and endometrial cancer.
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Ovarian cancer is the most common and aggressive type of tumor of the female reproductive system. Two factors account for this detrimental clinical presentation: (i) the lack of early detection methods and (ii) the inherently aggressive nature of this malignancy. Currently, transcriptomic analyses have become important tools to identify new targets in different cancer types. In this study, by measuring expression levels in ovarian cancer samples and stem cell samples, we identified 24 tumor suppressor genes consistently associated with poor prognosis. Combined results further revealed a potential therapeutic candidate, BTG2, which belongs to the antiproliferative gene family. Our results showed that BTG2 expression regulated ovarian cancer cell proliferation via G1/S phase cell cycle arrest by regulating Cyclin D1, CDK4, p-AKT, and p-ERK expression. BTG2 also inhibited cell migration by modulating MMP-2 and MMP-9 expression. Furthermore, xenograft models confirmed a growth inhibitory effect of BTG2 in ovarian cancer in vivo. BTG2 was significantly associated with ovarian cancer FIGO stage and grade in the clinic. Our findings indicated that BTG2 exerts a suppressive impact on ovarian cancer and could be a potential biomarker.
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Introduction

Ovarian cancer is the leading and most common female reproductive malignancy among female patients, with 25,000 deaths per year in China alone (1). Most diagnoses occur in the late stage, so patients have missed the optimal window for surgery. The five-year survival rate of these patients is only approximately 25% (2). Compared with patients diagnosed with late-stage disease, patients diagnosed with early-stage disease have a considerably more favorable prognosis, although different prognoses still exist among patients with similar clinical characteristics (3, 4). Therefore, an improved understanding of the genetic and molecular heterogeneity among patients and identification of potential biomarkers to diagnose and monitor treatment for ovarian cancer at an earlier stage are urgently needed.

With the development of sequencing technology, genomic and transcriptomic analyses have become important tools to identify new therapeutic strategies. The Cancer Genome Atlas (TCGA) has been instrumental in improving the classification and identification of tumor drivers in many studies (5–7). For example, differentially expressed genes (DEGs) regulated at the gene transcription level are implicated in diverse biological processes based on TCGA (8–10). Due to the importance of DEGs in cancer research, the roles of DEGs as biomarkers and drivers of tumor oncogenesis and suppression have been identified in ovarian cancer (11, 12). Because novel therapeutic strategies based on these findings have not been developed, it is necessary to investigate additional pathways of gene deregulation in ovarian cancer. Equally important is the study of ovarian cancer stem cells, which play an important role in the development, invasion, metastasis, and drug resistance recurrence of ovarian cancer (13). A growing number of inhibitors against stem cell characteristics have been identified (14). Traditional tumor cytoreductive surgery combined with cisplatin systemic chemotherapy has a certain effect on reducing tumor volume and alleviating clinical symptoms, but residual epithelial ovarian cancer stem cells after treatment can rebuild tumor tissue in a short time, which is the root cause of ovarian cancer recurrence and refractory (15).Therefore, identifying regulators that maintain ovarian cancer stem cell phenotypes and/or contribute to their survival is critical for designing novel therapeutic strategies (16, 17).

To identify new targets for therapy, we conducted a combination of transcriptomic analyses based on TCGA database and ovarian cancer stem cell gene expression files and then performed biological validation in vitro and in vivo. B cell translocation gene 2 (BTG2) belongs to the antiproliferative gene family. Our data revealed that lower expression of BTG2 in ovarian cancer patients was associated with tumor progression and shortened survival. BTG2 inhibited ovarian cancer cell proliferation and migration, blocked the ovarian cancer cell cycle and enhanced the cisplatin sensitivity of ovarian cancer cells. Furthermore, knockdown of BTG2 expression contributed to ovarian tumor formation in a mouse xenograft assay. These results suggested that BTG2 is a tumor suppressor and could be used as a potential biomarker for ovarian cancer.



Materials and Methods


Gene Expression Analysis of Ovarian Cancer RNA-Seq Data

Read counts per gene of 419 samples of ovarian cancer from TCGA and 88 samples of normal ovaries from GTEx were downloaded from the UCSC Xena portal (Table S1) (18). Differential expression analysis was performed using DESeq2 comparing the tumor samples to the normal samples (19). All downregulated genes that were differentially expressed between the tumor and normal samples as shown by a Benjamini-Hochberg corrected p-value <0.05 and log2-fold change <1 were selected.



Gene Expression Analysis of Ovarian Cancer Stem Cell Microarray Data

Microarray data between the side population (SP) and main population (MP) isolated from fresh ascites obtained from women with high-grade advanced stage papillary serous ovarian adenocarcinoma were obtained from Vinod (Table S2) (20). Data were normalized using Robust Multichip Average. DEGs between the SP and MP samples were identified using the LIMMA package (21) with p-value <0.05 and log2-fold change ≥|1|.



Survival Analysis and Grade Analysis

Kaplan-Meier plotter was used to evaluate whether increased expression of the selected genes was associated with a poorer prognosis in ovarian cancer (22). Samples with increased expression of selected genes were compared to all other samples. Kaplan-Meier survival curves with overall survival were established and then compared using a log-rank test.

Normalized expression data from grade I, II and III-IV ovarian cancer (10 grade I, 101 grade II, 607 grade III-IV) were downloaded from the Xena portal (18). Expression levels of 24 selected genes in samples with different grades were compared using one-way ANOVA with Tukey’s multiple comparisons test.



Mutation and CNA Analysis

All 311 ovarian cancer samples with exome sequencing and copy-number alterations (CNA) data available in cBioPortal (23) were evaluated. The gene set containing 24 selected tumor suppressors was analyzed. All samples containing at least one alteration in one or more of these selected were identified and presented. A simulation with 100,000 random sets of 24 out of 94 tumor suppressors and the hypergeometric test were performed to determine if our selected gene set presented enrichment for mutation and CNA. Mutation and CNA data for all tumor suppressors were retrieved from cBioPortal using the CDGS-R package (24).



Functional Annotation

Functional annotation analyses (Gene Ontology and KEGG pathways) were performed using DAVID (25) using Homo sapiens genes as background. Terms with Benjamini-Hochberg corrected p-values<0.05 were determined to be enriched. The STRING database was used to analyze the protein-protein interaction (PPI) networks of the top potential tumor suppressors (26). The results were visualized using Cytoscape version 3.7.1, a software platform used to visualize complex networks (27).



Patients, Tissue Specimens, and Histopathological Data

A total of 38 ovarian samples, including 30 patients with radically resected stage I to IV ovarian cancer and 8 normal ovarian tissues, were collected under the instructions of The Code of Ethics of the World Medical Association during the period of 2016 to 2017 from the Pathology Department, The First Affiliated Hospital of Dalian Medical University. All patients formally and voluntarily gave their consent for the study. The diagnosis of BTG2 confirmed in the tissue samples and the histologic subtypes and stages of tumors were identified using the World Health Organization classification. This study protocol was approved by The Ethical Research Committee of the First Affiliated Hospital of Dalian Medical University.



Cell Culture

The human ovarian cancer cell lines SKOV3 (RRID: CVCL_0532) and A2780 (RRID : CVCL_0134) (American Type Culture Collection, Rockville, MD, USA) were maintained in DMEM (Gibco BRL, Grand Island, NY, USA), supplemented with 10% fetal bovine serum (TransGen Company, Beijing, China) and cultured at 37°C in 5% CO2. All experiments were performed with mycoplasma-free cells.



Cell Transfection

The vector containing the BTG2 DNA sequence and shRNA targeting BTG2 were constructed by GenePharma Company (Shanghai, China). The ovarian cancer A2780 and SKOV3 cell lines were transfected with plasmids using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s recommended protocol, and stable cell lines were subsequently established by G418 (Sigma-Aldrich). Ovarian cancer cells stably overexpressing BTG2 are referred to as the GV-BTG2 group, cells stably transfected with the negative control are referred to as the GV-COL group, and cells stably transfected with shRNA targeting BTG2 or the negative control are considered the shBTG and shCOL groups. BTG2 expression was assessed by Western blotting analysis.



Quantitative Real Time PCR

Total RNA was isolated from tissue samples or cultured cells using the FFPE total RNA purification kit (GenePharma, Suzhou, China) according to the manufacturer’s instructions. Total RNA (1 μg) was reverse-transcribed into first-strand complementary DNA (cDNA) with the FastQuant RT Kit (Tiangen, Beijing, China). qPCR was performed with a SuperReal PreMix Plus SYBR Green PCR kit (Tiangen, Beijing, China) using a StepOne Real-Time PCR machine (Thermo Fisher Scientific, Rockford, IL, USA). Experiments were performed in triplicate. The average threshold cycle (Ct) value of BTG2 was normalized to the average Ct value of β-actin. The specific primers used in the qPCR were as follows: for BTG2, 5′-CGGAATTCCGCGACATGAGCCACGGGAAG-3′ and 5′- GCAGCTCGAGGCCTAGCTGGAGACTGCCAT-3′; and for β-actin, 5′- AGAAAATCTGGCACCACACC-3′ and 5′- TAGCACAGCCTGGATAGCAA-3′.



Western Blotting

Cell lysates were prepared in RIPA buffer (Beyotime, China) and quantified by using a BCA assay kit (Thermo Fisher Scientific). Equivalent amounts of each sample were resolved by SDS-PAGE and analyzed by Western blotting using the same method as previously described (28). Antibodies against BTG2, ERK, AKT, p-AKT, CDK2, CDK4, MMP2, MMP9 and β-actin were obtained from Proteintech Group, Inc. (Chicago, USA). The antibody against cyclin D1 was purchased from Cell Signaling Technology (MA, USA), and the antibodies against cyclin E1 and p-ERK were purchased from Bioss (Boston, USA).



Cell Proliferation Assays

Cells were seeded in 96-well plates at 1×104 cells/well and incubated for 1, 2 or 3 days. Then, 20 μl of MTT (5 mg/mL in PBS) was added to each well and incubated for 4 h. The MTT solution was removed, and the formazan was dissolved in 150 μl of DMSO. Absorbance of the solution was measured using a Multiskan Ascent plate reader at 540 nm wavelength.



Colony Formation Assay

Three hundred cells per well in 6-well plates were seeded before treatment. Then, 2 ml of medium with or without cisplatin (2 μM) was added to each well. Cells were fixed after 2 weeks using methanol and stained using crystal violet (Sigma, St. Louis, MO, USA) dissolved in 10% ethanol. The number of stable colonies was obtained by counting. Colonies were defined as a minimum of 50 cells in a cell group.



Cell Cycle Analysis

Cell cycle distribution was examined by propidium iodide (PI) staining and flow cytometry. Briefly, cells were collected, washed with PBS and fixed with ice-cold 70% ethanol overnight at 4°C. The fixed cells were then washed with PBS and incubated with staining buffer containing PI and RNase for 1 h at 37°C. The cell cycle was examined using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA). The percentage of cells in each phase was determined by ModFitLT V4.1.



Transwell Migration Assays

Cell migration was quantified by the Transwell assay. A total of 2×104 cells in 200 μl of serum-free DMEM were added to each upper chamber, and DMEM with 10% FBS was added to the lower chamber as a chemoattractant. After 24 h incubation at 37°C, the underside of the membrane was stained with 0.1% crystal violet for 10 mins and counted on average for six random fields under a microscope at 100× magnification field.



Immunohistochemistry Analysis and Scoring System

Immunohistochemical staining was conducted to detect BTG2 protein expression using SPlink detection kits (ZSGB-BIO, Beijing, China) in paraffin embedded specimens of ovarian cancer tissues. The slides were dewaxed with xylene and gradually hydrated. Subsequently incubated with endogenous peroxidase blocker at room temperature for 40 min and washed thrice with PBS. All tissue slides were blocked with goat serum at room temperature for 30 min and incubated with the Anti-BTG2 antibody (diluted 1:200 with PBS) overnight at room temperature. After incubation with secondary biotinylated antibody Goat Anti-Mouse IgG at room temperature for 13 min, the sections were then rinsed with PBS. Developed with chromogen for 100 sec at room temperature and rinse in running tap water for 100 sec. Final slides were rinsed with distilled water, counterstained with hematoxylin, dehydrated, and mounted.

The photo of immunohistochemical staining was taken under the microscope and results were interpreted independently by two pathologists. Five fields were selected randomly under a high-power microscope (magnification, x200; Olympus BX41, Tokyo, Japan), followed by scoring based on the proportion and intensity of positive cells. The: proportion of positive cells was scored as 0 (<25%), 1 (26-50%), 2 (51-75%) or 3 (>75%). The staining intensity was scored as 0 (negative), 1 (weak), 2 (moderate) 3 (strong) or 4 (strongest). The final score of each slide was assessed by multiplying the scores for proportion and intensity. The final score≥6 points indicated positive expression.



Xenograft Models

Female athymic nude mice (BALB/c-nu/nu) (Institute of Genome Engineered Animal Models for Human Disease, Dalian Medical University), approximately 6-8 weeks old and weighing 15-18 g were breeding in specific-pathogen-free(SPF) conditions. All animal experiments were approved by Experimental Animal Ethics Committee of Dalian Medical University (No. AEE19104), Mice xenograft models were established by subcutaneous injection of 4×106 scrambled shRNA transduced A2780 cells and 4×106 shBTG2 transduced A2780 cells into the right posterior ventral side of ten nude mice. Tumor growth was calculated with the length (L) and width (W) of tumors by vernier calipers every 2 days after injection, and the tumor volume (V) was calculated by the formula V = (L×W×W)/2. All the mice were sacrificed 21 days after injection. The xenograft tumors were recovered and weighed. BTG2 expression in the xenograft tumors was analyzed by immunohistochemistry staining.



Statistical analysis

All experiments were independently repeated three times. The results are presented as the means ± SD. All statistical analyses were executed using R. All the differences results in a p-value < 0.05 were considered significant.




Results


Identification of Aberrantly Expressed Tumor Suppressors in Ovarian Cancer

To identify potential targets involved in ovarian cancer, we examined both ovarian cancer RNA sequencing (RNA-Seq) samples and ovarian cancer stem cell gene expression profiles, as shown in Figure 1A. We obtained RNA-Seq data for 419 ovarian cancer samples and compared them with 88 normal ovary samples from the UCSC Xena database (see ‘Materials and Methods’; Tables S1 and S2). The identification of 214 upregulated and 2,155 downregulated genes in the tumor samples compared to the normal samples is shown in Figure 1B (detailed in Table S3).




Figure 1 | Identification of aberrantly expressed tumor suppressors in ovarian cancer. (A) Flow chart of methodologies applied in the current study. (B) Volcano plot of fold changes in the expression of the DEGs in ovarian cancer patients. Red rectangle dots, significantly upregulated genes, blue triangle dots, significantly downregulated genes and black dots, hub genes. (C) Venn diagram of the 94 significantly co-expressed genes compared with down-regulated in ovarian cancer and differential expressed in OVSC.



We examined the microarray dataset of Vinod et al. (20) to identify differentially expressed genes between the SP and MP isolated from fresh ascites obtained from women with high-grade advanced stage papillary serous ovarian adenocarcinoma. This analysis revealed a total of 1,048 upregulated and 458 downregulated genes in ovarian cancer stem cells (Table S4).

We next focused on the identification of tumor suppressors that were closely related to tumor progression and tended to be attractive targets in therapeutic contexts. The results from both transcriptomic studies were merged: 94 tumor suppressor genes were identified in both ovarian cancer and ovarian cancer stem cell samples (Table S5), in Figure 1C representing a significant overlap (p-value= 0.0004; hypergeometric test).



Development of 94 Tumor Suppressors in Survival and Grade Analysis

We established Kaplan-Meier survival curves to determine whether 94 tumor suppressors exhibit an association with poor prognosis in ovarian cancer (detailed in Table S6). Twenty-four of the 94 tumor suppressors showed an association with overall survival reduction when overexpressed (p-value < 0.05; log-rank test). Figure 2A presents a summary of the 24 selected tumor suppressors and their results in survival analysis.




Figure 2 | Development of 94 tumor suppressors in survival and grade analysis. (A) Forest plot of 24 significantly expression genes. Hazard ratio and p-value are calculated by using a Kaplan-Meier analysis. (B) Boxplots (with median) showing the 14 out of 24 genes with expression levels in samples from TCGA significantly related to tumor grade. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.



To explore the roles of these 24 selected tumor suppressors in an additional context, we evaluated their expression levels in samples with different grade from TCGA (Figure 2B). In general, 14 of 24 tumor suppressors exhibited lower expression levels in higher grade ovarian cancer samples than in lower grade samples (p-value<0.05; Wilcoxon rank-sum test and Table S7).



BTG2 as a Potential Tumor Suppressor Candidate in Ovarian Cancer

We also evaluated whether the 24 tumor suppressors presented mutations and/or CNA in ovarian cancer samples from TCGA as shown in Figure 3A. Only 10% of the samples displayed alterations in at least one of our selected tumor suppressors. Mutation and CAN presented in 24 selected tumor suppressors displayed was not different from randomly selected RBP sets (p-value > 0.1; simulation with 100,000 sets of 24 randomly selected tumor suppressors).




Figure 3 | BTG2 as a potential tumor suppressor candidate in ovarian cancer. (A) Gene mutations and copy-number alterations analysis of 24 genes were analyzed using cBioPortal. Tumor samples are shown in columns. (B) Diagram of the individual modules and their interactions of BTG2 module. Circles (nodes) represent the 128 modules, with the circle size proportional to module size. Edges connect modules that share PPIs. (C) Normal samples showed normal fallopian tube epithelium tissues and Stage I-IV samples showed ovarian cancer tissues. (D) BTG2 staining index was lower in ovarian cancer tissues compared to normal tissues in ovarian cancer patients. (E) BTG2 staining index of ovarian cancer tissues was relative to tumor grade. (F) Correlation between sensitive and resistant expression of ovarian cancer was analyze. *p < 0.05, **p < 0.01, ns is p-value.



The top 5 most mutated nodes (BTG2, PPP1R12B, SSX1, ZNF540 and ZNF781) were identified by PPI networks in the String database. Physiologically, proteins rarely function alone and instead function in networks. Cytoscape software was used to visualize the data, and the top 5 most mutated nodes were identified and evaluated by degree (BTG2: node degree=128; PPP1R12B: node degree=61; SSX1: node degree=44; ZNF540: node degree =17; ZNF781: node degree=18). PPI networks in ovarian cancer were constructed to identify the BTG2 gene (Figure 3B). Overall, BTG2, a member of the BTG/TOB (B-cell translocation gene/transducers of ErbB2) gene family, showed the highest node degree and exhibited the most consistent results in bioinformatics analysis.

A tissue cohort composed of tumor and adjacent normal tissues from 38 ovarian cancer patients was employed to address the expression alteration and clinical implications of BTG2. As shown in Figures 3C, D, BTG2 protein expression in ovarian tumor tissue samples (n=30) was significantly lower than that in normal ovarian tissue samples (n=8) (p<0.05). Furthermore, we found that BTG2 expression was related to tumor FIGO stage (p<0.001) and grade (p<0.01), as shown in Table 1 and Figure 3E. Moreover, although we found that chemosensitive patients had lower expression of BTG2 than chemoresistant patients, there was no significant difference between the two groups (Figure 3F and Table S8).


Table 1 | Clinical characteristics.





BTG2 Impacts Cell Proliferation, G1-Phase Arrest, and Cell Migration in Ovarian Cancer

To investigate the role of BTG2 in ovarian cancer, A2780 and SKOV-3 ovarian cancer cells were transfected with shBTG2 and GV-BTG2 plasmids (Figure 4A). MTT assays revealed that the growth rate of A2780 and SKOV-3 cells transfected with shBTG2 was significantly increased compared with that of the negative control, while the cells transfected with GV-BTG2 showed the opposite effect (Figure 4B). We further explored whether dysregulation of BTG2 inhibited ovarian cancer growth by modulating the cell cycle. The results showed that the percentage of G1 phase cells decreased in the shBTG2 ovarian cancer cells, while the percentage of S and G2 phase cells increased. However, the percentage of G1 phase cells increased in the GV-BTG2 ovarian cancer cells, while the percentage of S and G2 phase cells decreased (Figure 4C). The results above indicated that BTG2 arrested cells in G1 phase, which may contribute to inhibiting ovarian cancer growth.




Figure 4 | BTG2 inhibited ovarian cancer cell proliferation, blocked cell cycle progression and impacts cell migration. (A) Knockdown and Over-expression efficiencies were determined by Western blot in A2780 and SKOV3 cells. (B) Knockdown and Over-expression of BTG2 significantly reduced the proliferative capacities of A2780 and SKOV3 cells, as determined by MTT assay. (C) Cell cycle distribution was analyzed using flow cytometry and the percentage of G1 phase was significantly decreased in shBTG2 group compared to negative control group and increased in GV-BTG2 group compared to negative control group in both A2780 and SKOV3 cells. (D) The images represented cell migration into the underside of transwell membrane under microscope at 100×magnifcation field. A2780 and SKOV3 cells that crossed the transwell chamber of each group was counted and averaged. The experiments were repeated three times with three replicates each. *p < 0.05, **p < 0.01, ***p < 0.001.



In addition, we found that BTG2 knockdown significantly increased the in vitro migration of A2780 and SKOV-3 ovarian cancer cells, and BTG2 overexpression inhibited the migration of ovarian cancer cells, as shown in Figure 4D. These results confirmed that BTG2 acted as a tumor suppressor in ovarian cancer.



BTG2 Prevents Cell Proliferation and Dysregulates the Cell Cycle Through the AKT and ERK-MAPK Signaling Pathways

To explore the underlying molecular mechanisms, we further confirmed the expression of genes related to the cell cycle, MAPK signaling and PI3K-AKT signaling activation in the shBTG2 or GV-BTG2 ovarian cancer cells (Figures 5A, B). shBTG2 caused a notable increase in the expression of the cell cycle proteins Cyclin D1 and CDK4, while GV-BTG2 decreased Cyclin D1, CDK4 and CDK2 expression in ovarian cancer cells. Our results also showed that phosphorylation levels of AKT and ERK were increased in shBTG2 group and decreased in GV-BTG2 group compared to the respective control groups. Consistent with expression of genes, we performed GO annotation and KEGG pathway enrichment of BTG2 relative downstream genes (Figures 5C, D and Tables S9, S10). GO annotations included response to protein kinase activity, regulation of cellular metabolic process, negative regulation of kinase activity, positive regulation of cellular process and negative regulation of signal transduction. The top KEGG pathways were response to cell cycle, MAPK signaling pathway, PI3K-AKT signaling pathway, TNF signaling pathway and p53 signaling pathway.




Figure 5 | BTG2 inhibited ovarian cancer proliferation through the AKT and ERK-MAPK signaling pathway. (A) Protein levels of Cyclin D1, CDK4, Cyclin E1 and CDK2 were determined by Western blot on the left side. The ratios of Cyclin D1, CDK4, Cyclin E1, CDK2, were relative to β-actin and normalized to non-treated control group on the right side. (B) Protein levels of p-AKT, AKT, p-ERK1/2 and ERK1/2 were determined by Western blot on the left side and The relative expression of p-AKT/AKT and p-ERK/ERK of shBTG2 cells and GV-BTG2 cells was on the right side. Data were presented as means ± SD of three independent experiments compared to the negative control group. (C) GO Chord plot of 5 significantly ranked represented GO terms belonging to the Biological Process subontology for BTG2 downstream genes. (D) KEGG Chord plot of 5 significantly ranked represented KEGG pathways for BTG2 relative downstream genes. *p < 0.05, **p < 0.01, ***p < 0.001.



These findings suggested that BTG2 might inhibit ovarian cancer growth by accelerating the cell cycle and activating the MAPK signaling and PI3K-AKT signaling pathways.



The Effect of BTG2 on Chemosensitivity in Ovarian Cancer Cells

Chemotherapy is the preferred treatment for ovarian cancer, but the 5-year survival rate remains low partly because of the development of drug resistance (29). To investigate the function of BTG2 in drug resistance, we detected the expression of BTG2 following cisplatin treatment. Cisplatin treatment significantly induced BTG2 expression in a dose-dependent manner in A2780 cells, as shown in Figures 6A, B. Moreover, MTT and cell colony assay results revealed that cell viability of the shBTG2 cells was significantly higher than that of the shCtrl cells following cisplatin treatment and cell viability of the GV-BTG2-A2780 cells was lower than that of the control cells with the same cisplatin treatment (Figures 6C–E). In contrast, the sensitivity to cisplatin treatment of the shBTG2 ovarian cancer cells was weaker than that of the shCtrl group, while the sensitivity of the GV-BTG2 group was stronger than that of the GV-Ctrl group. This result indicated that the inhibition of ovarian cancer cell proliferation induced by cisplatin may be partially regulated by BTG2, and the absence of BTG2 expression may reduce the chemosensitivity of ovarian cancer cells.




Figure 6 | BTG2 impairs the viability and colony formation of cisplatin-treated A2780 cells. (A) A2780 cells were treated with cisplatin (0, 2, 4, 8, 16μM) for 48h. Quantitative real-time PCR assay showed mRNA levels of BTG2 after cisplatin treatment. (B) A2780 cells were treated with cisplatin (0, 2, 4, 8, 16μM) for 48h Western blot showed protein levels of BTG2 after cisplatin treatment. (C) Cisplatin induced cell viability of A2780 cells was detected by MTT assay. (D) Cells were treated with or without cisplatin (2μM) for 15 days and the remained colonies were stained and counted. (E) The colony number was relative to negative control cells. *p < 0.05, **p < 0.01, ***p < 0.001.





BTG2 Suppresses Tumorigenicity In vivo and in the Clinic

To investigate the effects of BTG2 expression on tumor growth in vivo, we subcutaneously injected BTG2 shRNA and normal control A2780 cells into the posterior ventral side of nude mice. Compared with the NC-transfected A2780 cells, the shBTG2-transfected cells led to an increased tumor volume (p<0.01) (Figures 7A, B) and tumor weight (p<0.05) (Figure 7C) after tumor formation. As shown in Figures 7D, E, BTG2 inhibited NC tumor growth compared to that of the shBTG2 group. Immunohistochemical staining of the xenograft tumors showed lower BTG2 expression in the shBTG2 tumors than in the NC tumors (Figure 7F).




Figure 7 | BTG2 suppresses tumorigenicity in vivo and in clinic. (A) Tumor growth curve of BTG2 knockdown tumors (n = 5) and control tumors (n=5). (B) Analysis of tumor volume in BTG2 knockdown group and control group. (C) Analysis of tumor weight in BTG2 knockdown group and control group. (D) Representative images of tumorigenicity assay performed in nude mice. (E) Tumors were obtained from nude mice injected subcutaneously with A2780 cells transfected with sh-BTG2. (F) Immunohistochemistry images of mice tumors in X20 microscope in NC-transfected and shBTG2-transfected mice.  *p < 0.05, **p < 0.01, ***p < 0.00, ****p < 0.0001.






Discussion

Major changes in the expression of tumor suppressor genes are a noteworthy phenomenon in multiple tumor tissues. Here, by comparing tumor samples (ovarian cancer samples from TCGA) to normal samples, we identified a set of 24 downregulated genes that also affected patient survival. We also found most of those 24 tumor suppressors had higher expression in ovarian cancer samples than in lower grade samples, suggesting their potential impact on tumor progression and aggressiveness. To explore mechanisms that could contribute to the downregulation of those genes, we analyzed nonsynonymous mutations and CNAs. Ovarian cancer exhibits a high mutational load compared to other tumor types, and top 5 most frequently mutated genes included BTG2. Furthermore, based on the PPI network, the importance of these 5 genes was evaluated by degree. Overall, BTG2, a member of the BTG/TOB (B-cell translocation gene/transducers of ErbB2) gene family, showed the highest node degree and exhibited the most consistent results in bioinformatics analysis.

To further investigate the effect of BTG2 expression on ovarian cancer progression, we overexpressed and knocked down BTG2 in ovarian cancer cell lines. We found that the proliferation of ovarian cancer cells was inhibited by BTG2 and confirmed the effects and mechanisms of BTG2-sensitized ovarian cancer by establishing nude mouse xenograft models using the BTG2 shRNA- and NC-transfected A2780 cells. The flow cytometry results indicated that BTG2 could induce G1 cell cycle arrest in ovarian cancer cells. Cyclin D1, Cyclin E1, CDK2 and CDK4 are important proteins in the G1 to S stage (30–32). Our results revealed that the expression levels of Cyclin D1 and CDK4 were decreased when BTG2 was overexpressed, but no significant change was found for Cyclin E1 and CDK2. These data implied that BTG2 regulated the cell cycle through Cyclin D1 and CDK in ovarian cancer cells.

We also detected AKT and MAPK pathway activation following aberrant BTG2 expression. AKT can phosphorylate GSK3 to induce the activation of Cyclin D and Cyclin E, which is necessary for the transition from G1 phase to S phase (33, 34). Extracellular regulated protein kinases (ERKs) belong to the mitogen-activated protein kinase (MAPK) family (35)and regulate the cell cycle (36, 37). The results of this study also indicated that BTG2 suppressed the phosphorylation of AKT and ERK, which may result in inhibiting ovarian cancer growth.

Metastasis is a characteristic of malignant tumors and is the main cause of poor prognosis and death in ovarian cancer patients (38). This study showed that BTG2 expression decreased with tumor grade and FIGO stage in ovarian cancer patients. Therefore, we suspected that BTG2 expression is involved in metastasis or migration. Indeed, lower expression of BTG2 increased cell migration in ovarian cancer cells. Metastatic cancer cells can induce the degradation of proteins in the basement membrane and extracellular matrix, which are induced by matrix metalloproteinase (MMP) (39). The results showed that MMP-2 and MMP-9 protein expression in the shBTG2 group was higher than that in the shCOL group. These data suggested that BTG2 inhibited migration by regulating MMP2/9 expression.

Cisplatin is a common compound that has been used in the clinic to treat ovarian cancer (40). More than 70% of the patients with ovarian cancer in the initial cisplatin chemotherapy had a good treatment effect, but cisplatin resistance will occur in most ovarian cancer patients (41–43). It is necessary to improve the effectiveness of chemotherapy. This study found that BTG2 could increase the sensitivity of ovarian cancer cells to cisplatin. The mechanism may be related to BTG2-induced cell cycle arrest (44).

Thus, BTG2 was downregulated in ovarian cancer tissues and associated with patient survival. BTG2 inhibited ovarian cancer cell proliferation and migration, induced cell cycle arrest and enhanced cisplatin sensitivity in vitro. Furthermore, we confirmed that BTG2 played a role in tumorigenicity in a xenograft model. This study indicated that BTG2 may be a tumor suppressor and a potential biomarker for ovarian cancer patients.
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Nerve growth factor (NGF) is increasingly implicated in cervical cancer progression, but its mechanism in cervical cancer is unclear. Here, studies demonstrate that NGF inhibits the Hippo signaling pathway and activates Yes-associated protein (YAP) to induce cervical cancer cell proliferation and migration. Our results suggested that stimulation of NGF promoted cell growth and migration and activated YAP in HeLa and C-33A cell lines. The expression of YAP target genes (CTGF and ANKRD1) was upregulated after NGF treatment. The NGF inhibitor Ro 08-2750 and siRNA-mediated NGF receptor gene silencing suppressed HeLa and C-33A cells proliferation and migration, activated large suppressor kinase 1 (LATS1) kinase activity, and suppressed YAP function. In addition, the expression of YAP target genes (CTGF and ANKRD1) was suppressed by Ro 08-2750 treatment in HeLa and C-33A cells. Interestingly, proliferation was significantly higher in NGF-treated cells than in control cells, and this effect was completely reversed by the YAP small molecule inhibitor-verteporfin. Furthermore, the mouse xenograft model shows that NGF regulates YAP oncogenic activity in vivo. Mechanistically, NGF stimulation inactivates LATS1 and activates YAP, and NGF inhibition was found to induce large suppressor kinase 1 (LATS1) phosphorylation. Taken together, these data provide the first direct evidence of crosstalk between the NGF signaling and Hippo cancer pathways, an interaction that affects cervical cancer progression. Our study indicates that combined targeting of the NGF signaling and the Hippo pathway represents a novel therapeutic strategy for treatment of cervical cancer.
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Introduction

Cervical cancer is the leading cause of cancer-related mortality in women in developing countries (1). Despite a decrease in incidence and disease-specific mortality worldwide, 50% of cervical cancer patients in developing countries and over 10% in developed countries are diagnosed with late-stage disease (2). Therefore, the approach of novel diagnostic, prognostic, and therapeutic strategies for clinically advanced cervical cancers is warranted.

Nerve growth factor (NGF) is an important neuropeptide of the neurotrophin (NT) family, as a complex composed of three noncovalently linked subunits, α, β, and γ. The β subunit exhibits all the biological activities ascribed to NGF. Therefore, NGF generally refers to β-NGF (3). NGF interacts with two separate receptors: Tyrosine kinase receptor A (TrkA) and p75NTR (4). TrkA is a high-affinity tyrosine kinase receptor that mainly mediates multiple effects of NGF signaling to promote survival, proliferation, and invasiveness of cells (5). P75NTR is a low affinity, nonselective neurotrophin receptor, which lacks intrinsic catalytic activity. Originally, the attention of NGF/TrkA was mainly focused on nervous system development (6, 7). During recent years, accumulating data support a role for NGF/TrkA signaling in tumorigenesis and progression, including pancreatic cancer, breast cancer, and prostate cancer (8, 9). For example, in breast cancer, aberrant activation of TrkA leads to constitutive activation of the PI3K/AKT and Ras/MAPK pathways, resulting in tumor cell proliferation and invasion (10). The emerging data have shown that NGF/TrkA are overexpressed in cervical squamous cell carcinoma, but very low levels in normal tissues, which are correlated with the initiation, progression, and prognosis of cervical cancer (11). Information regarding the NGF/TrkA potential role in the progression of cervical cancer remains unclear.

The Hippo pathway is responsible for controlling organ size and growth by promoting apoptosis and limiting cell proliferation (12). The core part of the Hippo pathway consists of scaffold proteins and a kinase cascade and coactivators. In mammals, the core kinase of the Hippo pathway consists of STE20-like kinase 1/2 (Mst1/2), large suppressor kinase 1/2 (Lats1/2), and the RASSF family of proteins (13, 14). Activation of the Hippo pathway ultimately leads to the phosphorylation and subsequent cytosolic sequestration and/or degradation of the Hippo pathway transducers Yes-associated protein (YAP) and transcriptional coactivator with PDZ binding motif (TAZ) through a kinase cascade (15). In nucleus, YAP/TAZ interacts significantly with TEA DNA-binding proteins transcription factors and forms the YAP/TAZ-TEAD complex that mediates proliferative and prosurvival genes such as the connective tissue growth factor (CTGF), cysteine-rich angiogenic inducer 61 (CYR61), Ankyrin repeat domain 1 (ANKRD1), and others to promote cell survival, proliferation, and growth (16). YAP/TAZ dysregulation is associated with several types of cancer (17). A comprehensive survey also revealed YAP overexpression in most tumor types: lung, ovarian, pancreatic, colorectal, prostate, and hepatocellular carcinomas (18). YAP is the main effector molecule of the Hippo signaling pathway, which can regulate the expression of a large number of genes related to promoting cell proliferation and inhibiting cell apoptosis. The development of inhibitors targeting YAP is an important development in cancer treatment research targeting the Hippo signaling pathway. A study shows that YAP plays a central role in controlling the progression of cervical cancer, and YAP expression is associated with a poor prognosis for cervical cancer (19). Research reveals the overexpression of NGF in cervical squamous cell carcinoma (SCC) in the mean time (20). Hayakawa Y reveals that ablation of Dclk1+ cells or blockade of NGF/Trk signaling inhibited epithelial proliferation and tumorigenesis, in part through the suppression of YAP function within the gastrointestinal stem cell niche (21). More importantly, we performed a targeted kinase inhibitor screen in human cancer cells to identify novel Hippo pathway regulators in previous studies. We identified that the inhibitor of NGF decreased YAP-driven transcription, cancer cell proliferation, and migration (22). It can be seen that there is a close relationship between NGF/TrkA and YAP. Complete understanding of the molecular pathways controlling the Hippo pathway is critical for the development of novel Hippo pathway-specific therapeutics.

In this study, we found the role of the NGF signaling in cervical cancer and its relationship with the Hippo pathway. Since YAP is overexpressed in cervical cancer (19), we used HeLa (HPV positive) and C-33A (HPV negative) cervical cancer cell lines to investigate how the Hippo pathway is regulated in cervical cancer cells by measuring the protein expression and enzymatic activity of essential components of the pathway. The purpose of using two cervical cancer cell lines (Hela and C-33A) with different HPV status is to exclude the confounding factor influence of the HPV status on the Hippo pathway. Furthermore, tumor xenograft animal models were established to observe the important role of NGF in vivo and its regulatory mechanisms. Our results confirmed that NGF was critical for the proliferation and metastasis of cervical cancer cells and increases cervical cancer progression by inhibiting Hippo signaling. Taken together, NGF was important for YAP oncogenic activity. Our results provide the first direct evidence of NGF/TrkA crosslinking with Hippo signaling pathways in cervical cancer.



Materials and Methods


Cell Culture

HeLa cells were provided by Professor Xu Li (Center for Translational Medicine, the First Affiliated Hospital of Xi’an Jiaotong University). C-33A cells were obtained from Shanghai Genechem (Shanghai, China). Both cell lines were cultivated in Modified Eagle’s medium/EBSS medium (MEM/EBSS, HyClone, USA) supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin, and 100 µg/ml streptomycin. Cells were cultured in a 5% CO2 humidified incubator at 37°C. Cells were not maintained in culture for longer than 3 months to ensure that the passage number remained fit for purpose.



SiRNA Transfection

SiRNA duplex (ON-TARGET Plus SMARTPool) targeting human NTRK1 (L-003159-00-0005) and ON-TARGET plus nontargeting siRNA (D-001810-0X) were purchased from Dharmacon (Horizon, US). SiRNA duplexes were transfected using the X-tremeGENE siRNA Transfection Reagent (cat. no.: 04476093001, Roche, Germany) according to the manufacturer’s instructions. Briefly, cells were transfected with siRNA duplexes at a final concentration of 20 nM. Seventy-two hours after siRNA transfection, the cells were either harvested for immunoblotting or used for cell proliferation or migration assays.

The ON-TARGET plus SMARTpool siRNA-NTRK1 target sequence was as follows:

	NTRK1 (J-003159-09): 5’-GAGAGCAUCCUGUACCGUA-3’;

	NTRK1 (J-003159-10): 5’-ACACGCAACUGUCUAGUGG-3’;

	NTRK1 (J-003159-11): 5’-GGACAACCCUUUCGAGUUC-3’;

	NTRK1 (J-003159-12): 5’-CAACAAAUGUGGACGGAGA-3’;

	Negative control: 5’-UUCUCCGAACGUGUCACGUTT-3’.





Cell Proliferation and Colony Formation Assays

Cells were seeded at 2 × 104 cells/ml in MEM/EBSS, supplemented with 10% FBS. The cells were treated with Ro 08-2750 (5 and 10 μM, cat. no.: 2272, TOCRIS, America), dimethyl sulfoxide (DMSO), Verteporfin (1 μM, VP, a YAP inhibitor, catalog no.: HY-B0146, MedChemExpress, China), and 200 ng/ml β-NGF (cat. no.: 450-01, PEPROTECH, US) for 24, 48, and 72 h. After treatment, cell numbers were counted using a hemocytometer. To carry out the colony formation assay, 200 cells/well were plated into 60-mm cell culture dishes, and colonies were counted after 2 or 3 weeks; the cells were fixed with methanol (≥ 99.5%) at room temperature for 15 min and stained with a 1% crystal violet solution at room temperature for 10 min. The NGF inhibitor was added to the cells every week. Only colonies containing more than 50 cells were regarded as positive colonies and counted. All experiments were conducted in triplicate.



Wound Healing Assay

Confluent cells in 6-well plates were scratched using a 200 μl pipette tip and grown for 24 and 48 h in MEM/EBSS containing 10% FBS or medium without serum (for NGF treatment experiments). The scratch was imaged under a light microscope (magnification, × 100), and wound closure was assessed at different time points (0, 24, and 48 h). The widths of the scratches were analyzed with Image J (National Institutes of Health), and three biologically independent experiments were conducted.



Western Blot Analysis and Antibodies

Cell lysates (total protein) were collected using RIPA lysis buffer, and the protein concentration was detected with a BCA kit (Proandy, China). According to the manufacturer’s instructions, cell or tumor tissue lysates were separated by 8–12% Bis-Tris Gels, under 72 V electrophoresis for 40 min, followed by 90 V electrophoresis for 90 min. After electrophoresis, proteins were transferred to NC membranes (PALL, Germany) under 320 mA for 100 min. After blocking with 5% non-fat milk or 5% BSA in TBS with 0.1% Tween-20 for 90 min at room temperature, the membranes were incubated with primary antibody overnight at 4°C. The next day, the membrane was then washed with Tris-Buffered Saline and Tween (TBST) for 30 min; the membranes were incubated with HRP-labeled secondary antibodies (dilution 1:3,000, cat. no.: ZB-2301, ZSGB-BIO, China) for 1.5 h, then the membrane was washed three times with TBST; chemiluminescence detection reagent was used to develop the Chemiluminescent Imager (Tanon-5200). Gel image system was used to analyze the band density (Bio-Rad Laboratories, Inc). All protein expression levels were normalized to the level of the internal standard control GAPDH (dilution 1:5,000, cat. no.: AP0063, Bioworld Technology, USA). The following antibodies were used for immunoblotting: anti-MST1 (dilution 1:1,000, cat. no.: 22245-1-AP), anti-LATS1 (dilution 1:1,500, cat. no.: 17049-1-AP) from Proteintech Group (Proteintech, USA); anti-Phospho-MST1 (Thr183)/MST2 (Thr180) (E7U1D) (dilution 1:1,000, cat. no.: #49332) antibody and anti-YAP (D8H1X) (dilution 1:1,000, cat. no.: #14074), anti-TrkA (dilution 1:1,000, cat. no.: #2505), anti-Phospho-YAP (Ser127) (D9W2I) (dilution 1:1,000, cat. no.: #13008), anti-Phospho-LATS1 (Ser909) (dilution 1:1,000, cat. no.: #9157) antibodies from Cell Signaling Technologies (Beverly, MA); and anti-NGF (dilution 1:800, cat. no.: Ab52918) from Abcam (England).



Quantitative Real-Time PCR (qPCR)

Total RNA was extracted using TRIzol reagent (Invitrogen, USA), and only highly pure RNAs (1.7 < A260/A280 < 2.2) were used. RNA (1 µg) was converted into cDNA using the PrimeScript™ RT reagent Kit with gDNA Eraser (Takara, Japan). After 10-fold dilution, 4 µl of cDNA was subjected to PCR amplification using TB Green® Premix Ex Taq™ II (Takara) according to the manufacturer’s protocol in a Bio-Rad CFX Manager. The following thermocycling conditions were used for qPCR: 95°C for 30 s, then 30 cycles with 95°C for 5 s, 60°C for 30 s, and 72°C for 40 s. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. The expressions of genes were quantified using the 2-ΔΔCq method. The primer sequences were as follows:

	ANKRD1-F: 5’-GCCAAAGACAGAGAAGGAGATAC-3’;

	ANKRD1-R: 5’-GAGATCCGCGCCATACATAAT-3’;

	CTGF-F: 5’-GGAAATGCTGCGAGGAGTGG-3’;

	CTGF-R: 5’-GAACAGGCGCTCCACTCTGTG-3’;

	GAPDH-F: 5’-GTGAAGGTCGGAGTCAACGG-3’;

	GAPDH-R: 5’-GAGGTCAATGAAGGGGTCATTG-3’.





Transwell Assay

Transwell assays were carried out using 24-well plates cell culture inserts (Corning, USA). The upper surface of 6.5-mm diameter filters with 8.0 μm pore. About 0.8 × 105 viable cells in serum-free medium were seeded onto the upper chamber of each insert; complete medium was added to the bottom chamber. Following 24 h of incubation, treatment with DMSO, Ro 08-2750 (10 μM), β-NGF (200 ng/ml), or Verteporfin (1 μM), cells were washed twice with sterile 1 × PBS to remove the dead cells, and then the cells were fixed with methanol (≥ 99.5%) at room temperature for 15 min and stained with a 1% crystal violet (Solarbio, China) solution at room temperature for 15 min.



Tumor Xenograft Assay

Four-week-old female nude mice (BALB/c) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China). The mice were divided randomly. The mice were bred in a specific pathogen-free condition in which the temperature is at 22–25°C and the humidity is at 40–50%. The cells in the logarithmic growth phase were counted under sterile conditions. HeLa cells (1 × 106) were suspended in 100 μl phosphate-buffered-saline (PBS) and then injected subcutaneously into the back of the forelimbs of BALB/cnude mice. On day 10 after the implantation of tumor cells (when tumor volume reached ~50 mm3), tumor-bearing mice were randomly divided into four groups (n = 4 per group) and given different treatment. The tumor dimensions were measured every 2 days via digital caliper measurements. After 2 weeks, the mice were photographed and the tumors were removed and then sacrificed by cervical dislocation. The tumor volume was calculated with the formula V = (length × width2)/2. The experiment was approved by the Animal Ethics Committee of Xi’an Jiaotong University.

Human beta-nerve growth factor (β-NGF) (Peprotech, cat. no.: #450-01, America) stock solution at a concentration of 100 μg/ml was prepared in sterile water, and then the solution at a concentration of 10 μg/ml was stored in PBS containing 5% Trehalose. When tumor volume reached ~50 mm3 (day 10 after the implantation of tumor cells), β-NGF (1,440 ng/day for 14 days) was administered subcutaneously three times a day for 14 days (23).

Verteporfin (VP) (MedChemExpress, cat. no.: HY-B0146, China) was dissolved in DMSO at a concentration of 75 mg/ml, and then the solution at a concentration of 7.5 mg/ml was stored in 10% DMSO + 40% PEG 300 + 5% Tween-80 + 45% saline. In an in vitro study, cervical cells were treated with 1 μM verteporfin or DMSO for 24, 48, or 72 h at 37°C, 5% CO2, respectively, under the condition of darkness during both treatment and lysis. In an in vivo study, female nude mice were administered intraperitoneally (IP) at a dose of 100 mg/kg every 2 days for a total of 2 weeks (24); the control female nude mice were administered with equivalent PBS.

Mice were treated with Ro 08-2750 (TOCRIS, cat. no.: 2272, America) at 13.75 mg/kg body weight intraperitoneally, the highest dose achievable due to limited compound solubility and the use of DMSO as an excipient (25). Drug administration (Ro 08-2750, 13.75 mg/kg, DMSO) was performed by intraperitoneal injections after dividing the groups for pharmacodynamic experiments every 2 days for 2 weeks.



Statistical Analysis

The statistical analyses were carried out using the GraphPad Prism software. All experiments were performed in triplicate, and all results are presented as mean ± SD. Analysis of differences between the two groups was performed using Student’s t test, one-way ANOVA. Significance is indicated as follows: *, P < 0.05; **, P < 0.01.




Results


NGF Induces Cervical Cancer Cells Proliferation and Migration Through Activating the Hippo Signaling Pathway

To explore the biological function of NGF in cervical cancer cells, we investigated the effect of NGF on HeLa and C-33A cell lines at certain concentration (200 ng/ml) (Figure 1). Cervical cancer cells were maintained in serum-free medium for 24 h prior to treatment with NGF (26). As shown in Figure 1A, exogenous β-NGF (200 ng/ml) efficiently stimulated cell proliferation and migration of two cervical cell lines in a dose-dependent manner. The effect of NGF on cell migration was examined by wound healing assay and Transwell assay. We found that the wound gaps in the untreated group were significantly wider than those in the NGF-treated groups (Figure 1B). Similar to the results of the wound healing assay, NGF effectively induced cell migration (Figure 1C).




Figure 1 | NGF induces cervical cancer cell proliferation and migration through activating the Hippo signaling pathway. (A) A growth assay was performed on standard culture plastic for various periods of time. Cells were treated with 200 ng/ml β-NGF every 24 h for 72 h. (B) Representative photographs showing a wound healing assay in the presence of NGF in serum-free medium for 24 h (left panel). Quantification of wound closure estimated from three independent experiments (right panel). (C) Representative photographs showing transwell assays in the presence of NGF in serum-free medium for 24 h (left panel). Quantification of the cell number of migration (per field) estimated from three independent experiments (right panel). (D) The samples were HeLa or C-33A cell lysates maintained in serum-free medium for 24 h with or without 200 ng/ml β-NGF treatment for 5, 15, or 30 min. GAPDH was used as a loading control. (E) Total RNA expression (qRT-PCR) of YAP target genes in HeLa cells treated without or with 200 ng/ml β-NGF for 30 min. Error bars represent SDs; *P < 0.05; **P < 0.01.



MST and LATS are core kinase cascades of the Hippo pathway, while YAP and TAZ are downstream effectors. When Hippo signaling is activated, MST phosphorylates and activates LATS in mammalian cells. Then, activated LATS phosphorylates YAP at S127, providing a docking site for 14-3-3 proteins, sequestering YAP in the cytoplasm (27). In contrast, unphosphorylated YAP translocates into the nucleus, where it acts as a transcriptional coactivator to induce the expression of genes that promote cell proliferation and inhibit apoptosis. Therefore, to determine the relationship between NGF and the Hippo signaling pathway, we measured the protein levels of phospho-MST1 (p-MST1), p-LATS1 (the active form), and p-YAP (the inactive form) by western blot analysis. Our results showed that the levels of p-LATS1 and p-YAP in HeLa and C-33A cells treated with NGF were decreased in a time-dependent manner (Figure 1D). Using qRT-PCR, we found that the total RNA levels of the YAP target genes ANKRD1 and CTGF were also increased after NGF treatment (Figure 1E).



Inhibition of NGF Suppresses the Proliferation and Migration of Cervical Cancer Cells Effectively

The results presented thus far indicate that NGF stimulation inactivates LATS1 and activates YAP. To test the converse hypothesis, whether the NGF inhibitor activates LATS1 and inactivates YAP function, we first treated HeLa and C-33A cells with Ro 08-2750, an NGF inhibitor that can block the binding of NGF to TrkA and p75NTR (28). Cell count assay was used to assess the effect of Ro 08-2750 in cervical cancer cell proliferation. After 24, 48, and 72 h of incubation with Ro 08-2750 (5 and 10 μM), the cellular proliferative activity was significantly lower in a dose- and time-dependent manner compared to those in the control group and the DMSO group (Figure 2A).




Figure 2 | Inhibition of NGF suppresses the proliferation and migration of cervical cancer cells effectively. (A) The numbers of HeLa and C-33A cells were treated with DMSO, Ro 08-2750 (5 μM or 10 μM) in media containing 10% FBS; the numbers of cells every 24 h for 72 h were counted. (B) Representative images of a colony formation assay of HeLa and C-33A cells treated with or without 10 μM Ro 08-2750 for 3 weeks (left panel). The results of three independent colony formation assay experiments were quantified (right panel). (C) Representative images of a wound healing assay of cervical cancer cell lines treated with or without 10 μM Ro 08-2750 for 24 h (HeLa cells) or 48 h (C-33A cells) and incubated in medium containing 10% serum (left panel). The extent of wound closure estimated from three independent experiments was quantified (right panel). (D) Representative images of transwell assays of cervical cancer cell lines treated with or without 10 μM Ro 08-2750 for 24 h and incubated in medium containing 10% serum (top panel). The extent of the cell number of migration (per field) estimated from three independent experiments was quantified (bottom panel). (E) Representative Western blot analysis of lysate from HeLa and C-33A cells treated with solvent (DMSO, 24 h) or Ro 08-2750 (5 or 10 μM, 24h). GAPDH was used as a loading control. (F) Total RNA expression of YAP target genes in cervical cancer cell lines treated with or without 10 μM Ro 08-2750. All results are the mean of at least three independent experiments, with each performed in triplicate. Error bars represent SDs; *P < 0.05; **P < 0.01.



The plate colony formation assay reflects anchorage-independent growth potential and proliferation. Ro 08-2750 also significantly decreased the numbers and sizes of the colonies (Figure 2B). Next, we assessed the migratory potential of HeLa and C-33A cells treated with Ro 08-2750. According to the wound healing assay results, cells in the control group almost filled the gap within 24 h (HeLa cells) or 48 h (C-33A cells), whereas HeLa and C-33A cells in the Ro 08-2750-treated groups failed to migrate into the wound (Figure 2C). Cell migration was assessed with transwell assay after being Ro 08-2750-treated for 24 h, and similar to the results of the wound healing assay, the NGF inhibitor effectively reduced cell migration (Figure 2D).

To test whether the NGF inhibitor activates the Hippo pathway, we measured the active forms of p-MST1 and p-LATS1, and the inactive form of p-YAP (S127). As shown in Figure 2E, we found that although Ro 08-2750 treatment induced LATS1 and YAP1 phosphorylation, there were no notable effects on MST1 phosphorylation. In addition, the expression of several YAP target genes (CTGF, ANKRD1) was suppressed by Ro 08-2750 treatment (Figure 2F). Taken together, these results suggest that the NGF inhibitor activates LATS1 and suppresses YAP transcriptional coactivator function.



Knockdown of TrkA Inhibits Cervical Cancer Cells Proliferation and Migration on the Hippo Pathway

To further explore the functional role of NGF in cervical cancer cells, small interfering RNAs (siRNAs) were used in cervical cancer cells to specifically knockdown TrKA expression. TrkA knockdown (siNTRK1) significantly inhibited cell proliferation, migration, and invasion of cervical cells, as measured by cell proliferation, colony formation assays, wound healing assay, and transwell assay (Figures 3A–D). Additionally, TrkA knockdown increased the levels of p-LATS1 (the active form of LATS1) and p-YAP-S127 (the inactive form of YAP) (Figure 3E).




Figure 3 | Knockdown of TrkA suppresses cervical cancer cell line proliferation and migration. (A) The numbers of siCON or siNTRK1-transfected HeLa and C-33A cells were counted every 24 h for 72 h. (B) Representative images of a colony formation assay with siCON or siNTRK1-transfected HeLa and C-33A cells after 3 weeks (left panel). The results of three independent colony formation assay experiments were quantified (right panel). (C) Representative images of a 24 h (HeLa cells) or 48 h (C-33A cells) wound healing assay with siCON or siNTRK1-transfected cervical cancer cell lines (left panel). The extent of wound closure estimated from three independent experiments (right panel). (D) Representative images of transwell assays of cervical cancer cell lines treated with siCON or siNTRK1-transfected cervical cancer cell lines (top panel). The extent of cell number of migration (per field) estimated from three independent experiments was quantified (bottom panel). (E) Western blot analysis of lysates from siCON or siNTRK1-transfected HeLa and C-33A cells was performed with anti-TrkA, anti-LATS1, anti-p-LATS1, anti-YAP, anti-p-YAP (S127), anti-MST1, and anti-p-MST1 (T183) antibodies. GAPDH was used as a loading control. Error bars represent SDs; *P < 0.05, **P < 0.01.





Verteporfin Eliminates the Effect of NGF Through Hippo Pathway

Verteporfin (VP) is a suppressor of the YAP1-TEAD complex (29), also known as an FDA-approved drug used as a photosensitizer for photodynamic therapy in patients with age-related macular degeneration (30).

After initial evaluation of the biological effects of NGF via the Hippo pathway, we studied the in vitro effects of verteporfin. Cells were treated with 200 ng/ml β-NGF together with 1 µM verteporfin every 24 h for 72 h to determine whether VP affects NGF through active YAP. As shown in Figure 4A, the stimulating effect of NGF on cell proliferation was completely reversed by VP. Increases in migration mediated by NGF were also reversed after VP treatment according to transwell assays (Figure 4B). Interestingly, we examined the protein expression of the Hippo pathway in cervical cell lines treated with control, Verteporfin, NGF, and NGF with Verteporfin groups by western blot. Verteporfin and NGF with Verteporfin groups reduced Hippo pathway protein levels (p-LATS1, LATS1, p-YAP, YAP, p-MST1, MST1) in both HeLa and C-33A cell lines, compared to the normal control group (Figure 4C). Thus, verteporfin decreases cervical cell Hippo/YAP signaling pathway and increases apoptosis.




Figure 4 | Verteporfin eliminates the effect of NGF through the Hippo pathway in vitro. (A) The numbers of HeLa and C-33A cells were treated with 200 ng/ml β-NGF and Verteporfin (1 μM); the numbers of cells every 24 h for 72 h were counted. (B) Representative photographs showing transwell assays in the presence of NGF in serum-free medium for 24 h with Verteporfin (1 μM) (left panel). Quantification of cell number of migration (per field) estimated from three independent experiments (right panel). Magnification: 200 ×. (C) The samples were HeLa or C-33A cell lysates maintained in serum-free medium for 24 h with or without 200 ng/ml β-NGF treatment and Verteporfin (1 μM). GAPDH was used as a loading control. Data are shown as the mean ± SD in three independent experiments. *P < 0.05, **P < 0.01.





NGF Promoted Cervical Cancer Cell-Derived Xenograft Tumors in Nude Mice by Inhibiting the Hippo Pathway

In order to verify the effect of NGF on cervical tumor growth and whether it correlates with the Hippo pathway, the xenograft mouse model was generated by subcutaneous injection of HeLa cell line. No animals died during the test. The mass of tumor could be felt by touch on day 10 after the implantation of tumor cells (when tumor volume reached ~50 mm3), tumor-bearing mice were randomly divided into four groups (n = 4 per group) and given different treatment.. Six days after being given different treatment, tumor size increased gradually in the Control group and the NGF group, but it grew more slowly in the NGF with Verteporfin group as well as in the Ro 08-2750 group. After treatment for 6 days, tumor size in the NGF with Verteporfin group and the Ro 08-2750 group began to decrease, while it kept increasing in the Control group and the NGF group. The tumor size showed significant difference among different groups after 10 days (P < 0.05). By observing tumor volume and weight in the nude mice model, it was found that NGF subcutaneous injection significantly promoted the formation of subcutaneous tumors of cervical cancer cells. The Ro 08-2750 group could reduce the tumor formation compared to the normal controls, while NGF with verteporfin injection abrogated the NGF-enhanced tumorigenicity in vivo (Figures 5A, B).




Figure 5 | NGF promoted cervical cancer cell-derived xenograft tumors in nude mice by inhibiting the Hippo pathway. (A) HeLa cells were injected into the female nude mice (n = 16); Control group: PBS were injected into the nude mice; NGF group: β-NGF (1,440 ng/days for 14 days) was administered subcutaneously three times a day for 14 days; NGF with Verteporfin group: β-NGF (1,440 ng/day for 14 days) was administered subcutaneously three times a day with verteporfin administered intraperitoneally at a dose of 100 mg/kg every 2 days for a total of 2 weeks; Ro 08-2750 group: Ro 08-2750 (13.75 mg/kg) was injected intraperitoneally into the nude mice. Representative images of xenograft tumors are shown. (B) Tumor volume and weight in the xenograft mice from Control, NGF, NGF with Verteporfin, and Ro 08-2750 groups. Data are shown as the mean ± SD in three independent experiments. *P < 0.05, **P < 0.01. (C) Western blot analysis of lysates from xenograft tumors in nude mice was performed with anti-NGF, anti-TrkA, anti-p-LATS1, anti-LATS1, anti-p-YAP, anti-YAP, anti-p-MST1, and anti-MST1 antibodies. GAPDH was used as a loading control.



Next, to determine whether NGF affects the Hippo pathway, immunoblots were carried out on tumors of different groups. As expected, when these tumors were treated with NGF, we observed a decrease in p-YAP and p-LATS1 protein levels. In contrast, protein levels had significantly higher p-LATS1 and p-YAP in the Ro 08-2750 group. Likewise, when these tumors were treated with NGF and Verteporfin, the previously observed decrease in p-YAP and p-LATS1 protein levels was eliminated, further corroborating the critical role of NGF signaling for the Hippo pathway (Figure 5C).




Discussion

YAP is the major downstream effector of the Hippo pathway. Activation of the Hippo pathway results in the phosphorylation and sequestration of YAP into the cytoplasm, which deactivates YAP-regulated gene transcription (31). Altering YAP function represents a potential therapeutic intervention for tumors. Importantly, the Hippo pathway is regulated by a network of upstream components and mechanisms rather than extracellular signaling peptides and receptors. Since all upstream regulators affect YAP nuclear transcriptional responses and availability, inhibiting YAP translocation into the nucleus is theoretically a valid way to suppress its oncogenic function, regardless of the dependency of YAP on the Hippo signaling cascade (32, 33).

In this study, the stimulation of NGF led to cervical cancer cell proliferation and migration and promoted the transcription of YAP target genes. The NGF inhibitor Ro 08-2750 suppressed the proliferation and migration of HeLa and C-33A cells. Notably, the levels of p-LATS1 and p-YAP treated with NGF were decreased in a time-dependent manner in HeLa and C-33A cells. On the other hand, NGF inhibitor treatment induced LATS1 and YAP1 phosphorylation and also suppressed the transcription of YAP target genes, suggesting crosstalk between NGF and YAP. Consistent with these results, knockdown NGF inhibitor by siRNA suppressed cell proliferation and migration and increased the expression of active p-LATS1 and inactive YAP (p-YAP-S127). It is interesting that verteporfin, which inhibits YAP1/TEAD interaction, eliminates the effect of NGF through the Hippo pathway; a common theme is NGF with verteporfin suppresses cell proliferation and migration as well as reduces the level of p- LATS1, LATS1, p-YAP, YAP, p-MST, and MST (34). These results are confirmed in the xenograft tumor mice. What is more, the expression level of TrKA increased in the NGF group compared to that in the control group, whereas those in the NGF with Verteporfin group as well as the Ro 08-2750 group were decreased significantly, indicating that Verteporfin and Ro 08-2750 could inhibit the expression of TrKA receptors in vivo while the protein expression level of NGF is similar among Control, NGF with Verteporfin, and Ro 08-2750 groups. Moreover, it is interesting that C-33A cells have a significant difference after 48 h, which means the growth rate and the ability to respond to drugs of C-33A cells are not as good as HeLa cells. We speculate that the differential proliferation effect could be that Hela cells and C-33A have different HPV infection status. For example, Benjamin Kansy investigated the expression patterns of CD 44 and AREG, two signaling molecules essential for cell proliferation and differentiation, under the influence of selective TKIs in HPV+ and HPV- squamous carcinoma cell lines. The expression of AREG and CD44 was dependent on the cell line’s HPV status (35).

Taken together, our findings provide a potential mechanism for NGF inhibition-mediated YAP suppression (Figure 6). Understanding how NGF alters Hippo pathway protein interactions and their posttranslational modifications to activate downstream signaling events is important. As in proliferating cells, YAP coactivates TEAD transcription factors, leading to the expression of survival genes involved in the suppression of proliferation and apoptosis when the Hippo pathway is inactive. In contrast, active YAP promotes cancer cell migration and invasion. However, inhibition of NGF stimulation posttranslationally modulates LATS1/2 phosphorylation and YAP expression. Our data expand the understanding of NGF signaling actions with the Hippo signaling pathway. NGF may function as a mediator of cervical cancer progression by modulating Hippo/YAP pathway. Although more work is needed to fully elaborate the mechanism of cervical cancer progression mediated by NGF through Hippo/YAP pathway, the results presented here may provide some new therapeutic opportunities that anchor to the interaction between NGF signaling and Hippo/YAP pathway in cervical cancer.




Figure 6 | Schematic presentation of NGF-induced regulation of YAP function.
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Objective

The curative effect of high-efficiency progesterone and other therapeutic drugs for endometrioid adenocarcinoma patients with preservation of reproductive capacity has not been satisfactory so far. Novel therapeutic drugs need to be explored.



Methods

We investigated the cytoplastic and nuclear expression levels of LMTK3 between endometrioid adenocarcinoma tissues and adjacent endometrial tissues by immunohistochemistry. We detected the effects of LMTK3 on cell viability of Ishikawa cells by CCK-8. We detected the effects of LMTK3 on cell cycle and apoptosis of Ishikawa cells by flow cytometry. We also detected the effects of LMTK3 knockdown on mRNA and protein levels of ERα by qRT-PCR and western blotting, respectively. We also used the cBioPortal online database to analyze the coexpression of LMTK3 and ESR1 in 1647 UCEC samples.



Results

We used TMAs to identify that LMTK3 was mainly detected in the cytoplasm of endometrioid tissues, and cytoplasmic LMTK3 expression in endometrioid tissues was higher than that in adjacent endometrial tissues (P < 0.05). LMTK3 knockdown decreased the proliferation of Ishikawa cells through decreasing cell viability (P < 0.01), increasing G1 (P < 0.001) arrest, and promoting apoptosis (P < 0.01). There was a positive correlation between the mRNA expression levels of LMTK3 and ESR1 (Spearman: P=2.011e-5, R=0.13; Pearson: P=7.18e-8, R=0.17). Knockdown of LMTK3 also reduced the mRNA (P < 0.001) and protein (P < 0.001) levels of ERα.



Conclusions

Inhibitors of LMTK3 may be a possible future treatment for ERα and LMTK3 highly expressed endometrioid adenocarcinoma following appropriate studies.





Keywords: LMTK3, endometrioid adenocarcinoma, ERα, proliferation, cell cycle, apoptosis



Introduction

Uterine corpus endometrial carcinoma (UCEC) is the second most common malignant tumor of the female reproductive system in China (1) and the first in the United States; there were 65,620 estimated new cases and 12,590 estimated deaths in 2020 in the United States (2). The incidence rate of UCEC has been increasing by 1.3% per year with the increased age of first birth as well as the increased obesity (3). About 14% of UCEC cases are diagnosed in premenopausal women, 5% of whom are younger than 40 years, and the number is increasing. In March 2020, the national comprehensive cancer network (NCCN) published the “2020 NCCN clinical practice guidelines for uterine cancer (1st edition),” which clearly pointed out that regardless of the stage of UCEC, surgical treatment is mainly used, such as hysterectomy, bilateral oviduct oophorectomy, and pelvic lymph node dissection, and fertility preserving treatment is only applicable to patients with endometrioid adenocarcinoma (EEC) (4). However, fertility preservation is so important for younger patients with EEC who have fertility requirements (5). At present, fertility preservation is mainly treated by progesterone, medroxyprogesterone acetate, and levonorgestrel releasing intrauterine system (5, 6). The current status of progesterone treatment is as follows: relatively low efficiency, high recurrence rate, and low pregnancy rate and live birth rate after progesterone treatment. A meta-analysis of 27 studies showed that the complete remission rate after oral progesterone treatment was 76.3%, the complete remission rate after intrauterine progesterone treatment was 72.9%, and the pregnancy rate after oral progesterone treatment was 52.1% (7). A meta-analysis of 32 studies also showed that the recurrence rate of progesterone treatment was 41%, and the recurrence rate continued to increase at least within 5 years; the live birth rate after progesterone treatment was 28% (8). Another retrospective study mentioned that the recurrence rate after oral progesterone treatment was 81.8%, and the pregnancy rate after high-dose progesterone treatment was only 6.3% (9). In addition, there are many adverse reactions of progesterone therapy, such as liver function damage, body mass index (BMI) increase, thrombophlebitis, headache, sleep disorders, and mood changes. Some patients who had poor compliance even had to terminate treatments. Therefore, looking for new therapeutic targets and developing highly effective molecular targeted drugs with less side effects have become the focus of fertility preservation research and the key to success of fertility preserving therapy for EEC patients.

Lemur tyrosine kinase 3 (LMTK3, also known as LMR3, TYKLM3, and KIAA1883) is an oncogenic kinase associated with proliferation in different types of cancer [breast (10), lung (11), stomach (12), and colon (13)]. In breast cancer MCF-7 cells, LMTK3 knockdown also has a cell growth inhibition function and decreases the mRNA and protein levels of estrogen receptor α (ERα) (14), and Guanli Hu et al. had reported that knockdown of ERα could inhibit the cell viability of Ishikawa cells at 48 h and increase G1 cell cycle arrest through upregulating P21 and inhibiting Cyclin D1 expression (15). However, whether knockdown of LMTK3 inhibits cell growth and ERα expression in the endometrioid adenocarcinoma cell line Ishikawa with a high expression of ERα (16) is still not known. In this paper, we found that knockdown of LMTK3 in Ishikawa did inhibit cell viability and increase G1 arrest and apoptosis, and also inhibited the mRNA and protein levels of ERα. We also used tissue microarrays (TMAs) and immunohistochemistry to find the phenomenon that the expression level of LMTK3 did have differences in EEC tissues, which was predominantly expressed in the cytoplasm of EEC tissues. Since EEC accounts for more than 80% of the newly diagnosed UCEC cases, in general, which is ERα positive (17, 18), estrogens control a series of genes involved in proliferation mainly mediated by ERα (15, 19); our results also identified that knockdown of LMTK3 in Ishikawa can inhibit cell growth and ERα expression, which may provide a new drug target for the fertility preserving therapy of EEC with a high expression of ERα and LMTK3 in the future.



Methods


Cell Lines and Antibodies

Ishikawa, well-differentiated endometrioid adenocarcinoma cells, obtained from Shanghai Cell Bank of Chinese Academy of Sciences, which were cultured in RPMI 1640 supplemented with 10% FBS and 1% penicillin/streptomycin, were incubated at 37°C with 5% CO2. The following antibodies were used: ERα rabbit monoclonal (#8644, Cell Signaling) and LMTK3 mouse monoclonal (#M06A, Abnova and #110516, Abcam).



cBioPortal Database Analysis

We used cBioPortal (http://www.cbioportal.org/) (20, 21), an online database, using 1,647 endometrial cancer samples to analyze the coexpression of LMTK3 and ESR1.



Immunohistochemistry

TMAs consisting of 34 human EEC tissues were purchased from Outdo Biotech Co. Ltd. Immunohistochemical staining was performed using Biotin-Streptavidin HRP Detection Systems (Zhongshan Golden Bridge) according to the manufacturer’s instructions. After deparaffinization and rehydration, TMA was pretreated using heat-mediated antigen retrieval with sodium citrate buffer (pH6.0) for 20 min. Then TMA was incubated with 10 µg/ml anti-LMTK3 rabbit polyclonal antibody at room temperature for 15 min. A goat antirabbit secondary antibody was used to detect the primary. All the tissue information on the TMA was scanned and imaged by an automatic digital slide scanner (3DHISTECH, Pannoramic MIDI) to form a document. This document was opened by pannoramic viewer software to magnify 1–400 times for observation and image capture and then was analyzed to obtain nuclear and cytoplasmic staining. LMTK3 immunoreactivity was mainly detected in the cytoplasm of endometrial carcinoma and adjacent tissues epithelial cells, and little in the nucleus to a variable degree. Cytoplasmic staining was scored based on intensity ranging from 0 to +3, where 0 = null, +1 = low, +2 = intermediate, and +3 = high level of staining intensity. The positive rate of staining was 0–100%. Cytoplasmic H-scores = intensity score x staining positive rate, which were as follows: low (1–80) and high (81–200).



Cell Viability Assay

Cells were seeded in 96-well plates at 1×104/well and then was transfected with a control siRNA, siLMTK3-1, siLMTK3-2, and siLMTK3-3 plasmids respectively generated by GeneChem Co. Ltd. Proliferation assay was performed using a CCK-8 reagent (Beyotime). The absorbance at 450 nm was detected after 24- and 72-h transfection. The experiment was repeated three times independently.



Annexin V/PI Apoptosis Assay

After transfection for 48 h with a control siRNA and siLMTK3-3 plasmids, respectively, the cells were digested with 0.25% trypsin without EDTA. After digestion, the cells were collected and centrifuged at 1,500 rpm for 5 min. The supernatant was removed and resuspended with PBS. The cells were washed twice with PBS at 1,500 rpm for 5 min. Apoptosis detection kit (Beyotime) was used for detection. The cells were resuspended with 195 μl annexin V-FITC binding buffer, then added with 5 µl annexin V-FITC, and after being mixed well, 10 ul PI was added; the reaction was at room temperature without light at 20 min and then detected by flow cytometry (Beckmancoulter, cytoFLEX).



Cell Cycle

After transfection for 48 h with a control siRNA and siLMTK3-3 plasmids, respectively, the cells were digested with 0.25% trypsin without EDTA. After digestion, the cells were collected and centrifuged at 1,000 rpm for 5 min. The supernatant was removed and resuspended with PBS. The cells were washed twice with PBS at 1,000 rpm for 5 min. The cells were resuspended with 100 µl PBS. About 700 µl of precooled 80% ethanol was added slowly to make the final concentration of ethanol of 70%. The cells were fixed at 4 °C for more than 4 h. The cells were washed twice with precooled PBS at 1,000 rpm for 5 min. About 100 µl RNase (50 µg/ml) was added at 37 °C for 30 min; 400 µl PI (50 µg/ml) was added and dyed at 4 °C without light for 30 min and was then detected by flow cytometry (Beckmancoulter, cytoFLEX).



RNA Isolation and Quantitative qRT-PCR

Total RNA was isolated using RNAiso Plus (9108, Takara). Reverse transcription was performed using a PrimeScript™ RT reagent kit with a gDNA eraser (RR047, Takara). qRT-PCR analysis was performed on a QuantGene 9600 (Bioer) using primers for LMTK3 and ERα purchased from Sangon Biotech. The primers for LMTK3 are as follows—forward: 5’-CAAGTGCTGTGGTTGTGTAATG-3’; reverse: 5’-CAGGCATCTTGTCGAGGATGG-3’. The primers for ESR1 are as follows—forward: 5’-GGGAAGTATGGCTATGGAATCTG-3’; reverse: 5’-TGGCTGGACACATATAGTCGTT-3’.



Western Blotting

Whole cell lysates were prepared using NP40 lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 10% (v/v) glycerol, 1% NP40, 5 mM dithiothreitol (DTT), 1 mM EDTA, 1 mM EGTA, 50 µM leupeptin, and 30 µg/ml aprotinin). These extracts were then centrifuged at 15,000 rpm for 15 min at 4°C. The bicinchoninic acid (BCA) protein assay (Pierce) was used to determine the protein concentration. Lysates were incubated in 6x sodium dodecyl sulfate (SDS) sample buffer (5 min, 100°C), subjected to 8% or 10% SDS-PAGE, and blotted on a nitrocellulose membrane (GE Healthcare). The membranes were then blocked in TBS containing 0.1% (v/v) Tween20 and 5% (w/v) non-fat milk for 1 h and incubated overnight with different antibodies. After being washed with TBS/Tween20 clearly, the membranes were incubated with goat antirabbit IgG or goat antimouse IgG (1:15,000 dilution) for 60 min. The immunocomplexes were detected using enhanced chemiluminescence (ECL) detection. The intensity of the bands was quantified using the Image J software (NIH, Bethesda, MD).



Statistical Analysis

All statistical analysis was performed using the software packages SPSS 22.0 and GraphPad Prism 5.0. Our data were expressed as x ± SEM; the appropriate t test was applied to analyze the statistical significance between two groups. P < 0.05 was considered to have statistical significance.




Results


LMTK3 Mainly Exists in the Cytoplasm of Endometrioid Tissues and Has Significant Difference Between EEC Tumor and Para-Tumor Tissues

We used TMAs to explore the LMTK3 expression between EEC and adjacent endometrial tissues, and the level of LMTK3 immunostaining analysis of TMA section revealed that LMTK3 was predominantly detected in the cytoplasm of endometrioid tissues with little in the nucleus of endometrioid tissues (Figure 1A). The cytoplasmic LMTK3 expression in endometrioid tissues was higher than that in adjacent endometrial tissues (Figure 1B); however, the nuclear LMTK3 expression did not have significant difference between endometrioid tissues and adjacent endometrial tissues (data not shown).




Figure 1 | The cytoplastic expression of LMTK3 with significant difference between EEC tumor and para-tumor groups of tissue microarray. (A) Low and high staining of LMTK3 in endometrioid adenocarcinoma tissues; scale bar: 50 µM. (B) Scatter plot of cytoplastic LMTK3 expression with significant difference between EEC tumor and para-tumor groups, *P < 0.05.





Knockdown of LMTK3 Inhibits the Cell Viability of Ishikawa Cells

After 48-h transfection with a control siRNA, siLMTK3-1, siLMTK3-2, or siLMTK3-3 plasmid, the results showed that the A450 of the siRNA control group was 1.73 ± 0.03; however, the A450 of the three siLMTK3 groups were 1.40 ± 0.04, 1.33 ± 0.04, and 1.25 ± 0.04, respectively; the cell viability of the three siLMTK3 groups was lower than that of the siRNA control group (P < 0.01). After 72-h transfection with a control siRNA, siLMTK3-1, siLMTK3-2, or siLMTK3-3 plasmid, the A450 of the siRNA control group was 2.00 ± 0.07, the absorbance at 450 nm of the three siLMTK3 groups were 1.28 ± 0.04, 1.02 ± 0.05, and 0.82 ± 0.02, respectively, and the cell viability of the three siLMTK3 groups was also lower compared with the siRNA control group (P < 0.001) (Figure 2).




Figure 2 | Effects of LMTK3 knockdown on cell viability in Ishikawa cells by CCK-8 (n=3, **P < 0.01, ***P < 0.001).





Knockdown of LMTK3 Increases G1 Cell Cycle Arrest of Ishikawa Cells

After 48-h transfection with a control siRNA or siLMTK3 plasmid, the number of G1 phase cells of Ishikawa cells transfected with a control siRNA plasmid was 26.96 ± 0.40%, and that of Ishikawa cells transfected with plasmid siLMTK3 was increased to 32.53 ± 0.81% (P<0.001) (Figures 3A, B). The number of S phase cells of Ishikawa cells transfected with a control siRNA plasmid did not change compared with that of Ishikawa cells transfected with plasmid siLMTK3 after 48-h transfection (Figures 3A, B). The number of G2 phase cells of Ishikawa cells transfected with a control siRNA plasmid was 18.59 ± 0.49%, which is a little higher than that of Ishikawa cells transfected with plasmid siLMTK3 (16.65 ± 0.57%) after 48-h transfection (P < 0.05) (Figures 3A, B).




Figure 3 | Effects of LMTK3 knockdown on cell cycle arrest in Ishikawa cells by flow cytometry. (A) Representative diagrams of LMTK3 knockdown on cell cycle arrest in Ishikawa cells. (B) Statistical histogram of LMTK3 knockdown on cell cycle arrest in Ishikawa (n=3, *P < 0.05, ***P < 0.001). ns represents no statistical significance).





Knockdown of LMTK3 Promotes the Early and Late Apoptosis of Ishikawa Cells

Because increasing apoptosis is another factor that has an inhibition effect on cell growth, after 48-h transfection with a control siRNA or siLMTK3 plasmid, we detected the apoptosis of Ishikawa cells. The results indicated that the early apoptosis rate of Ishikawa cells transfected with a control siRNA plasmid was only 4.31 ± 0.60%, and that of Ishikawa cells transfected with plasmid siLMTK3 was increased to 7.08 ± 0.61% (P<0.05) (Figure 4A and Supplementary Figure 1A). The late apoptosis rate of Ishikawa cells transfected with a control siRNA plasmid was only 14.58 ± 0.37%, and that of Ishikawa cells transfected with plasmid siLMTK3 was 19.75 ± 1.55%, which was higher than that of Ishikawa cells transfected with a control siRNA plasmid (P<0.05) (Figure 4A and Supplementary Figure 1B). As shown in Figure 4B, the total apoptosis rate of Ishikawa cells transfected with a control siRNA plasmid was only 18.89 ± 0.95%, and that of Ishikawa cells transfected with plasmid siLMTK3 was increased to 26.83 ± 1.10% (P<0.01). All above made it clear that LMTK3 knockdown increased both early and late apoptosis of Ishikawa cells compared with the transfection with a control siRNA plasmid.




Figure 4 | Effects of LMTK3 knockdown on apoptosis in Ishikawa cells by flow cytometry. (A) Representative diagrams of LMTK3 knockdown on apoptosis in Ishikawa cells. (B) Statistical histogram of LMTK3 knockdown on apoptosis in Ishikawa (n=3, **P < 0.01).





Knockdown of LMTK3 Reduces the mRNA and Protein Levels of ERα

We conducted an analysis of UCEC cases through cBioPortal, which included 1,647 UCEC cases. The results showed that there was a positive correlation between the mRNA expression levels of LMTK3 and ESR1 (Spearman: P=2.011e-5, R=0.13; Pearson: P=7.18e-8, R=0.17) (Figure 5). Therefore, we continued to explore the correlation between the above two genes at the cellular level. After 48-h transfection with a control siRNA or siLMTK3 plasmid, when the LMTK3 relative mRNA level of the control siRNA group was 1.25 ± 0.10, and that of the siLMTK3 group was reduced to 0.55 ± 0.05 (P < 0.01) (Figure 6A), the ESR1 relative mRNA level of the control siRNA group was 1.14 ± 0.08, and that of the siLMTK3 group was also reduced to 0.29 ± 0.03 (P < 0.001) (Figure 6B). After 48-h transfection with a control siRNA or siLMTK3 plasmid, when the LMTK3 relative protein level of the control siRNA group was 0.79 ± 0.058, and that of the siLMTK3 group was reduced to 0.10 ± 0.015 (P < 0.001) (Figures 6C, D), the ERα, a protein coded by ESR1, relative protein level of the control siRNA group was 0.41 ± 0.019, and that of the siLMTK3 group was reduced significantly to 0.098 ± 0.010 (P<0.001) (Figures 6C, E).




Figure 5 | A positive correlation between the mRNA expression of LMTK3 and ESR1.






Figure 6 | Knockdown of LMTK3 reduces the mRNA and protein levels of ERα. (A, B) Effects of LMTK3 knockdown on the mRNA level of ERα (n=3, **P < 0.01, ***P < 0.001), ns represents no statistical significance). (C) Representative image of LMTK3 knockdown on the protein level of ERα. (D, E) Effects of LMTK3 knockdown on the protein level of ERα (n=3, ***P < 0.001). siControl represents nontargeting siRNA. Mock represents nontreatment. ns represents no statistical significance).






Discussion

In this paper, we used TMAs to identify that the cytoplasmic LMTK3 expression in endometrioid tissues was higher than that in para-tumor endometrial tissues. We also identified that LMTK3 knockdown decreased the cell growth of Ishikawa cells through decreasing cell viability, increasing G1 arrest, and promoting apoptosis. We also used bioinformatics methods to explore the positive correlation between the mRNA expression of LMTK3 and ESR1 in 1,647 UCEC samples, and finally we found that LMTK3 knockdown really reduced the mRNA and protein levels of ERα. In short, knockdown of LMTK3 inhibiting cell growth and ERα expression in a well-differentiated ERα-positive endometrioid adenocarcinoma Ishikawa cell line has been first identified. As Hu G et al. had reported that knockdown of ERα could inhibit the cell viability of Ishikawa cells at 48 h and increase G1 arrest, and the type, source, and culture environment of cells were consistent with us (15), we can infer that knockdown LMTK3 can inhibit the cell viability of Ishikawa cells at 48 h and increase G1 arrest through downregulating the mRNA and protein expression level of ERα. Of course, this may not be the only one mechanism of LMTK3 knockdown inhibiting cell growth in Ishikawa cells, since LMTK3 can bind via DDX5 to the pri-miRNA of miR-34a and miR-182, thereby sequestrating them from further miRNA maturation processing. Ectopic expression of miR-34a and miR-182 in LMTK3-overexpressing breast cancer cell lines inhibited cell proliferation through directly binding to the 3’UTR of LMTK3 mRNA and consequently inhibiting both its stability and translation (22). LMTK3 also functioned at distal regions in tethering the chromatin to the nuclear periphery resulting in H3K9me3 modification and tumor suppressor like-gene silencing (23); therefore, knockdown of LMTK3 may also inhibit the growth of Ishikawa cells through other ERα independent mechanisms, which needs further studies.

We also identified for the first time that LMTK3 was predominantly detected in the cytoplasm of endometrioid adenocarcinoma tissues, as Stebbing J et al. found that LMTK3 was mainly expressed in the nucleus of breast cancer tissues with variable cytoplastic staining (24), which suggests that the role of LMTK3 in EEC and breast cancer may have similarities and differences. In this study, we did find that LMTK3 knockdown could inhibit cell viability, enhance G1 cell cycle arrest, promote apoptosis, and reduce the mRNA and protein levels of ERα in both ERα-positive EEC Ishikawa and breast cancer MCF-7 cells. We also found a difference that knockdown of LMTK3 was more likely to increase early apoptosis in MCF-7 cells compared with Ishikawa cells (14), the mechanism of which needs to be further explored in the future.

Although it has not been confirmed that LMTK3 is highly expressed in EEC tissues compared with normal tissues due to a small sample size, we also first discovered the phenomenon that LMTK3 did have different expression levels in endometrioid adenocarcinoma tissues, since knockdown of LMTK3 inhibiting cell growth and ERα expression in a well-differentiated ERα-positive endometrioid adenocarcinoma cell line Ishikawa has been confirmed in this paper; it was also reported that targeting LMTK3 may be a possible future treatment for bladder cancer (25), KIT-mutant gastrointestinal stromal tumor and subsets of melanoma (26), thyroid cancer (27), gastric cancer (12), prostate cancer (28), and estrogen positive breast cancer (10), which suggests that LMTK3 inhibitors may be a possible future treatment for ERα and LMTK3 highly expressed EEC following appropriate studies.
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CTNNB1 mutations and nuclear B-catenin expression
NuclearB-catenin and CDX2 expression individually or in
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P53 abnormal
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Negative protein expression of CECR1, KIF26B, and
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Types  Proportion (%) Tumor marker (determined by IHC)

EOVC  Most cases WT1 (-); TP53 (wild-type); PR (+)/ER (+); Napsin-A (-)
10~30% WT1 (+) and/or P53 (abn?)
HGSOC Most cases WT1 (+); P53 (abn?); p16 (+)°

anull or >70% expression of TP53; Pdiffuse expression.
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Emerging theme

Patient quotes

Increased self-confidence

Increased energy levels and exercise tolerance

Increased motivation and desire to continue beyond
the 12-week intervention

Desire for more individualized nutrition counseling

“| lost a lot of weight and people started to notice. | feel wonderful and I'm very happy about my progress”

“I started in a discouraged place because of my past weight however this study helped me”

“I never thought | would be able to walk 10,000 steps and | was frequently short of breath during normal walking
activities, but now | am able to do these activities with ease”

“I can walk longer distances and not get tired as | once did before”

“I feel more energized because of this study”

“Motivated me to increase my steps and reach my weekly goals. | really enjoyed this program and will continue
with it”

“Had me thinking | want to be around more for my granddaughter and want to continue eating health and
exercising. | plan to continue using my Fitbit”

“I'm going to continue using the tools | learned going forward”

“The results from the first BODPOD test challenged me to improve. I'm going to continue walking and using my
Fitbit”

“I wanted more contact with the dietician throughout the study”

“The Fitbit held me accountable with exercise but | didn't feel there was much accountability regarding the
nutritional aspect”

“I suggest more 1-on-1 conversations to offer tips on nutrition and how to lose weight”

“I desired a meal plan more tailored to my calorie goal”

“More individualized ... the dietician should find out the person’s actual diet and strategize on meal plans that
would work for that person”
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Variable, median (IQR)" Pre-intervention Post-intervention Difference P value
Cardiorespiratory Fitness Markers
Peak aVO,?, in L/min 1.5 16 0.0 0.73
(1.4-1.7) (1.4-17) (0.1-0.0)
Peak IVO,®, in mL/kg/min 16.3 16.7 -0.9 0.45
(14.6-17.8) (16.7 - 19.8) (25-0.1)
Peak respiratory exchange ratio 1.1 11 0.0 1.00
(1.1-12) (1.0-12) 0.0-0.1)
Respiratory peak exchange 18.0 19.0 0.0 0.13
(17.0-19.0) (17.0-19.0) (2.0-0.0)
Resting systolic BP, in mm Hg 122 120 4.0 0.29
(122 - 126) (114 -118) (0.0-6.0)
Resting diastolic BP, in mm Hg 78 78 0.0 1.00
(72-80) (74 - 86) (-4.0-20)
Time to exhaustion, in seconds 375 418 -43.0 0.07
(327 - 471) (372 - 454) (-79.0 - -12.0)
Cardiovascular Disease Risk Factors
C-reactive protein, in mg/L 4.2 4.4 0.4 0.78
8.0-6.1) (2.6-6.3) (-0.2-1.1)
Cholesterol, in mg/dL. 195 196 -1.0 1.00
(171 -216) (153 - 236) (-14.0-9.0
HDL*, in mg/dL 50 61 -2.0 0.73
(38-67) (36 - 65) (3.0-20)
LDL®, in mg/dL 17 116 -4.0 1.00
(71-132) (102 - 151) (-19.0-6.0)
TG®, in mg/dL 112 106 13.0 0.18
(90 - 124) ©8-114) (5.0 - 25.0)
Body Measurements and Composition
Body Mass, in kg 99.7 93.8 4.0 0.004
(97.3-104.2) (91.8 -99.4) (3.56-5.5)
Body Mass Index, in kg/m? 375 36.2 2.3 0.004
(35.9-41.2) (341 -39.0) (14-29
Fat mass, in kg 525 46.9 21 0.04
(45.0 - 54.7) (434 -50.8) (14-58)
Hip circumference, in cm 123.4 122.8 2.5 0.18
(111.6-127.3) (118.3-127.3) (1.1-33)
Lung volume, in liters 33 33 0.0 -
3.1-3.3) (8.1-3.3) (0.0-0.0)
Percentage body fat 516 51.1 0.0 1.00
(50.6 — 54.0) (48.3 - 55.0) (1.0-1.8)
Percentage lean mass 48.4 51.0 -0.9 0.73
(45.5 - 49.4) (48.6 - 53.0) (2.6-0.8)
Waist circumference, in cm 118.6 1129 35 0.18
(114.8 -122.3) (111.3-117.5) (1.1-5.7)
Immune Function
CD4+ T-cells (% of Lymphocytes) 60 61.5 1.0 0.257
(57 - 62) (67 - 62.5) (-0.5-1.3)
CD4+/IFNy+ (%)
MAGE-A3 6.9 7.2 1.0 0.080
4.9-7.4) 68-9.1) 02-20)
MAGE-A4 6.0 72 0.8 0.043
45-72) 53-9.2) 09-22)
CD8+ T-cells (% of Lymphocytes) 349 36.3 0.3 0.500
(32.5-36.7) (32.3-37) (-1.0-1.6)
CD8+/IFNy+ (%)
MAGE-A3 15.2 15.2 13 0.080
(13.9-15.8) (149-17.7) ©02-2.1)
MAGE-A4 134 16.3 0.9 0.043
(18.1-15.1) (136 -15.8) 0.3-1.5)

"IQR, interquartile range.

2aV/02, absolute peak oxygen consumption.
SIV02, relative peak oxygen consumption.
“HDL, high density lipoprotein.

SLDL, low density lipoprotein.

STG, triglyceride.

In bold: Statistically significant (o < 0.05).





OPS/images/fonc.2021.669961/table2.jpg
Variable

Adherence to weekly walking sessions (5 of 7 days walked)
Days with a walking session (goal of 72%)

Mean steps per day

Total steps

Mean daily calories burned

Mean daily calories consumed

Mean adherence to prescribed walking sessions (60 sessions)

Median (IQR)’

83.3% (45.8% — 91.7%)
78.6% (56.0% — 90.5%)
9036 (8125 - 9806)
759044 (607949 — 804371)
2000 (1700 - 2000)
2700 (1800 - 3700)

Mean (range)
85.7% (41.6% - 100%)

'IQR, interquartile range.
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Patient Characteristic

Patient cohort (n = 9)

Age in years, median (Range)
BMI in kg/m?, median (IQR)'
Race: N (%)
Caucasian:
African American
Other:
Ethnicity: N (%)
Not Hispanic or Latino
Hispanic or Latino
Histology: N (%)
Endometrioid
Grade: N (%)
Grade 1:
Grade 2:
FIGO Stage 2009: N (%)
Stage 1A
Performance Status: N (%)
Karnofsky 90
Karnofsky 100

64.8 (57.8-71.1)
37.5 (35.2 - 39.5)
6 (66.7)
3(33.3)
0(0.0)

9 (100.0)
0(0.0)

9 (100.0)

8(88.9)
1(11.1)

9(100.0)

4 (44.9)
5 (55.6)

"IQR, interquartile range.
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Values Training cohort P value Validation cohort P value

NRI

3-year CSS 0.6278 0.4248-0.8355 = 0.2718 0.1348-0.7513 =
5-year CSS 0.5992 0.4142-0.7862 = 0.3053 0.1659-0.7216 =
IDI

3-year CSS 0.0865 0.0843-0.0887 <0.001 0.0438 0.0425-0.0451 <0.001
5-year CSS 0.0916 0.0901-0.0931 <0.001 0.0506 0.0490-0.0522 <0.001
C-indexes

Nomogram 0.7916 0.7990-0.8042 - 0.8148 0.7954-0.8342 w
FIGO stage 0.7288 0.7143-0.7433 = 0.7694 0.7483-0.7905 =
Change 0.0628 0.0609-0.0647 <0.001 0.0454 0.0437-0.0471 <0.001

CSS, cancer-specific survival; NRI, net reclassification improvement; IDI, integrated discrimination improvement; C-indexes, concordance indexes; FIGO, the Intemational Federation of
Gynecology and Obstetrics.
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Age (years) <60 20 Tumor size <35 39
>60 39 (cm) >3.5 66
Grade” m 39 Unknow 69
v 52 Surgical procedure None 39
Unknow 50 LTD 21
FIGO stage | 39 THR-RTO 24
I 55 THR+RTO 9
1} v RHR 0

v 100

*I, well differentiated; Il, moderately diferentiated; lll, poorly differentiated; IV, undifierentiated.
FIGO, the International Federation of Gynecology and Obstetrics; LTD, local tumor destruction; THR-RTO, total hysterectomy without removal of tubes and ovaries; THR+RTO, total
hysterectomy with removal of tubes and ovaries; RHR, radical hysterectomy.
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Age (years)

>60 vs <60

Marital status
Unmarried vs Married
Widowed vs Married
Race

Black vs White
Other* vs White
Grade”

AV vs VIl

Unknow vs 1l

FIGO stage

llvs |

Mvs |

Vsl

Tumor size (cm)
>3.5 vs <3.5
Unknow vs <3.5
Surgical procedure
LTD vs None
THR-RTO vs None
THR+RTO vs None
RHR vs None
Radiotherapy

Yes vs No
Chemotherapy
Yes vs No

*including Asian, American Indian and Alaska Native.
*I, well diierentiated; I, moderately differentiated; lll, poorly difflerentiated; IV, undifferentiated.

Univariate analysis

Multivariate analysis

HR

2.088

1.002
2118

0.759
1.325

1.783
1.688

2917
3.479
10.497

4.142
4176

0.343
0.235
0.263
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2570

2.526

95% CI

1.687-2.748

0.767-1.311
1.442-3.110
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<0.001
<0.001
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<0.001
<0.001

<0.001

HR

0.668
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1.148
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1.318
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3.052
5.594

2.090
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1.029

0.763

95% Cl
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1.428-3.061
1.511-3.294
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0.314-0.657
0.243-0.528
0.704-1.506

0.537-1.084

P value

0.016

0.848
0.544

0.025
0.154

0.021
<0.001
<0.001

<0.001
<0.001

0.049
0.237
<0.001
<0.001
0.882

0.131

HR, Hazard ratio; 95% CI ,95% confidence intervals; FIGO, the International Federation of Gynecology and Obstetrics; LTD, local tumor destruction; THR-RTO, total hysterectomy without
removal of tubes and ovaries; THR+RTO, total hysterectomy with removal of tubes and ovaries; RHR, radical hysterectomy.
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N=1142 N=802 N=340
Age (vears) 0242
<60 962 (84.2) 669 (83.4) 293 (86.2)
>60 180 (15.8) 133 (16.6) 47 (13.8)
Marital status 0.392
Married 716 (62.7) 497 (62.0) 219 (64.4)
Unmarried 352 (30.8) 248 (30.9) 104 (30.6)
Widowed 74 (6.5) 57 (7.1) 17 (5.0)
Race 0.169
Black 132 (11.6) 102 (12.7) 30(8.8)
White 865 (75.7) 599 (74.7) 266 (78.2)
Other* 145 (12.7) 101 (12.6) 44 (12.9)
Grade” 0550
il 328 (28.7) 223 (27.8) 105 (30.9)
v 588 (51.5) 420 (52.4) 168 (49.4)
Unknow 226 (19.8) 159 (19.8) 67 (19.7)
FIGO stage 0.226
| 565 (49.5) 386 (48.1) 179 (52.6)
1 161 (14.1) 120 (15.0) 1(12.1)
n 260 (22.8) 191 (23.8) 69 (20.3)
v 156 (13.7) 105 (13.1) 1(15.0)
Tumor size (cm) 0.897
<3.5 434 (38.0) 304 (37.9) 130 (38.2)
>3.5 419 (36.7) 292 (36.4) 127 (37.4)
Unknow 289 (25.3) 206 (25.7) 83 (24.4)
Surgical procedure 0911
None 348 (30.5) 242 (30.2) 106 (31.2)
LTD 106 (9.3) 71 (8.9) 35 (10.3)
THR-RTO 57 (5.0) 41(5.1) 16 (4.7)
THR+RTO 255 (22.3) 183 (22.8) 72(21.2)
RHR 376 (32.9) 265 (33.0) 111 (32.6)
Radiotherapy 0.622
No 451 (39.5) 313 (39.0) 138 (40.6)
Yes 691 (60.5) 489 (61.0) 202 (59.4)
Chemotherapy 0.691
No 541 (47.4) 383 (47.8) 158 (46.5)
Yes 601 (52.6) 419 (52.2) 182 (63.5)

“including Asian, American Indian and Alaska Native.

*I, well difierentiated; I, moderately differentiated; lil, poorly diflerentiated; IV, undifferentiated.

FIGO, the International Federation of Gynecology and Obstetrics; LTD, local tumor destruction; THR-RTO, total hysterectomy without removal of tubes and ovaries; THR+RTO, total
hysterectomy with removal of tubes and ovaries; RHR, radical hysterectomy.
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