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Objectives

Estrogen is proven to promote the malignant behaviors of many cancers via its receptors. Estrogen receptor alfa 36 (ER-α36) is a newly identified isoform of estrogen receptor alfa (ER-α), the role of ER-α36 in regulating the effects of estrogen and its potential impact on human cervical cancer is poorly understood.



Methods

Immunohistochemistry staining was used to evaluate the expression of ER-α36, estrogen receptor alfa 66 (ER-α66) and their prognostic values in cervical cancer. The effects of ER-α36 and ER-α66 on the proliferation and metastasis of cervical cancer were measured in vitro. A xenograft tumor assay was used to study the tumorigenesis role of ER-α36 in vivo. Furthermore, the functional gene at the downstream of ER-α36 was obtained via next-generation sequencing, and the biological functions of high mobility group A2 (HMGA2) in cervical cancer cells were investigated in vitro.



Results

ER-α36 was over-expressed in cervical cancer tissues and elevated ER-α36 expression was associated with poor prognosis in cervical cancer patients. High expression of ER-α36 promoted the proliferation, invasion and metastasis of cervical cancer cells mediated by estrogen, while silencing ER-α36 had the opposite effects. Further research showed that HMGA2 was a downstream target of ER-α36 in cervical cancer cells. The oncogenic effect of ER-α36 was attenuated after HMGA2 knockdown.



Conclusions

High expression of ER-α36 was correlated with a poor prognosis in cervical cancer by regulating HMGA2. ER-α36 could be a prognostic biomarker and a target for cervical cancer treatment.
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Introduction

Cervical cancer (CC) is the fourth leading cause of cancer death in women. According to the latest statistics, there were 604127 incident cases and 341831 deaths due to CC worldwide in 2020 (1). Squamous cell Carcinoma (SCC) and adenocarcinoma (AC) are the most common histological subtypes accounting for about 70% and 25% of all cervical cancers, respectively (2). At present, radical surgery is the first‐ line treatment for early‐stage CC, the combination of γ- irradiation and cisplatin-based chemotherapy is the standard treatment for advanced CC (3). Although great progress has been made in disease prevention with the emergence of HPV vaccination and early screening, the incidence and mortality of CC are still high in low and middle-income countries (4). Therefore, it is important to elucidate the potential oncogenic molecular mechanisms in CC and develop new therapy methods.

Human papillomavirus (HPV) is a necessary but not sufficient cause of CC (5). In human cervical squamous epithelium, most lesions containing high-risk HPVs do not progress to CC, implicating other factors may be involved in the genesis of CC. Long-term use of oral contraceptives and high parity increase the risk of CC in woman with HPV infection (6, 7). Exposure to diethylstilbestrol is associated with increased risk of cervical high-grade squamous neoplasia (8). Chronic estrogen treatment induced the genesis of cervical squamous cancer in HPV type 16 transgenic mice (9). These studies suggest that estrogen is an etiological cofactor for CC.

Estrogen influences physiological and pathological processes in various tissues through its receptors. ER-α is the major estrogen receptor expressed in the cervix. Researchers found that ER-α plays a critical role in cervical carcinogenesis in transgenic mice (10). ER-α is the product of ESR1 gene. The ESR1 gene not only serves as a template for a full-length 66 kDa protein(ER-α66), but also for two alternative isoforms(ER-α46 and ER-α36) (11). ER-α36 lacks transcriptional activation domains (AF-1 and AF-2), but retains dimerization, DNA-binding and partial ligand-binding domains. ER-α36 is mainly located in plasma membrane and cytoplasm, and mediates rapid estrogen signaling pathways (11–15). Previous studies have indicated that high expression of ER-α36 is associated with a more aggressive phenotype in various cancers, including breast cancer (16–18), endometrial cancer (14), gastric cancer (19), lung adenocarcinoma (20) and laryngeal cancer (21). However, the role of ER-α36 in regulating the effect of estrogen and its potential impact on human CC remains unknown.

In this study, we first verified that ER-α36 was remarkably over-expressed in CC tissues and was associated with poor prognosis of CC. Through in vitro and vivo experiments, we demonstrated that ER-α36 promoted the malignant progression of CC mediated by estrogen, and these effects on biological behavior were achieved by regulating the expression of HMGA2. To reveal the correlations between ER-α36 and HMGA2, we further researched the expression, biological functions and clinical significance of HMGA2 in CC.



Materials and Methods


Human CC Specimens

A total of 117 cases of paraffin‐embedded primary CC samples, 30 cases of paraffin‐embedded cervical intraepithelial neoplasia (CIN) and 60 cases of paraffin-embedded normal cervix samples were collected from the Department of Pathology, Qilu Hospital, from January 2012 to December 2014. In addition, 12 cases of CC tissues were collected from patients with CC who underwent primary surgery in Qilu Hospital, while the 8 normal cervix tissues were from patients who received hysterectomy due to benign gynecologic tumors. All the paraffin‐embedded samples possessed intact follow‐up information. Written informed consents were obtained from all the patients. Ethical approval was issued by the Ethics Committee of Shandong University Qilu Hospital and the approval number is KYLL-2018-174.



Immunohistochemistry (IHC)

The 4um-thick paraffin‐embedded tissue sections were dewaxed with xylene and rehydrated in an ethanol gradient. After antigen retrieval, these sections were incubated with a primary antibody at 4°C overnight, then were incubated with secondary antibodies for 30 minutes at room temperature. Subsequently, these slides were stained with 3,3’-diaminobenzidine detection system and haematoxylin.

These sections were scored by two trained pathologists according to the extent and intensity of staining. The percentage of positively stained cells was scored as (0, 0%; 1, 1%–25%; 2, 25%–50%; 3, 50%–75%; 4, 75%–100%) and the intensity of staining was scored as (0, negative; 1, weak; 2, moderate; 3, strong) (22). The final score was the product of the two scores multiplied together. The final score less than 4 indicated low expression and greater than 5 indicated high expression.



Quantitative Reverse‐Transcription Polymerase Chain Reaction (qRT‐PCR)

Total RNA was extracted by TRIzol reagent (15596018; Invitrogen). Complementary DNA (cDNA) was synthesized by the PrimeScript RT reagent Kit (FSQ‐301; Toyobo Biotech Co Ltd, OSAKA, Japan). Real‐time PCR was performed using the SYBR Green Real‐time PCR Master Mix (QPK‐201; Toyobo Biotech Co Ltd, OSAKA, Japan). The message RNA(mRNA) level of specific genes was normalized against glyceraldehyde 3‐phosphate dehydrogenase (GAPDH) using the comparative Ct method (2−ΔΔCt). The primers used are shown in the Supplementary Table S1.



Cell Lines and Cell Culture

H8, siha, hela, caski and C33a cell lines were obtained from the Key Laboratory of Gynecologic Oncology of Shandong Province. Cells were cultured in phenol-red-free Roswell Park Memorial Institute (RPMI) 1640 (Gibco, USA) supplemented with 10% fetal bovine serum (FBS) (04-001-1 A, Biological Industries, Kibbutz Beit‐Haemek, Israel). All cells were cultured in a humidified incubator at 37°C with 5% CO2.



Cell Transfection and the Production of Stable Cell Lines

Small interfering RNA (siRNA) for ER-α36, ER-α66, HMGA2 and their negative control si-NC were obtained from GenePharma (Shanghai, China). Caski and hela cells at the 50% confluence were transiently transfected with siRNAs using INTERFERin (Polyplus, USA) according to the manufacturer’s protocol. ER-α36 knockdown and overexpression lentiviruses were purchased from Genechem (Shanghai, China). Caski and hela cells were infected with lentivirus (MOI: 20) and selected with 1.5 mg/ml puromycin for about 1 week. The efficiency of knockdown or overexpression was detected by qRT-PCR and western blotting. The siRNA sequences are shown in the supplementary material.



Western Blotting

Cells and tissues were lysed in RIPA (Beyotime, Shanghai, China) supplemented with PMSF according to the manufacturer’s recommendations. The protein concentration was calculated by the BCA Kit (Beyotime, Shanghai, China). Proteins were separated by SDS-PAGE electrophoresis, then were transferred to PVDF membrane. After blocking in the 5% milk for 1 hour at room temperature, these membranes were incubated with primary antibodies overnight at 4°C. Subsequently, these membranes were labeled with the corresponding HRP-conjugated secondary antibodies (Cell Signaling Technology, Danvers) for 1 hour at room temperature. Protein bands were detected by enhanced chemiluminescence detection kit (ECL ORT2655, PerkinElmer, Waltham, MA, USA). ImageJ 1.47 was used to analyze the relative protein level. GAPDH was used as an endogenous control.



Antibodies and Reagents

Antibodies for ER-α66(ab108398) and Ki67(ab16667) were purchased from Abcam (Cambridge, UK). ER-α36 (SAB1306666) antibody for western blotting was purchased from Sigma-Aldrich (St. Louis, MO, USA), ER-α36(bs-23769R) antibody for IHC was purchased from Bioss (Bioss, China). The antibody for HMGA2 (20795-1-AP) was purchase from Proteintech (Proteintech Group, USA) and the antibody for GAPDH (GB11002) was purchased from Servicebio (Servicebio, China). 17β-estradiol (E2) (E8875) (dissolved by ethanol) was purchased from Sigma (St. Louis, USA) and 17β-estradiol pellets (SE-121) were purchased from Innovative Research (IRA, USA).



Cell Viability Assay

Cells (103 per well) were seeded into 96-well plates and cultured for 1–6 days, Cell Counting Kit-8 (CCK8) (APExBIO, #K1018) was used to detect cell viability following the manufacturer’s protocol. The absorbance at 450 nm was detected by a microtiter plate reader (Thermo Scientific).



Colony Formation Assay

Cells (103 per well) were seeded into 6-well plates and cultured for 10–14 days. The colonies were fixed by methanol and stained by 0.5% crystal violet. Colonies more than 50 cells were counted.



Cell Migration and Invasion Assay

Migration and invasion assays were performed in transwell chambers (8-μm pores, BD Biosciences, USA) inserted in 24-well plates without or with Matrigel (356234, Corning Incorporate, NY). Cells (105 per well) were seeded into the upper chambers in serum-free medium, medium supplemented with 20% FBS were added to the lower chambers. After cultured for an appropriate time in an incubator, cells that have migrated through the membrane were fixed with methanol, stained with 0.5% crystal violet and observed under a light microscope.



Cell Cycle Assessment

Cells were collected and stained with PI/RNase Staining Buffer (550825, BD Bioscience, Franklin Lakes, NJ, USA) following the manufacturer’s protocol. Flow cytometry was used to evaluate the distribution of cell cycle.



High-Throughput Differential Gene Expression Analysis

The high-throughput RNA-seq experiments were conducted by Annoroad (Beijing, China). In brief, caski cells were transfected with si-ER-α36 or NC (n = 3) for 48 h and treated with 1nM E2 for 24h. The RNA preparation and library preparation for transcriptome sequencing were performed according to the manufacturer’s instructions. Fragments per kilobase of transcript per million fragments mapped (FPKM) was used to estimate gene expression levels. The differentially expressed mRNAs were selected with fold change > 2 or fold change < 0.5 and p value < 0.05 by R package edgeR or DESeq2.



Animal Experiment

The animal study was reviewed and approved by the Ethics Committee of Shandong University Cheeloo College of Medicine, the approval number is 21002. Female BALB/c nude mice (4-6 weeks old; NBRI of Nanjing University, Nanjing, China) were implanted subcutaneously with 0.36 mg of 60-day release 17β-estradiol pellets (Innovative Research, TX). Caski cells transfected with shNC, shER-α36, NC-LV and NC-ER-α36 were collected, 5 × 106 cells were subcutaneously injected into the axilla of each mouse. The tumor size was measured by Vernier calliper once every 2 days, and tumor volumes were calculated using the equation: length × width2 × 0.5. Three weeks post-injection, these mice were sacrificed and tumors were removed, photographed and weighed.



Statistical Analysis

Each assay was repeated at least 3 times independently. The data was expressed as the means ± SEM. Student’s t test was applied to compare two independent groups and One-way ANOVA was used to compare multiple groups. The correlation among ER-α36, ER-α66 and clinicopathological characteristics were assessed by chi-square (χ2) or Fisher test. Overall survival analysis was performed by Kaplan‐Meier method with log‐rank test. Survival data was evaluated by univariate and multivariate Cox regression analyses to evaluate the independent factors of patients’ outcomes. All the analyses above were performed by SPSS v22.0 (SPSS, Inc., Chicago, IL, USA). Images were processed by GraphPad Prism 8.00 (GraphPad Software, La Jolla, CA, USA) and Adobe Photoshop CC 2019 (Adobe, San Jose, CA, USA). Differences were considered statistically significant when P < 0.05(*p < 0.05, **p < 0.01, ***p < 0.001).




Results


Expression and Prognostic Significance of ER-α36 and ER-α66 in CC

We detected the expressions of ER-α36 and ER-α66 in CC tissues and cervix tissues with qRT-PCR and western blotting, the results showed that the mRNA and protein levels of ER-α36 were higher in cancer tissues, while the mRNA and protein levels of ER-α66 were higher in cervix tissues (Figures 1A–C).Then we detected their expressions in H8,siha,hela,caski and C33a cell lines, western blotting demonstrated that ER-a36 was significantly over-expressed in four CC cell lines (siha,hela,caski and C33a) compared with H8, the normal cervical epithelial cells, while ER-α66 was over-expressed in H8 cells (Figure 1D).These results indicated the possible roles of ER-α36 and ER-α66 in CC.




Figure 1 | Expression and prognostic significance of ER-α36 and ER-α66 in CC. (A, B) The mRNA levels of ER-α36 and ER-α66 in CC tissues and normal cervical tissues. (C) The protein levels of ER-α36 and ER-α66 in CC tissues (T1-T10) and normal cervical tissues(N1-N6). (D) The protein levels of ER-α36 and ER-α66 in H8, siha, hela, caski and C33a cell lines. (E) The high and low expression rate of ER-α36 in 60 cervical tissues, 30 CIN tissues, 99 cervical SCC tissues and 18 cervical AC tissues. (F) The high and low expression rate of ER-α66 in 60 cervical tissues, 99 cervical SCC tissues and 18 cervical AC tissues. (G) Representative images of IHC staining of ER-α36 in CC tissues, CIN and cervical tissues (upper, ×40; lower, ×400, Scale bar: 50 μm). (H, I) Representative images of IHC staining of ER-α66 and Ki67 in CC tissues (upper, ×40; lower, ×400, Scale bar: 50 μm). (J) High expression of ER-α36 was significantly correlated with low overall survival rate in cervical SCC and cervical AC. (K) The expression of ER-α66 displayed no prognostic significance in cervical SCC and cervical AC. (**p < 0.01).



For further investigation, we carried out IHC staining to analyze the expression of ER-a36 and ER-a66 in 60 cases of normal cervix tissues and 117 cases of CC tissues including 99 cases of cervical SCC and 18 cases of cervical AC. Positive ER-α36 staining was mainly detected in cellular membrane and cytoplasm in CC tissues, while positive ER-α66 staining was mainly detected in the nucleus. These patients were divided into high expression groups and low expression groups based on the IHC scores (Figures 1G–I). The expression of ER-α36 was significantly higher in cervical SCC (48.5%, 48/99 cases) and AC (55.6%, 10/18 cases) tissues than in CIN tissues (30%, 9/30 cases) and cervix tissues (13.3%, 8/60 cases) (Figure 1E). However, the expression of ER-α66 was lower in cervical SCC (10%, 9/90 cases) and AC (11.1%, 2/18 cases) tissues than in cervix tissues (35%, 21/60 cases) (Figure 1F). Kaplan–Meier survival curves showed that high ER-α36 expression was remarkably associated with unfavorable prognosis in cervical SCC and AC patients (Figure 1J), while the expression of ER-α66 displayed no prognostic significance in CC patients (Figure 1K). Collectively, ER-α36 was up-regulated and correlated with the poor prognosis in CC.



Clinical Significance of ER-α36 and ER-α66 in CC

To assess the clinical significance of ER-α36 and ER-α66, we analyzed the correlation among ER-α36, ER-α66 and the clinicopathological features of cervical SCC and AC patients. In patients with cervical SCC, high expression of ER-α36 was significantly associated with advanced International Federation of Gynecology and Obstetrics (FIGO) stage (p=0.026), deeper stromal invasion (p=0.032), positive lymph node metastasis (p=0.005) and high expression of Ki67 (p<0.001), whereas there is no correlation between ER-a66 and these features (Table 1).In cervical AC patients, elevated ER-α36 was associated with positive lymph node metastasis (p=0.036), however no correlation was observed between ER-a66 and this feature (Table 2).


Table 1 | Association between ER-α36/ER-α66 expression and clinicopathologic characteristics of cervical SCC patients.




Table 2 | Association between ER-α36/ER-α66 expression and clinicopathologic characteristics of cervical AC patients.



In addition, we performed univariate and multivariate analyses to evaluate the prognostic values of ER-α36, ER-α66 and other clinicopathological factors. In patients with cervical SCC, univariate Cox regression analysis demonstrated advanced FIGO stage (p=0.042), positive lymph node metastasis (p=0.003), and high ER-α36 expression (p=0.005) were all significantly associated with a low overall survival rate. Multivariate Cox regression analysis confirmed that high expression of ER-α36 could be an independent factor to predict poor survival of cervical SCC (p=0.028) together with positive lymph node metastasis (p=0.025, Table 3). In cervical AC patients, univariate Cox regression analyses suggested that FIGO stage (p=0.023), lymph node metastasis (p=0.038) and ER-α36 expression (p =0.042) had strong correlations with prognosis (Table 4).


Table 3 | Univariate and multivariate analyses of overall survival in cervical SCC patients.




Table 4 | Univariate and multivariate analyses of overall survival in cervical AC patients.





ER-α36 Silence Inhibits Proliferation and Metastasis of CC Cells Mediated by E2 In Vitro

Caski and hela cells were stably transfected with shER-α36 and negative control (shNC) (Figures 2A, B). Cells were divided into 4 groups; the shNC groups (cells transfected with shNC and treated with ethanol), the shNC+E2 groups (cells transfected with shNC and treated with 1nM E2), the shER-α36 groups (cells transfected with shER-α36 and treated with ethanol) and shER-α36+E2 groups (cells transfected with shER-α36 and treated with 1nM E2). The CCK8 assay showed that cells transfected with ShER-α36 (shER-α36 groups vs. ShER-α36+E2 groups) exhibited lower sensitivity to E2 stimulation than the control groups (shNC groups vs. shNC+E2 groups). In the shNC+E2 groups, E2 promoted the proliferation of CC cells compared to shNC groups. However, there is no significant difference in proliferation between shER-α36 groups and shER-α36+E2 groups. In the ShER-α36+E2 groups, the proliferation induced by E2 was suppressed in comparison to the shNC+E2 group. Nevertheless, there was no remarkable difference in cell viability between shNC and shER-α36 groups (Figures 2C, D). The clonogenic assay also confirmed these results (Figure 2E). In addition, we transfected si-ER-α66 and negative control (si-NC) into caski and hela cells (Supplementary Figures 1A, B), and there was no significant difference in the capability of proliferation between si-NC+E2 groups (cells transfected with si-NC and treated with 1nM E2) and si-ER-α66+E2 groups (cells transfected with si-ER-α66 and treated with 1nM E2) (Supplementaryl Figures 1C–E).




Figure 2 | ER-α36 silence inhibits proliferation and metastasis of CC cells mediated by E2 in vitro. Caski, hela cells were stably transfected with shNC, shER-α36 and treated with ethanol or 1nM E2. (A, B) qRT‐PCR and western blotting analysis of the mRNA and protein levels of ER-α36 in transfected caski and hela cells. (C, D) Proliferation of transfected caski and hela cells was measured by CCK-8 assay. (E) Colony formation efficiency of caski and hela cells were assessed by clonogenic assay after ER-α36 knockdown. (F) Migration and invasion of caski and hela cells were evaluated by transwell assay after ER-α36 knockdown. Scale bar: 50μm. (Data are mean ± SEM, #p > 0.05, **p < 0.01, ***p < 0.001, n = 3).



Considering that the expression of ER-α36 was associated with lymph node metastasis in CC patients, we hypothesized ER-α36 participated in the metastasis of CC cells. The transwell assay exhibited that in the shNC+E2 groups, E2 enhanced the abilities of migration and invasion of CC cells compared with the shNC groups, but no obvious difference was found between shER-α36+E2 groups and shER-α36 groups. Comparison showed that ER-α36 knockdown inhibited the ability of metastasis of CC cells mediated by E2 in the shNC+E2 and shER-α36+E2 groups, while there is no statistical difference between shNC and shER-α36 groups (Figure 2F). There was no remarkable difference between si-NC+E2 groups and si-ER-α66 +E2 groups (Supplementary Figure 1F). In conclusion, ER-α36 silence inhibited proliferation and metastasis of CC cells induced by E2 in vitro.



Overexpression of ER-α36 Promotes E2-Mediated Proliferation and Metastasis of CC Cells In Vitro

Caski and hela cells were successfully transfected with ER-α36-LV and NC-LV (Figures 3A, B). Cells were divided into 4 groups; the NC-LV groups (cells transfected with NC-LV and treated with ethanol), the NC-LV+E2 groups (cells transfected with NC-LV and treated with 1nM E2), the ER-α36-LV groups (cells transfected with ER-α36-LV and treated with ethanol) and ER-α36-LV+E2 groups (cells transfected with ER-α36-LV and treated with 1nM E2). The CCK8 assay showed that cells transfected with ER-α36-LV (ER-α36-LV groups vs. ER-α36-LV+E2 groups) displayed higher sensitivity to E2 stimulation than the control groups (NC-LV groups vs. NC-LV+E2 groups). In the ER-α36-LV+E2 groups, the proliferation induced by E2 was enhanced in comparison to the NC-LV+E2 groups. Nevertheless, there was no remarkable difference in cell viability between NC-LV and ER-α36-LV groups (Figures 3C, D). The clonogenic assay obtained the similar results (Figure 3E).




Figure 3 | ER-α36 overexpression promotes E2-mediated proliferation and metastasis of CC cells in vitro. Caski, hela cells were stably transfected with NC-LV, ER-α36-LV and treated with ethanol or 1nM E2. (A, B) qRT‐PCR and western blotting analysis of the mRNA and protein levels of ER-α36 in transfected caski and hela cells. (C–E) Proliferation of caski and hela cells was measured by CCK-8 assay and clonogenic assay after ER-α36 overexpression. (F) Migration and invasion of caski and hela cells were evaluated by transwell assay after ER-α36 overexpression. Scale bar: 50μm. (Data are mean ± SEM, **p < 0.01, ***p < 0.001, n = 3).



Transwell assay showed that E2 enhanced the abilities of migration and invasion of CC cells in both groups (ER-α36-LV+E2 vs.ER-α36-LV group and NC-LV+E2 vs. NC-LV group). Comparison in the NC-LV+E2 and ER-α36-LV+E2 groups showed that overexpression of ER-α36 promoted the ability of metastasis of CC cells induced by E2, while there was no statistical difference between NC-LV and ER-α36-LV groups (Figure 3F). In a word, overexpression of ER-α36 promoted E2-mediated proliferation and metastasis of CC cells.



ER-α36 Is Involved in E2-Stimulated Cell Cycle Progression

Caski and hela cells transfected with shNC, shER-α36, NC-LV, ER-α36-LV, si-NC and si-ER-α66 were incubated with ethanol or 1nM E2 for 24 hours. Cell cycle analysis revealed that E2 decreased the percentage of cells in G1 phase and increased the percentage of cells in S phase. Comparing shNC+E2 groups and shER-α36+E2 groups, we found that ER-α36 knockdown increased the percentage of cells in G1 phase and decreased the percentage of cells in S phase, while in ER-α36-LV+E2 groups, up-regulated ER-α36 decreased the percentage of cells in G1 phase and increased the percentage of cells in S phase in comparison to the NC-LV+E2 groups (Figures 4A, B). There was no remarkable difference between si-NC+E2 and si-ER-α66+E2 groups in cell cycles (Supplementary Figures 2A, B). Therefore, these results indicated that ERα36 was involved in the cell cycle progression of CC cells induced by E2.




Figure 4 | ER-α36 is involved in E2 stimulated cell cycle progression. Caski and hela cells transfected with shNC, shER-α36, NC-LV and ER-α36-LV were treated with ethanol or 1nM E2 for 24 h in cell cycle assay. (A, B) Cell cycle analysis was performed by flow cytometry. Cell cycle phase distribution was expressed as a percentage of total cells as shown. (Data are mean ± SEM, #p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, n=3).





ER-α36 Enhances the Proliferation of CC Cells Mediated by E2 In Vivo

To further explore the role of ER-α36 in the oncogenic function induced by E2 in vivo, caski cells transfected with shNC, shER-α36, NC-LV, NC-ER-α36 were subcutaneously injected into the armpits of female nude mice which were subcutaneously inoculated with 0.36 mg 60-day released E2 pellets. Consistent with the results in vitro, the volumes of the tumors in the shER-α36 group were remarkably decreased compared with those in the shNC groups, and the tumors in the ER-α36-LV groups were boosted as compared to the control group (Figures 5A–D). IHC staining was performed to tumor mass, the results showed tumors in shER-α36 groups exhibited significantly lower ER-α36 expression and Ki67 proliferation index vs. the control group, whereas tumors in ER-α36-LV groups exhibited up-regulated ER-α36 expression and high staining intensity of Ki67 (Figures 5E, F). These results indicated ER-α36 enhanced the proliferation of CC cells mediated by E2 in vivo.




Figure 5 | The role of ER-α36 in the oncogenic function induced by E2 in vivo. (A, C) Image of xenograft tumors. (B, D) Tumor volumes of each group. (E) Representative images of IHC staining of ER-α36 and Ki67 in tumor tissues. (F) IHC scores of each group. Scale bar: 50 µm (Data are mean ± SEM, *p < 0.05, **p < 0.01, n = 6).





HMGA2 Is a Downstream Target of ER-α36 in CC, Elevated HMGA2 Expression Is Correlated With the Poor Prognosis of CC

To illuminate the mechanisms by which ER-α36 promotes CC’s malignant progression induced by E2, next-generation sequencing (NGS) was conducted. A total of 72 differentially expressed genes (DEGs, fold change ≥2, p < 0.05) were identified, including 17 upregulated genes and 55 downregulated genes (Figure 6A). The top 24 downregulated genes were chosen to validate the DEGs by qRT-PCR assay (Figure 6B). HMGA2 was shown to be particularly downregulated and has been confirmed to be associated with tumorigenesis. Therefore, we hypothesized that ER-α36 might promote the malignancy of CC by regulating HMGA2 expression. Western blotting assay showed that the protein level of HMGA2 in CC cells was decreased after ER-α36 knockdown and increased after ER-α36 overexpression (Figure 6C). Moreover, qRT-PCR (Figure 6D) and IHC (Figures 6E, F) assays revealed HMGA2 expression was positively correlated with ER-α36 expression in CC tissues. These results suggested that HMGA2 was a downstream effector of ER-α36 in CC.




Figure 6 | HMGA2 is a downstream target of ER-α36 in CC, elevated HMGA2 predicts unfavorable prognosis in patients with CC. Caski cells transfected with si-ER-α36 and si-NC were treated by 1nM E2 for 24 hours in next-generation sequencing (NGS) assay. (A) Heatmap of differentially expressed genes profiles in caski cells transfected with si-ER-α36 and si-NC (High and low expression levels are indicated by red and blue, respectively). (B) The mRNA levels of top 24 downregulated genes in caski cells with ER-α36 knockdown were detected by qRT-PCR. (C) Western blotting analysis of HMGA2 protein expression after ER-α36 knockdown and overexpression. (D) Correlation analysis between ER-α36 and HMGA2 expression in fresh-frozen CC tissues. (E, F) Association of IHC scores between ER-α36 and HMGA2 in cervical SCC and cervical AC tissues. (G) The mRNA level of HMGA2 in normal cervical tissues and CC tissues. (H) The protein level of HMGA2 in CC tissues(T1-T10) and normal cervical tissues(N1-N6). (I) The protein levels of HMGA2 in H8, siha, hela, caski and C33a cell lines. (J) The high and low expression rate of HMGA2 in 60 normal cervical tissues, 99 cervical SCC tissues and 18 cervical AC tissues. (K) Representative images of IHC staining of HMGA2 in CC tissues and normal cervical tissues (upper, ×40; lower, ×400, Scale bar: 50 µm). (L) Elevated HMGA2 expression correlates with the poor prognosis in cervical SCC patients and cervical AC patients. (M) Overall survival curves for cervical SCC patients and cervical AC patients were stratified according to patients with high expression of ER-α36 and HMGA2, and other patients. (#p>0.05, **p < 0.01, ***p<0.001).



To explore the role of HMGA2 in CC, we detected the expression of HMGA2 in CC tissues and cervix tissues with qRT-PCR and western blotting, the results showed that the mRNA and protein levels of HMGA2 were remarkably higher in cancer tissues (Figures 6G, H). Then we examined HMGA2 expression in H8, siha, hela, caski and C33a cell lines, western blotting revealed HMGA2 was significantly over-expressed in four CC cell lines (siha, hela, caski and C33a) compared with H8 cells (Figure 6I). To evaluate the expression pattern and clinical significance of HMGA2 in CC, IHC staining assay was applied. The results verified the expression of HMGA2 was elevated in CC tissues (Figures 6J, K). In cervical SCC patients, clinicopathological characteristic analysis showed HMGA2 expression was correlated with FIGO stage (p=0.012), DSI (p=0.03), lymph node metastasis (p=0.005) and ER-α36 expression (p<0.001, Table 5). In cervical AC patients, high expression of HMGA2 was associated with positive lymph node metastasis (p=0.036) and elevated ER-α36 expression (p=0.00, Table 6). Kaplan-Meier survival curves showed high HMGA2 expression was associated with low overall survival rate in both cervical SCC and cervical AC patients (Figure 6L). Furthermore, the expressions of ER-α36 and HMGA2 were combined to evaluate the prognostic value of co-expression of ER-α36 and HMGA2. Kaplan-Meier survival curve revealed patients with high expression of ER-α36 and HMGA2 seemed to have worse prognosis than others (Figure 6M), indicating that co-expression of ER-α36 and HMGA2 may be a more sensitive factor in CC. In conclusion, HMGA2 was highly expressed in CC tissues and predicted unfavorable prognosis.


Table 5 | Association between HMGA2 expression and clinicopathologic characteristics of cervical SCC patients.




Table 6 | Association between HMGA2 expression and clinicopathologic characteristics of cervical AC patients.





HMGA2 Knockdown Impairs Proliferation and Metastasis of CC Cells

To assess the biological function of HMGA2 in CC cells, si-HMGA2 and its negative control(si-NC) were transfected into caski and hela cells (Figures 7A, B). CCK8 and colony formation assays showed HMGA2 silence inhibited the proliferation of CC cells (Figures 7C–E). Transwell assay revealed that HMGA2 knockdown decreased the migration and invasion ability of CC cells (Figure 7F). Taken together, these data implied the oncogenic effects of HMGA2 in CC.




Figure 7 | Knockdown of HMGA2 inhibits the proliferation, migration and invasion of CC cells. (A, B) Successfully knockdown of HMGA2 using two independent siRNAs in caski and hela cells was verified by qRT-PCR and western blotting. (C, D) Proliferation of caski and hela cells was measured by CCK8 assay after HMGA2 knockdown. (E) Colony formation efficiency of caski and hela cells was assessed by clonogenic assay after HMGA2 knockdown. (F) Migration and invasion of caski and hela cells were evaluated by transwell assay after transfection with si-HMGA2 or si-NC. Scale bar; 50μm. (Data are mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, n = 3).





ER-α36 Promotes E2-Induced Malignancy of CC by Regulating HMGA2

To verify whether E2 and ER-α36 promote aggressive behaviors of CC through HMGA2, a rescue experiment was performed. We introduced si-HMGA2 and si-NC into caski and hela cells that were previously transfected with NC-LV or ER-α36-LV(Figure 8A). Cells were treated with 1nM E2. The results showed that knockdown of HMGA2 obviously attenuated the proliferation and metastasis induced by ER-α36 overexpression (Figures 8B–E). These results suggested that HMGA2 was involved in E2 and ER-α36 mediated oncogenic behaviors of CC cells.




Figure 8 | ER-α36 promotes E2-induced malignancy of CC depending on HMGA2. si-HMGA2 and si-NC were introduced into caski and hela cells which were previously transfected with NC-LV or ER-α36-LV, Cells were treated with 1nM E2. (A) Western blotting was used to assess HMGA2 and ER-α36 expression. Cell proliferation was detected by CCK8 assay (B, C) and colony formation assay (D). Migration and invasion abilities were examined by transwell assay (E). Scale bar: 50μm. (Data are mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, n = 3).






Discussion

Development of CC has generally been considered to be unrelated to estrogen, however, a growing number of research has found that estrogen and its receptor ER-α were not only involved but also played important roles in the genesis and development of cervical carcinoma (9, 10, 23–25). ER-α has three isoforms: ER-α36, ER-α46 and ER-α66. ER-α36 is a truncated variant of ER-α66, with a unique 27 amino acid domain at the C-terminal, which may endow it different characteristics (11). In terms of expression, ER-α66 could suppress ER-α36 expression by inhibiting ER-α36 promoter activity through the AF-1 domain, on the contrary, ER-α36 could also suppress ER-α66 expression by negatively regulating the transcription of ER-α66 (26). Previous studies have found ER-α36 was upregulated in various cancer tissues, such as lung (20), gastric (27), primary hepatocellular (28), thyroid (29) and breast (30) cancer, and correlated with poor prognosis. Consistent with these researches, we found ER-α36 was over-expressed in CC cell lines and tissues, and predicted unfavorable prognosis, while ER-α66 was low-expressed in these cell lines and tissues, and had no prognostic significance in CC. Sun et al. (31) reported that ER-α36 was mainly expressed in the plasma membrane and cytoplasm of caski and hela cells. In our study, we got the similar results. The IHC assay showed that ER-α36 was mainly located in the cellular membrane and cytoplasm of cervical cancer tissues, only a small part of it was located in the nucleus. In addition, according to analyze the correlation between clinical characteristics and ER-α36 expression, we discovered in cervical SCC, elevated ER-α36 was associated with advanced FIGO stage, deeper stromal invasion, positive lymph node metastasis and high expression of Ki67 (the proliferation index), in AC, high expression of ER-α36 was associated with positive lymph node metastasis. These results indicated the oncogenic role of ER-α36 in CC.

Tong et al. (14) reported that ER-α36 could rapidly activate the PKCδ/ERK pathway in response to E2, leading to an increase of cyclin D1/cyclin-dependent kinase 4, resulting in the promotion of cell cycle progression and proliferation in endometrial cancer. Chaudhri et al. (17) demonstrated ER-α36 activated MAPK/ERK and PI3K/AKT paths under the stimulation of E2, contributing to metastasis of breast cancer. Nofrat Schwartz et al. (21) found that ER-α36 could promote the aggression of laryngeal cancer through PKC pathways induced by E2. These studies indicated E2 and ER-α36 were involved in the progression of certain malignant tumors. Therefore, we hypothesized that E2 and ER-α36 may be related to the development of CC.

In our study, we found E2(1nM, the level equivalent to that in premenopausal women (32) promoted the cell cycle progression, and enhanced the proliferation and metastasis of CC cells. Furthermore, we verified it was ER-α36 not ER-α66 that promoted the malignant behaviors of CC cells induced by E2.

In order to illuminate the mechanism by which ER-α36 promotes CC’s malignant progression induced by E2, we conducted NGS and found the expression of HMGA2 was particularly down-regulated in the si-ER-α36 groups. Then we detected the protein level of HMGA2 in caski and hela cells transfected with shER-α36 or ER-α36-LV and their negative controls. The results showed the protein level of HMGA2 was decreased after ER-α36 knockdown and increased after ER-α36 overexpression. In addition, qRT-PCR and IHC staining assays confirmed a positive correlation between the expression of ER-α36 and HMGA2 in CC. HMGA2 is a non-histone nuclear-binding oncofetal protein, which modulates transcription through promoting conformational changes (33). Previous research found HMGA2 was over expressed in embryonic tissue and in various malignant tumors such as colorectal (34), breast (35), pulmonary (36) and ovary cancer, but was rare detected in normal adult tissues (37). In our study, we found the expression of HMGA2 was higher in CC tissues than in normal cervical samples.

Moreover, in cervical SCC, high expressed HMGA2 was correlated with advanced FIGO stage, positive lymph node metastasis, high expression of ER-α36 and poor prognosis. In cervical AC, elevated HMGA2 was associated with positive lymph node metastasis, high ER-α36 expression and predicted poor prognosis. These results indicated that HMGA2 might play an oncogenic role in tumorigenesis and progression of CC. Wei et al. (38) reported HMGA2 promoted the proliferation, migration and invasion of endometrial cancer. Here, we demonstrated HMGA2 silencing suppressed the malignancy behaviors of CC. In addition, knockdown of HMGA2 in ER-α36-overexpressing cells reversed the effect of ER-α36.

Some limitations of our study must be acknowledged. Firstly, the research sample was relatively small. In the future, large-scale cohort samples are necessary to further evaluate the values of ER-α36 in the diagnosis and prognosis of CC. Secondly, the molecular mechanism of the interaction between ER-α36 and HMGA2 has not been elucidated. Although ER-α36 is a membrane receptor, in our study, the expression of ER-α36 was observed in the nucleus of some cervical cancer cells. Wang et al. (30) reported that in ER-α36+ breast cancer cells, tamoxifen or estrogen could induce the nuclear translocation of ER-α36 to regulate the transcriptional activity of ER-α to increase ALDH1A1 expression. Similarly, we speculate that in cervical cancer cells, estrogen promotes nuclear translocation of ER-α36, thereby directly regulating the transcription of HMGA2. In the future, co-immunoprecipitation, dual-luciferase reporter assay and other experiments are needed to reveal the interaction between ER-α36 and HMGA2.

In summary, our study found ER-α36 was highly expressed in CC samples and CC cell lines. Elevated expression of ER-α36 was associated with a poor prognosis in CC. Overexpression of ER-α36 promotes E2-mediated proliferation and metastasis. Depletion of ER-α36 caused G0/G1 arrest, decreased the sensitivity of CC cells to E2. We further demonstrated that ER-α36 promoted E2-induced malignancy of CC by regulating HMGA2 expression. In conclusion, ER-α36 might be a novel therapeutic target for the treatment of CC.



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, GSE173120.



Ethics Statement

The studies involving human participants were reviewed and approved by Ethics Committee of Shandong University QIlu Hospital. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by Ethics Committee of Shandong University Cheeloo College of Medicine.



Author Contributions

XY, QS, and CW designed this study. TZ, SZ, and KW collected samples and information of CC patients. CW performed the experiments, analyzed the data and wrote the manuscript. XY revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was financially supported by National Natural Science Foundation of China (no. 81874105).



Acknowledgments

We sincerely thank patients for providing clinical samples and mice sacrificed in the study for their contribution.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.712849/full#supplementary-material



References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

2. Small, W Jr, Bacon, MA, Bajaj, A, Chuang, LT, Fisher, BJ, Harkenrider, MM, et al. Cervical Cancer: A Global Health Crisis. Cancer (2017) 123(13):2404–12. doi: 10.1002/cncr.30667

3. Cohen, PA, Jhingran, A, Oaknin, A, and Denny, L. Cervical Cancer. Lancet (2019) 393(10167):169–82. doi: 10.1016/s0140-6736(18)32470-x

4. 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(5):E359–86. doi: 10.1002/ijc.29210

5. Walboomers, JM, Jacobs, MV, Manos, MM, Bosch, FX, Kummer, JA, Shah, KV, et al. Human Papillomavirus is a Necessary Cause of Invasive Cervical Cancer Worldwide. J Pathol (1999) 189(1):12–9. doi: 10.1002/(SICI)1096-9896(199909)189:1<12::AID-PATH431>3.0.CO;2-F

6. Moreno, V, Bosch, FX, Muñoz, N, Meijer, CJLM, Shah, KV, Walboomers, JMM, et al. Effect of Oral Contraceptives on Risk of Cervical Cancer in Women With Human Papillomavirus Infection: The IARC Multicentric Case-Control Study. Lancet (2002) 359(9312):1085–92. doi: 10.1016/s0140-6736(02)08150-3

7. Muñoz, N, Franceschi, S, Bosetti, C, Moreno, V, Herrero, R, Smith, JS, et al. Role of Parity and Human Papillomavirus in Cervical Cancer: The IARC Multicentric Case-Control Study. Lancet (2002) 359(9312):1093–101. doi: 10.1016/s0140-6736(02)08151-5

8. Troisi, R, Hatch, EE, Palmer, JR, Titus, L, Robboy, SJ, Strohsnitter, WC, et al. Prenatal Diethylstilbestrol Exposure and High-Grade Squamous Cell Neoplasia of the Lower Genital Tract. Am J Obstet Gynecol (2016) 215(3):322.e1–8. doi: 10.1016/j.ajog.2016.03.007

9. Arbeit, JM, Howley, PM, and Hanahan, D. Chronic Estrogen-Induced Cervical and Vaginal Squamous Carcinogenesis in Human Papillomavirus Type 16 Transgenic Mice. Proc Natl Acad Sci USA (1996) 93(7):2930–5. doi: 10.1073/pnas.93.7.2930

10. Chung, SH, Wiedmeyer, K, Shai, A, and Korach, KS. Lambert PF.Requirement for Estrogen Receptor Alpha in a Mouse Model for Human Papillomavirus-Associated Cervical Cancer. Cancer Res (2008) 68(23):9928–34. doi: 10.1158/0008-5472.CAN-08-2051

11. Wang, Z, Zhang, X, Shen, P, Loggie, BW, Chang, Y, and Deuel, TF. Identification, Cloning, and Expression of Human Estrogen Receptor-Alpha36, a Novel Variant of Human Estrogen Receptor-Alpha66. Biochem Biophys Res Commun (2005) 336(4):1023–7. doi: 10.1016/j.bbrc.2005.08.226

12. Wang, Z, Zhang, X, Shen, P, Loggie, BW, Chang, Y, and Deuel, TF. A Variant of Estrogen Receptor-{Alpha}, hER-{Alpha}36: Transduction of Estrogen- and Antiestrogen-Dependent Membrane-Initiated Mitogenic Signaling. Proc Natl Acad Sci USA (2006) 103(24):9063–8. doi: 10.1073/pnas.0603339103

13. Lin, SL, Yan, LY, Liang, XW, Wang, ZB, Wang, ZY, Qiao, J, et al. A Novel Variant of ER-Alpha, ER-Alpha36 Mediates Testosterone-Stimulated ERK and Akt Activation in Endometrial Cancer Hec1A Cells. Reprod Biol Endocrinol (2009) 7:102. doi: 10.1186/1477-7827-7-102

14. Tong, JS, Zhang, QH, Wang, ZB, Li, S, Yang, CR, Fu, XQ, et al. ER-Alpha36, a Novel Variant of ER-Alpha, Mediates Estrogen-Stimulated Proliferation of Endometrial Carcinoma Cells via the PKCdelta/ERK Pathway. PloS One (2010) 5(11):e15408. doi: 10.1371/journal.pone.0015408

15. Zhang, X, Ding, L, Kang, L, and Wang, ZY. Estrogen Receptor-Alpha 36 Mediates Mitogenic Antiestrogen Signaling in ER-Negative Breast Cancer Cells. PloS One (2012) 7(1):e30174. doi: 10.1371/journal.pone.0030174

16. Wang, ZY, and Yin, L. Estrogen Receptor Alpha-36 (ER-Alpha36): A New Player in Human Breast Cancer. Mol Cell Endocrinol (2015) 418 Pt 3:193–206. doi: 10.1016/j.mce.2015.04.017

17. Chaudhri, RA, Olivares-Navarrete, R, Cuenca, N, Hadadi, A, Boyan, BD, and Schwartz, Z. Membrane Estrogen Signaling Enhances Tumorigenesis and Metastatic Potential of Breast Cancer Cells via Estrogen Receptor-Alpha36 (Eralpha36). J Biol Chem (2012) 287(10):7169–81. doi: 10.1074/jbc.M111.292946

18. Chaudhri, RA, Hadadi, A, Lobachev, KS, Schwartz, Z, and Boyan, BD. Estrogen Receptor-Alpha 36 Mediates the Anti-Apoptotic Effect of Estradiol in Triple Negative Breast Cancer Cells via a Membrane-Associated Mechanism. Biochim Biophys Acta (2014) 1843(11):2796–806. doi: 10.1016/j.bbamcr.2014.07.019

19. Wang, X, Deng, H, Zou, F, Fu, Z, Chen, Y, Wang, Z, et al. ER-Alpha36-Mediated Gastric Cancer Cell Proliferation via the C-Src Pathway. Oncol Lett (2013) 6(2):329–35. doi: 10.3892/ol.2013.1416

20. Zhang, S, Qiu, C, Wang, L, Liu, Q, and Du, J. The Elevated Level of ERalpha36 is Correlated With Nodal Metastasis and Poor Prognosis in Lung Adenocarcinoma. Steroids (2014) 87:39–45. doi: 10.1016/j.steroids.2014.05.021

21. Schwartz, N, Chaudhri, RA, Hadadi, A, Schwartz, Z, and Boyan, BD. 17Beta-Estradiol Promotes Aggressive Laryngeal Cancer Through Membrane-Associated Estrogen Receptor-Alpha 36. Horm Cancer (2014) 5(1):22–32. doi: 10.1007/s12672-013-0161-y

22. Liu, H, Xu, Y, Zhang, Q, Yang, H, Shi, W, Liu, Z, et al. Prognostic Significance of TBL1XR1 in Predicting Liver Metastasis for Early Stage Colorectal Cancer. Surg Oncol (2017) 26(1):13–20. doi: 10.1016/j.suronc.2016.12.003

23. Elson, DA, Riley, RR, Lacey, A, Thordarson, G, Talamantes, FJ, and Arbeit, JM. Sensitivity of the Cervical Transformation Zone to Estrogen-Induced Squamous Carcinogenesis. Cancer Res (2000) 60(5):1267–75.

24. Chung, SH, and Lambert, PF. Prevention and Treatment of Cervical Cancer in Mice Using Estrogen Receptor Antagonists. Proc Natl Acad Sci USA (2009) 106(46):19467–72. doi: 10.1073/pnas.0911436106

25. Chung, SH, Shin, MK, Korach, KS, and Lambert, PF. Requirement for Stromal Estrogen Receptor Alpha in Cervical Neoplasia. Horm Cancer (2013) 4(1):50–9. doi: 10.1007/s12672-012-0125-7

26. Zou, Y, Ding, L, Coleman, M, and Wang, Z. Estrogen Receptor-Alpha (ER-Alpha) Suppresses Expression of its Variant ER-Alpha 36. FEBS Lett (2009) 583(8):1368–74. doi: 10.1016/j.febslet.2009.03.047

27. Deng, H, Huang, X, Fan, J, Wang, L, Xia, Q, Yang, X, et al. A Variant of Estrogen Receptor-Alpha, ER-Alpha36 is Expressed in Human Gastric Cancer and is Highly Correlated With Lymph Node Metastasis. Oncol Rep (2010) 24(1):171–6. doi: 10.3892/or_00000842

28. Zhang, J, Ren, J, Wei, J, Chong, CC, Yang, D, He, Y, et al. Alternative Splicing of Estrogen Receptor Alpha in Hepatocellular Carcinoma. BMC Cancer (2016) 16(1):926. doi: 10.1186/s12885-016-2928-3

29. Dai, YJ, Qiu, YB, Jiang, R, Xu, M, Zhao, L, Chen, GG, et al. Concomitant High Expression of ERalpha36, EGFR and HER2 is Associated With Aggressive Behaviors of Papillary Thyroid Carcinomas. Sci Rep (2017) 7(1):12279. doi: 10.1038/s41598-017-12478-1

30. Wang, Q, Jiang, J, Ying, G, Xie, XQ, Zhang, X, Xu, W, et al. Tamoxifen Enhances Stemness and Promotes Metastasis of ERalpha36(+) Breast Cancer by Upregulating ALDH1A1 in Cancer Cells. Cell Res (2018) 28(3):336–58. doi: 10.1038/cr.2018.15

31. Sun, Q, Liang, Y, Zhang, T, Wang, K, Yang, XJB, and communications br. ER-α36 Mediates Estrogen-Stimulated MAPK/ERK Activation and Regulates Migration, Invasion, Proliferation in Cervical Cancer Cells. BBRC (2017) 487(3):625–32. doi: 10.1016/j.bbrc.2017.04.105

32. Stricker, R, Eberhart, R, Chevailler, MC, Quinn, FA, Bischof, P, and Stricker, R. Establishment of Detailed Reference Values for Luteinizing Hormone, Follicle Stimulating Hormone, Estradiol, and Progesterone During Different Phases of the Menstrual Cycle on the Abbott ARCHITECT Analyzer. Clin Chem Lab Med (2006) 44(7):883–7. doi: 10.1515/CCLM.2006.160

33. Wu, J, and Wei, JJ. HMGA2 and High-Grade Serous Ovarian Carcinoma. J Mol Med (Berl) (2013) 91(10):1155–65. doi: 10.1007/s00109-013-1055-8

34. Wang, X, Liu, X, Li, AY, Chen, L, Lai, L, Lin, HH, et al. Overexpression of HMGA2 Promotes Metastasis and Impacts Survival of Colorectal Cancers. Clin Cancer Res (2011) 17(8):2570–80. doi: 10.1158/1078-0432.CCR-10-2542

35. Wu, J, Zhang, S, Shan, J, Hu, Z, Liu, X, Chen, L, et al. Elevated HMGA2 Expression is Associated With Cancer Aggressiveness and Predicts Poor Outcome in Breast Cancer. Cancer Lett (2016) 376(2):284–92. doi: 10.1016/j.canlet.2016.04.005

36. Gao, X, Dai, M, Li, Q, Wang, Z, Lu, Y, and Song, Z. HMGA2 Regulates Lung Cancer Proliferation and Metastasis. Thorac Cancer (2017) 8(5):501–10. doi: 10.1111/1759-7714.12476

37. Galdiero, F, Romano, A, Pasquinelli, R, Pignata, S, Greggi, S, Vuttariello, E, et al. Detection of High Mobility Group A2 Specific mRNA in the Plasma of Patients Affected by Epithelial Ovarian Cancer. Oncotarget (2015) 6(22):19328–35. doi: 10.18632/oncotarget.2896

38. Wei, L, Liu, X, Zhang, W, Wei, Y, Li, Y, Zhang, Q, et al. Overexpression and Oncogenic Function of HMGA2 in Endometrial Serous Carcinogenesis. Am J Cancer Res (2016) 6(2):249–59.



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 Wang, Zhang, Wang, Zhang, Sun and Yang. 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.


OEBPS/Images/fonc-11-712849-g008.jpg
o

Wiaration






OEBPS/Images/fonc-11-712849-g003.jpg
90~ SER- 0 36-LV
207 T ER-0 361

8 S =

3 PO

& o =

8 B

g 15 i A 0 A o ]

e Nt S 2

2 L10 R O

5 T e -, =

ki =
T @ Caski Hela ER 2 Day o
Caski Hela = ER-a 36-LY

= ER- 0 36-LV4E,

s
= xsl

Z 20 e
2

g xx

= Caski

e

Invasion
e

=

ml
o
’— =4

Migration Invasion





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        ER-α36 Promotes the Malignant Progression of Cervical Cancer Mediated by Estrogen via HMGA2

      

        		

          Objectives

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Human CC Specimens

          



          		

            Immunohistochemistry (IHC)

          



          		

            Quantitative Reverse‐Transcription Polymerase Chain Reaction (qRT‐PCR)

          



          		

            Cell Lines and Cell Culture

          



          		

            Cell Transfection and the Production of Stable Cell Lines

          



          		

            Western Blotting

          



          		

            Antibodies and Reagents

          



          		

            Cell Viability Assay

          



          		

            Colony Formation Assay

          



          		

            Cell Migration and Invasion Assay

          



          		

            Cell Cycle Assessment

          



          		

            High-Throughput Differential Gene Expression Analysis

          



          		

            Animal Experiment

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Expression and Prognostic Significance of ER-α36 and ER-α66 in CC

          



          		

            Clinical Significance of ER-α36 and ER-α66 in CC

          



          		

            ER-α36 Silence Inhibits Proliferation and Metastasis of CC Cells Mediated by E2 In Vitro

          



          		

            Overexpression of ER-α36 Promotes E2-Mediated Proliferation and Metastasis of CC Cells In Vitro

          



          		

            ER-α36 Is Involved in E2-Stimulated Cell Cycle Progression

          



          		

            ER-α36 Enhances the Proliferation of CC Cells Mediated by E2 In Vivo

          



          		

            HMGA2 Is a Downstream Target of ER-α36 in CC, Elevated HMGA2 Expression Is Correlated With the Poor Prognosis of CC

          



          		

            HMGA2 Knockdown Impairs Proliferation and Metastasis of CC Cells

          



          		

            ER-α36 Promotes E2-Induced Malignancy of CC by Regulating HMGA2

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/table6.jpg
Characteristic

Age
<50
>50
Menopausal status
Postmenopausal
Premenopausal
Differentiation
Poor
Well/moderate
FIGO stage
|
Il
Tumor Size
<cm
>4cm
DSl
<12
>1/2
LNM
Negative
Positive
Lvsi
Negative
Positive
ER-0:36 status
Low
High

Cases

8
10

HMGAZ2 expression

Low

High

p-value

0.608

0.608

0.216

0.608

0.559

0.036"

0.003*

AC, adenocarcinoma; FIGO, International Federation of Gynecology and Obstetrics; DSI, deep stromal invasion; LNM, lymph node metastasis; LVSI, lymphvascular space involvement.

*p < 0.05, *'p < 0.01, Fisher test.





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-11-712849-g001.jpg
A B c o e e
16—
0% e S 0

G 35100
MO N T6 T T8 0 TI0
060 A—————— G0

e
R 56100

ER-a36 sk

Norwal Cancer

s

Jom - 36 it 100 Jom - 6 i
W5 Siba HelaCaskiCn (= e P

6 ———— 0 o0.01 o.01
-
;

ki lor Kie? High
=]
<8036 high 48 0] 6066 high ne0
ZE8-03 lov sl ER 06 lov 190
o.wis 01581

™ 0 0 soms DA 8 80 mans

: &
Lﬁ “C‘LL‘L
pone i
K B
= Ry s e
I s e T 1L T ein






OEBPS/Images/fonc.2021.712849_cover.jpg
, frontiers
in Oncology

ER-a36 Promotes the Malignant
Progression of Cervical Cancer
Mediated by Estrogen via HMGA2





OEBPS/Images/fonc-11-712849-g007.jpg
A LS -t . B L
= =ik
H p
10
Z0s . G g SN (00
el GAPDI — — D C

Caski. fela =
-

e w0
e g
0 S0
H B 100
Zo

E 0

s

o si-C
SR
siRu2






OEBPS/Images/table2.jpg
Characteristic Cases ER-036 expression p-value ER-a66 expression p-value

Low High Low High

Age 0.608 1
<50 18 5 8 11 2
>50 5 3 2 5 0

Menopausal status 0.608 1
Postmenopausal 5 3 2 5 0
Premenopausal 13 5 8 11 2

Differentiation 1 1
Poor 12 5 7 " 1
Well/moderate 6 3 3 5 1

FIGO stage 0.216 1
| 15 8 7 13 2
I 3 0 3 3 0

Tumor Size 0.608 1
<4cm 13 5 8 1 2
>4cm 5 3 2 5 0

DSl 0.559 1
<1/2 3 2 1 3 0
>1/2 15 6 9 13 2

LNM 0.036* 0.490
Negative 13 8 5 12 1
Positive 5 0 5 4 1

Lvsi 1 1
Negative 16 7 9 14 2
Positive 2 1 1 2 0

HPV 0.462 1
Negative 1 1 0 1 0
Positive 12 5 7 1 1

Ki-67 status 1 0.137
Low " 5 6 1 0
High 7 3 4 5 2

AC, adenocarcinoma; FIGO, International Federation of Gynecology and Obstetrics; DSI, deep stromal invasion; LNM, lymph node metastasis; LVSI, lymphvascular space involvement;
HPV, human papillomavirus.
*o < 0.05, Fisher test.
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OEBPS/Images/table4.jpg
Variables

Univariate analysis

Multivariate analysis

HR 95%Cl P-value HR 95%Cl P-value
Age 0.516 0.122-2.182 0.368
<50 vs. >50
Differentiation 2.183 0.433-11.014 0.345
Poor vs. Wel/Moderate
FIGO stage 2.154 0.031-0.774 0.023* 0.163 0.022-1.215 0.077
lvs. Il
Tumor 1.256 0.252-6.259 0.781
<4cm vs. 24cm
DSl 1.589 0.195-12.923 0.665
<1/2vs. 21/2
LNM 0.227 0.056-0.923 0.038" 0.268 0.039-1.842 0.181
Negative vs. Positive
LvsI 1.475 0.172-12.628 0.723
Negative vs. Positive
HPV 0.043 0-121.674 0.678
Negative vs. Positive
ER-0:36 expression 0.108 0.013-0.921 0.042* 0.362 0.025-5.306 0.458
Low vs. High
ER-a66 expression 0.842 0.101-6.985 0.873
Low vs. High

AC, adenocarcinoma; HR, hazard ratio; Cl, confidence interval; FIGO, International Federation of Gynecology and Obstetrics; DS, deep stromal invasion; LNM, lymph node metastasis;
LVSI, lymphvascular space involvement; HPV, human papillomavirus.
*o < 0.05, the univariate Cox regression analysis.
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Variables

Age

<50vs. >50
Differentiation

oor vs. Well/Moderate
FIGO stage

lvs. Il
Tumor

<4cmvs. >4cm
DSI

<1/2vs. 21/2
LNM

Negative vs. Positive
LvSI

Negative vs. Positive
HPV

Negative vs. positive
ER-0:36 expression

Low vs. High
ER-066 expression

Low vs. High

Univariate analysis

Multivariate analysis

HR

1.138

0.424

2.815

1.809

0.043

0.1218

0.753

0.047

0.169

0.419

95%Cl

0.432-2.999

0.122-1.478

1.037-7.640

0.688-4.757

0-61.321

0.081-0.591

0.245-2.310

0-68.56

0.048-0.589

0.120-1.460

P-value

0.794

0.178

0.042*

0.229

0.395

0.003*

0.620

0615

0.005™

0.172

HR

0.588

0.309

0.485

95%Cl

0.111-0.861

0.111-0.861

0.254-0.927

P-value

0.310

0.025*

0.028*

SCC, squamous cell carcinoma; HR, hazard ratio; Cl, confidence interval; FIGO, Intemational Federation of Gynecology and Obstetrics; DS, deep stromal invasion; LNM, lymph node
metastasis; LVSI, lymphvascular space involvement; HPV, human papillomavirus.
*n < 0.05, **p < 0.01, the univariate and multivariate Cox regression analysis.
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Characteristic

Age
<50
>50
Menopausal status
Postmenopausal
Premenopausal
Differentiation
Poor
Well/moderate
FIGO stage
|
I
Tumor Size
<4cm
>4cm
DSl
<1/2
>1/2
LNM
Negative
Positive
LvSI
Negative
Positive
HPV
Negative
Positive
Ki-67 status
Low
High

Cases

60
39

29
70

68
31

81
18

i
28

9
90

67
32

79
20

2
73

56
43

ER-036 expression

Low

27

24

16
35

33
18

46
5

35
16

8
43

41
10

4
10

1
30

39
12

High
33
15

13
35

35
13

35
13

36
12

5
47

26
22

38
10

1
43

17
31

p-value

0.108

0.639

0.379

0.026*

0.482

0.032*

0.005*

0.879

<0.001***

ER-066 expression

Low

56
34

24
66

60
30

74
16

66
24

9
81

64
26

73
17

1
67

50
40

High

p-value

0.495

0.152

0.320

1.000

0.459

0.053

0.553

0.440

0.773

SCC, squamous cell carcinoma; FIGO, International Federation of Gynecology and Obstetrics; DS, deep stromal invasion; LNM, lymph node metastasis; LVSI, lymphvascular space
involvement; HPV, human papillomavirus.

n <0.05, *p < 0.01, **p < 0.001, ¥2 test.
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Characteristic Cases HMGA2 expression p-value

Low High

Age 0.26
<50 60 30 30
>50 39 24 15

Menopausal status 0.33
Postmenopausal 29 18 11
Premenopausal 70 36

Differentiation 0.179
Poor 68 34 34
Well/moderate 31 20 1

FIGO stage 0.012*
| 81 49 32
Il 18 5 138

Tumor Size 0.744
<4cm il 38 33
>4cm 28 16 12

DSl 0.03*
<1/2 9 8 1
>1/2 90 46 44

LNM 0.005**
Negative 67 43 24
Positive 32 " 21

LvSI 0.337
Negative 79 45 34
Positive 20 9 "

ER-036 status <0.001***
Low 51 44 7
High 48 10 38

SCC, squamous cell carcinoma; FIGO, International Federation of Gynecology and Obstetrics; DSI, deep stromal invasion; LNM, lymph node metastasis; LVSI, lymphvascular
space involvement.
*n < 0.05, *p < 0.01, **p < 0.001, %2 test.





