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Objective: The aim of this study is to investigate the biological functions and the underlying mechanisms of DNA polymerase epsilon subunit 2 (POLE2) in renal cell carcinoma (RCC).

Methods: The datasets of POLE2 expression in The Cancer Genome Atlas Kidney Clear Cell Carcinoma (TCGA-KIRC) and International Cancer Genome Consortium (ICGC) databases was selected and the correlation between POLE2 and various clinicopathological parameters was analyzed. The POLE2 expression in RCC tissues was examined by immunohistochemistry. The POLE2 knockdown cell lines were constructed. In vitro and in vivo experiments were carried out to investigate the function of POLE2 on cellular biology of RCC, including cell viability assay, clone formation assay, flow cytometry, wound-healing assay, Transwell assay, qRT-PCR, Western blot, etc. Besides, microarray, co-immunoprecipitation, rescue experiment, and Western blot were used to investigate the molecular mechanisms underlying the functions of POLE2.

Results: POLE2 was overexpressed in RCC tissues, and high expression of POLE2 was correlated with poor prognosis of RCC. Furthermore, knockdown of POLE2 significantly inhibited cell proliferation, migration, and facilitated apoptosis in vitro. In vivo experiments revealed that POLE2 attenuated RCC tumorigenesis and tumor growth. we also illuminated that stanniocalcin 1 (STC1) was a downstream gene of POLE2, which promoted the occurrence and development of RCC. Besides, knockdown of POLE2 significantly upregulated the expression levels of Bad and p21 while the expression levels of HSP70, IGF-I, IGF-II, survivin, and sTNF-R1 were significantly downregulated. Western blot analysis also showed that knockdown of POLE2 inhibited the expression levels of Cancer-related pathway proteins including p-Akt, CCND1, MAPK9, and PIK3CA.

Conclusion: Knockdown of POLE2 attenuates RCC cells proliferation and migration by regulating STC1, suggesting that POLE2-STC1 may become a potential target for RCC therapy.
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INTRODUCTION

Renal cell carcinoma (RCC) is one of the most common malignant tumors of the urinary system, with a higher morbidity and mortality, second only to bladder cancer in urinary system tumors (Chen et al., 2016; Bray et al., 2018). Totally 25 to 30% of RCC patients have metastasized at the time of diagnosis (Zhao et al., 2014). Although radical nephrectomy is an effective method for the treatment of early and locally advanced RCC, about 30% of patients have metastases after surgery (Jiang et al., 2008). Patients with metastatic kidney cancer still have a poor prognosis and limited treatment options. Therefore, finding novel treatment strategies or prognostic biomarkers of RCC is of great significance for improving the prognosis of RCC.

DNA polymerase epsilon subunit 2 (POLE2) is a subunit of DNA polymerases localized in the nucleus, which commonly present in DNA repair (Su et al., 2020). Currently, POLE2 have reported to be abnormally expressed in breast cancer, colorectal cancer, mantle cell lymphoma, bladder cancer and lung adenocarcinoma (Hartmann et al., 2008; Zhou et al., 2008; Zekri et al., 2015; Chubb et al., 2016; Li et al., 2018). Besides, Wu et al. (2020) have found that high expression of POLE2 is a biomarker for poor prognosis in squamous cell lung cancer. However, few studies have reported the relationship between POLE2 and RCC and its regulatory mechanism (Su et al., 2020). Therefore, in this study, we comprehensively investigated the POLE2 expression and its role and mechanism in RCC from the biological, cellular and animal levels, then clarified that POLE2 was a tumor-promoting gene of RCC, and high POLE2 expression indicated poor prognosis.



MATERIALS AND METHODS


Patient Samples

The RNA-seq datasets and clinical information of RCC patients were downloaded from The Cancer Genome Atlas (TCGA)1 and International Cancer Genome Consortium (ICGC)2 databases. The 83 pairs of RCC tissues and corresponding adjacent normal tissues were obtained from RCC patients undergoing partial or radical nephrectomy from July 2012 to February 2014 at Shanghai Ruijin Hospital. The clinical information was obtained from the patients’ medical records, including age, gender, tumor size, grade, stage, and pathological T. The RCC specimens and adjacent normal tissues were placed in liquid nitrogen for storage. Besides, there biopsies were collected from three RCC patients guided by the computed tomography (CT) and the patient derived organoids (PDOs) were established and cultured as previously described (Vlachogiannis et al., 2018).

This study was approved by the Ethics Committee of Shanghai Ruijin Hospital, and all patients have provided written informed consents.



Cell Lines and Culture

The human RCC cell lines (A498 and ACHN) were purchased from Cell Bank, Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). All cells were maintained in Roswell Park Memorial Institute (RPMI)-1640 medium (Gibco, Scotland, United Kingdom) containing 10% fetal bovine serum (Sigma, St. Louis, MO, United States), 100 U/ml penicillin, and 100 μg/ml streptomycin. All cell lines were incubated at 37°C with 5% CO2.



Lentiviral Vector Construction and Cell Infection

The short hairpin RNA (shRNA) to knock down expression of POLE2 or stanniocalcin 1 (STC1) in A498 and ACHN cells were designed using the following sequences: 5′-TTCT CCGAACGTGTCACGT-3′ (shCtrl), 5′-CGATTGTTCTTGG AATGATA-3′ (POLE2-shRNA), 5′-CGTGAAGACTTAGTAA ATAA-3′ (POLE2#2-shRNA), 5′-TAAATTTGACACTCAGGG AAA-3′ (STC1-shRNA). The synthesized DNA oligonucleotides were annealed to form double-stranded DNA and inserted into the AgeI/EcoRI sites of linearized vector BR-V-108 carrying a green fluorescent protein (GFP) gene (Shanghai Yibeirui Biomedical Technology Co., Ltd). After amplification and DNA sequence confirmation, these lenti-shRNA vectors were co-transfected into 293T cells with two packaging plasmids pHelper 1.0 and pHelper 2.0 (Shanghai Yibeirui Biomedical Technology Co., Ltd) for 48 h. Lentiviral particles were purified from the culture supernatant. A498 and ACHN cells were infected in 6-well plates at the density of 2 × 105 cells/well at a multiplicity of infection (MOI) of 10. Infection efficiency was evaluated under a florescence microscope. The POLE2 knockdown efficiency was calculated by quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) and western blot, respectively.



qRT-PCR

Total RNA was isolated by using TRIzol reagent (cat. no. T9424-100m; Sigma-Aldrich), and cDNA was synthesized using the Hiscript QRT supermix for qPCR (+gDNA WIPER) (cat. no. R123-01; Vazyme Biotech Co., Ltd) according to the manufacturer’s instructions. Then qRT-PCR was performed using Real time PCR instrument (cat. no. VII7; ABI company) with the AceQ qPCR SYBR Green master mix (cat. no. R111-02; Vazyme Biotech Co., Ltd). The PCR condition was as following: 95°C for 60 s, followed by 45 cycles of 95°C for 10 s, and 60°C for 30 s. The sequences of primers were used as shown in Supplementary Table 1.



Western Blot

Total proteins were extracted by 1x lysis buffer and protein concentration was determined using the BCA Protein Assay Kit (cat. no. 23225; HyClone-Pierce). Then 20 μg protein samples were loaded to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by a transfer onto polyvinylidene difluoride (PVDF) membranes. After blocking with 5% skim milk-Tris-based saline-Tween 20 (TBST) at room temperature for 1 h, membranes were incubated overnight at 4°C with primary antibodies to POLE2 (dilution at 1:1000; cat. no. ab180214; Abcam), N-cadherin (dilution at 1:1000; cat. no. ab18203; Abcam), Vimentin (dilution at 1:1000; cat. no. ab92547; Abcam), Snail (dilution at 1:1000; cat. no. ab194583; CST), BCL-2 (dilution at 1:1000; cat. no. 3879S; Abcam), CDC42EP3 (dilution at 1:1000; cat. no. NBP1-88382; NOVUS), EZR (dilution at 1:2000; cat. no. ab40839; abcam), GDAP1 (dilution at 1:1000; cat. no. orb39831; biorbyt), RDM1 (dilution at 1:1000; cat. no. orb352658; biorbyt), and STC1 (dilution at 1:1000; cat. no. ab229477; abcam), GAPDH (dilution at 1:3000; cat. no. AP0063; Bioworld) served as loading control. After washed with TBST three times, membranes were then incubated with the matching goat anti-rabbit (dilution at 1:3,000; cat. no. A0208; Beyotime) for 2 h at room temperature. Proteins were visualized using an ECL + plusTM Western Blotting system kit (cat. no. RPN2232; Amersham), and then scanned and analyzed by ImageJ.



Cell Viability Assay

Lentivirus-infected A498 and ACHN cells in the logarithmic phase were reseeded into 96-well plates (cat. no. 3599; Corning Inc) at a density of 2,000 cells/well. After cultured for 1, 2, 3, 4, and 5 days, cells were incubated with 20 μl MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) (5 mg/ml) for 4 h and the optical density (OD) at 490 nm was measured by a microplate reader (cat. no. M2009PR; Tecan Infinite) according to the manufacturer’s instructions.



Clone Formation Assay

Cells in the logarithmic phase were reseeded into 6-well plates at a density of 500 cells/well and incubated for 8 days. The growth medium of each well was refreshed every 3 days. At the end of each experiment, the cells were fixed with 1 ml 4% paraformaldehyde for 30–60 min, then washed with phosphate-buffered saline (PBS) and stained with 500 μl Giemsa (AR-0752; Shanghai Dingguo Biotechnology Co., Ltd) for 10–20 min. Cell colonies were photographed under a microscope and cell colonies were counted.



Soft Agar Colony Formation Assay

A 2 ml gel base medium containing 10% FBS and 0.7% agar was used for soft agar colony assay. On the basis of this, cells at the density of 1 × 105 cells/well were seeded in 2 ml of medium containing 10% FBS with 0.35% agar and incubated at 37°C for 21 days. The photographs of colonies developed in soft agar were taken using Olympus IX5 microscope, and the number of colonies was scored by ImageJ software (NIH, United States).



Transwell Assay

Cells in the logarithmic phase (8 × 104 cells/well) were resuspended in serum-free medium and placed in the upper chamber of the Transwell, while 600 μl medium containing 30% FBS was added to the lower chamber. After 24 h, cells remaining on the upper surface of the chamber were removed by cotton swabs. Migrated cells were stained with 0.1% crystal violet, and counted under a microscope (IX73; Olympus).



Wound Healing Assay

Cells were seeded into 96-well plates a density of 50,000 cells/well and cultured at 37°C with 5% CO2. When cells grew more than 90% confluence, a scratch was made using a scratch tester aligned the center of the lower end of the 96-well plate. The cells were washed with PBS twice and cultured in 0.5% PBS with 5% CO2 at 37°C. Photograph were captured by Cellomics (ArrayScan VT1, Thermo) at the time point (0 and 24 h) and analyzed the migration area with Cellomics.



Apoptosis Assay

Cells in the logarithmic phase were washed and resuspended at 1 × 106 cells/ml, and then proceeded with eBioscienceTM Annexin V Apoptosis Detection Kit APC (cat. no. 88-8007-74; eBioscience) as per manufacturer’s instructions. The cells were analyzed by flow cytometry (Guava easyCyte HT; Millipore).



Co-immunoprecipitation (Co-IP)

All steps of co-immunoprecipitation were performed at 4°C. The ACHN cells were washed with pre-cooled PBS twice and treated with the lysis buffer for 5–10 min. After centrifuged at 13,000 × g for 10 min, the total protein was collected and the concentration was examined by the BCA Protein Assay Kit. The selected groups of protein were added to the corresponding centrifuge tubes, and added with 1 μg rabbit IgG or 1 μg corresponding immunoprecipitating antibodies, then incubated overnight.

Each tube was added with 20 μl Protein A/G PLUS-Agarose beads and incubated for 1–2 h, then the tube was centrifugated at 2,000 × g for 1 min and the supernatant was removed. The Protein A/G Plus-Agarose beads were rinsed by 1 ml lysis buffer and centrifugated at 2,000 × g for 1 min, followed by the removal of supernatants, which was repeated twice. Then the Protein A/G Plus-Agarose beads were added with 5x loading buffer, boiled for 5–10 min. The supernatant was collected and transferred to a new tube for Co-immunoprecipitation with the antibody against DYKDDDDK Tag (dilution at 1:1000; cat. no. 14793; CST) POLE2 (dilution at 1:1000; cat. no. ab180214; abcam), STC1 (dilution at 1:1000; cat. no. ab124891; abcam) and GAPDH. The specific test procedure was similar to Western blot analysis.



Animal Xenografts Study

A total of 20 BALB/c nude mice (female, 4-week-old) were obtained from Shanghai Lingchang Biotechnology Co., Ltd [animal production license number: SCXK (Shanghai) 2018-0003]. The mice had ad libitum access to a pellet diet and water and were maintained in well-ventilated rooms with a controlled environment of 12 h light/dark cycle and temperature of 28 ± 2°C. All animal experiments were approved by the Ethics Committee of Shanghai Ruijin Hospital.

The mice were randomly divided into shCtrl and shPOLE2 groups (n = 10). ACHN cells (4 × 106 cells/mouse), stably transfected with shCtrl or shPOLE2, were subcutaneously injected into the right armpit of the mice. After 2 weeks, the body weights and tumor volumes were monitored 1–2 times a week. At the end of the study (50 days), the mice were anesthetized by intraperitoneal injection of 0.7% pento-barbital (10 μl/g), and average fluorescence intensity and distribution using a region of interest centered on the xenograft tumors were observed by a in vivo imaging system (IVIS Spectrum; Perkin Elmer). Then mice were sacrificed, and the weight and volume of the tumors were measured. The tumor volume was measured using the formula V = 3.14/6 × L × W × W, where W represents the width of the tumor and L represents the length of the tumor. The tumor tissues were fixed with 4% paraformaldehyde overnight, embedded in paraffin, and cut into 4 μm paraffin sections for subsequent experiments.



Immunohistochemistry (IHC)

The sections cut from patient specimens or xenograft tumors were dewaxed, rehydrated, and then subjected to heat-induced epitope repair in 0.01 M sodium citrate buffer (pH 6.0). The endogenous peroxidase was blocked by 3% hydrogen peroxide bath for 15 min. After washing with Tris-buffered saline (TBS), the sections were incubated with primary antibody against POLE2 (bs-14356R; BIOSS; diluted 1:200), STC1 (cat. no. Ab229477; Abcam; diluted 1:200) or Ki67 (cat. no. Ab16667; Abcam; diluted 1:200) overnight at 4°C, followed by conjugation to the secondary antibody (cat. no. Ab6721; Abcam; diluted 1:400) and DAB staining, then sections were counterstained using hematoxylin, dehydrated, and sealed with neutral gum.

POLE2 staining was scored for the percentage of positive cells and the intensity of staining in the cytoplasm. The scoring system for intensity was: 0, no staining; 1, weak staining; 2, moderate staining; and 3, strong staining. The scoring system for the percentage of stained tumor cells was: 0, ≤0% stained cells; 1, 1–24% stained cells; 2, 25–49% stained cells; 3, 50–74% stained cells; and 4, ≥75% stained cells. A final score was the product of the staining intensity and the percentage of stained cells. A score of <4 was considered POLE2 low expression and a score ≥4 was considered POLE2 high expression.



Hematoxylin-Eosin Staining Analysis

After dewaxed and rehydrated, the sections were stained with hematoxylin, rinsed with running water, stained with eosin, dehydrated by gradient ethanol, transparent with xylene, and sealed with neutral gum. Then the histopathology of the tumor was observed by light microscope.



Microarray Procedure

Total RNA was isolated from ACHN cells stably transfected with shCtrl or shPOLE2 using TRIzol reagent. The quality and integrity of the extracted RNA was examined with Thermo NanoDrop 2000. Amplification, labeling, generation of cRNA, and hybridization were done by PERLAN Technologies (Warsaw, Poland) on Agilent’s human GE 4 × 44K v2 (G4845A) microarrays. The Limma R/Bioconductor package, version 3.22.7 (62) was used to perform microarray data background correction, quantile normalization, filtering of probes with low intensity in less than half of the samples, probe summarization at the gene level, quality control, principal component analysis (PCA), and statistical analysis of differentially expressed genes. Low-intensity probes were defined as those whose intensity was below a threshold set at 10% above the third quartile of negative probes. PCA was performed with the prcomp R function based on summarized expression data.



Bioinformatics Analysis


Differentially Expressed Genes

Differential gene expression levels between shPOLE2-infected ACHN cells and shCtrl-infected ACHN cells were estimated with a linear model based on empirical Bayes distribution (Ritchie et al., 2015). P-values were corrected with the Benjamini-Hochberg algorithm (false discovery rate; FDR). The differentially expressed genes (DEGs) were identified based on | Fold Change| ≥ 1.3 and FDR < 0.05.



Pathway and Network Analysis by IPA

The list of differentially expressed genes between shPOLE2-infected ACHN cells and shCtrl-infected ACHN cells, containing gene identifiers and corresponding expression values, was uploaded into the IPA software (Qiagen). The “core analysis” function included in the software was used to interpret the differentially expressed data, which included biological processes, canonical pathways, upstream transcriptional regulators, and gene networks. Each gene identifier was mapped to its corresponding gene object in the Ingenuity Pathway Knowledge Base (IPKB).



Human Apoptosis Antibody Array

The apoptosis signaling pathway was detected using the Human Apoptosis Antibody Array Kit (ab134001, Abcam). In brief, the cells were washed with PBS and lysed with lysis buffer at 2–8°C for 30 min. After spun down at 14000 × g for 10 min, the total extracted protein was diluted with the Array Diluent Buffer Kit (0.5 mg/mL). Each array of antibody membrane was blocked with blocking buffer for 30 min at room temperature, which incubated at 4°C overnight. Membranes were incubated with 1 × Biotin-conjugated Anti-Cytokines overnight at 4°C. Then, the membranes were incubated with 1.5 ml of Streptavidin-HRP at room temperature for 2 h. Protein was visualized using ChemiDoc XRS chemiluminescence detection (HyClone Pierce, Cat. No. 23225; Amersham, RPN2232) and imaging system. The density of the spots was quantitated using Quantity One software and normalized to the α–tubulin levels.



Statistical Analysis

The data were presented as the mean ± SD. The correlation between POLE2 expression and the clinicopathological features of the patients was performed with the Chi-square test or Mann-Whitney U analysis, followed by Spearman’s rank correlation analysis. The overall survival (OS) curve was analyzed with the Kaplan-Meier method and was compared with a log-rank test. The quantitative data were compared using Mann-Whitney U test or Student’s t-test. P-values < 0.05 were considered statistically significant.



RESULTS


POLE2 Level Is Upregulated and Associated With Various Clinicopathological Parameters in RCC

The mRNA expression levels of POLE2 in RCC cancer tissues and corresponding normal tissues of TCGA-KIRC and ICGC-RCC cohorts were investigated and the results pointed out that the expression of POLE2 in RCC tissues was significantly higher than that in normal tissues (Figures 1A–C). In addition, the RCC patients with higher level of POLE2 had higher pathological TNM stage and grade, as well as poor prognosis (Figures 1D–F). To verify the high POLE2 expression in RCC, the expression of POLE2 in clinical RCC specimens was detected using IHC. The results showed that the POLE2 expression in RCC tissues was significantly higher and increased with pathological grade progression compared with the normal tissues (Figure 1G, Supplementary Figure 1A, and Table 1). Among the RCC tissues, 45.8% cases were classified as POLE2-low, whereas 54.2% stained high for POLE2. According to Mann-Whitney U analysis, it was found that there were significant differences in pathological grade and pathological stage between the high and low POLE2 expression groups, yet there was no significant difference in age, gender and tumor size between two groups (Table 2). Then, Spearman’s rank correlation analysis showed that the expression of POLE2 was positively correlated with tumor grade, stage and pathological T indicating that the expression of POLE2 increased with the degree of tumor malignancy (Table 3). Besides, the Kaplan-Meier survival curve revealed that the OS and progression-free survival of patients with POLE2 high expression was significantly lower than that of patients with POLE2 low expression (Figure 1H and Supplementary Figure 1B), which suggested that the expression of POLE2 in RCC tissues was negatively associated with prognosis. Therefore, these results indicated that the POLE2 expression was downregulated in RCC and significantly associated with various clinicopathological parameters in RCC.
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FIGURE 1. POLE2 level is upregulated and associated with various clinicopathological parameters in RCC. The POLE2 mRNA level in RCC was obtained from The Cancer Genome Atlas Kidney Clear Cell Carcinoma dataset (TCGA-KIRC; containing 72 normal tissues and 530 RCC tissues) and International Cancer Genome Consortium (ICGC; containing 44 normal tissues and 91 RCC tissues). The POLE2 mRNA levels were compared in different clinicopathological parameters: (A,C) Cancer vs. para-cancer, (B) Carcinoma vs. paired para-cancer, (D) TNM stage, and (E) G stage. (F) Kaplan-Meier curves of the overall survival of RCC patients with high or low POLE2 expression in TCGA-KIRC cohort. (G) Representative immunohistochemical staining for POLE2 in RCC and adjacent normal tissues. (H) Kaplan-Meier curves of the overall survival of RCC patients with high or low POLE2 expression. **P < 0.01, ***P < 0.001.



TABLE 1. POLE2 expression in renal cell carcinoma and para-carcinoma tissues detected by immunohistochemistry.
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TABLE 2. Relationship between POLE2 expression and tumor characteristics in patients with renal cell carcinoma.
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TABLE 3. Relationship between POLE2 expression and tumor characteristics in patients with renal cell carcinoma.
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Knockdown of POLE2 Expression Inhibits RCC Cell Proliferation and Migration

To investigate whether POLE2 played an important biological role in RCC, we successfully downregulated the expression of POLE2 in A498 and ACHN cells by lentivirus-induced RNAi (Supplementary Figure 2). The results showed that knockdown of POLE2 significantly inhibited proliferation, migration, and facilitated apoptosis of A498 and ACHN cells (Figures 2A–E and Supplementary Figure 3). Furthermore, the results of Western Blot found that knockdown of POLE2 downregulated the protein levels of N-cadherin, Vimentin and Snail both in A498 and ACHN cells, indicating the cell epithelial-mesenchymal transition was suppressed (Figure 2F). At same time, RCC organoid models was established to further verify the potential clinical value of POLE2. The results revealed that knockdown of POLE2 significantly inhibited cell proliferation in the RCC organoids generated from three different RCC patients (Figures 2G,H). Thus, these data suggested that knockdown of POLE2 could inhibit RCC cell proliferation and migration.
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FIGURE 2. Knockdown of POLE2 expression inhibits RCC cell proliferation and migration. (A) The cell proliferation activity of A498 and ACHN cells infected with shCtrl or shPOLE2 lentivirus was detected by MTT assays. (B) The clone formation ability of A498 and ACHN cells infected with shCtrl or shPOLE2 lentivirus was detected by (B) clone formation assays. (C) The migration ability of A498 and ACHN cells infected with shCtrl or shPOLE2 lentivirus was detected by Transwell assays. (D) The apoptosis rate of A498 and ACHN cells infected with shCtrl or shPOLE2 lentivirus was measured using flow cytometry. (E) The clone formation ability of A498 and ACHN cells infected with shCtrl or shPOLE2 lentivirus was detected by soft agar colony formation assays. (F) The protein expression levels of N-cadherin, Vimentin and Snail in A498 and ACHN cells infected with shCtrl or shPOLE2 lentivirus was detected by Western blot, GAPDH served as loading control. (G) PDOs were generated from biopsies of RCC patients (red circle) and cultured. (H) Representative images of three different RCC organoids transfected with shCtrl or shPOLE2 lentivirus and quantification of organoid diameters. ***P < 0.001. The red arrow points to the organoid.




Knockdown of POLE2 Attenuates Tumorigenesis and Tumor Growth of ACHN Cells in vivo

Then, the pro-oncogenesis of POLE2 in vivo was analyzed by seeding the ACHN cells infected with shCtrl or shPOLE2 lentivirus into 4 weeks female nude mice. The results showed that the xenograft volume of two groups grew in a time-dependent manner, but the xenografts in shCtrl group grew significantly faster than that in shPOLE2 group. At the ending point, all of xenografts were collected. The xenografts in shCtrl group were obviously bigger and heavier than that in shPOLE2 group (Figure 3A). The results of in vivo imaging verified that the fluorescent intensity was diminished in the xenograft of the shPOLE2 group compared with that in the shCtrl group (Figure 3B), indicating that POLE2 played a pivotal role in tumorigenesis and tumor growth of ACHN cells. Besides, as shown in Figure 3C, the Ki67 protein expression in shPOLE2 group was reduced compared with the shCtrl group, and the results of HE staining pointed out that there were obvious differences in the pathological morphology of the tumor in the two groups (Figure 3D). The above experiments proved that knockdown of POLE2 can inhibit the tumorigenesis of ACHN cells in mice, suggesting the promotion of POLE2 in RCC.


[image: image]

FIGURE 3. Knockdown of POLE2 attenuated tumorigenesis and tumor growth of ACHN cells in vivo. (A) The growth curves of xenografts from ACHN cells infected with shCtrl or shPOLE2 lentivirus, and the tumor weight examined at the ending point. (B) Fluorescent intensity of the xenograft model at the ending point. (C) Immunohistochemical staining for proliferation marker protein Ki-67 protein in the xenograft tumors. (D) HE staining in the xenograft tumors. *P < 0.05, **P < 0.01.




POLE2 Interacts With STC1

In order to clarify the molecular mechanism of POLE2 in tumorigenesis and development of RCC, the DEGs in normal ACHN cells and POLE2 knockdown ACHN cells were screened by expression profile sequencing analysis, and their expression was verified by qRT-PCR and western blot. As depicted in Figures 4A, 517 upregulated and 505 downregulated DEGs were identified from the comparative analysis on shCtrl and shPOLE2 groups. To characterize these DEGs, we next performed the enrichment analysis by using IPA. The results showed that these DEGs were highly significant overlap of 221 canonical pathways, in which HGF Signaling, Apelin Endothelial Signaling Pathway, Macropinocytosis Signaling, Rac Signaling, Signaling by Rho Family GTPases, fMLP Signaling in Neutrophils, Thrombin Signaling, B Cell Receptor Signaling, Neurotrophin/TRK Signaling, Role of NFAT in Regulation of the Immune Response, CREB Signaling in Neurons, CDP-diacylglycerol Biosynthesis I, and Phosphatidylglycerol Biosynthesis II (Non-plastidic) pathways were significantly inhibited (Z-score ≤ −2), while p53 Signaling and 4-1BB Signaling in T Lymphocytes pathways were significantly activated (Z-score ≥ 2) (Figure 4B). Then the interaction network between significantly enriched pathways (p53 Signaling, B Cell Receptor Signaling, and HGF Signaling pathway genes) and the target gene POLE2 were constructed by IPA. As shown in Figure 4C, POLE2 indirectly affected downstream genes that might be associated with p53 Signaling, B Cell Receptor Signaling, and HGF Signaling pathways through genes such as NXF1, PKM, and KAT5, including ATF3, BCL2, CASP1, CCNA1, CD44, CDC42EP3, CDKN1A, EZR, FAM111B, FGFR2, G3BP1, GDAP1, HIPK2, IGFBP6, MAP2K6, NFKBIA, PIK3CB, STC1, TGFB2, TP53I3, etc. These downstream genes related to POLE2 were screened and the expression levels were detected by qRT-PCR and western blot. The results of qRT-PCR revealed that compared with shCtrl group, the mRNA expression levels of FGFR2, IGFBP6, GDAP1, G3BP1, CD44, CCNA1 and STC1 were significantly reduced, while the mRNA expression levels of TP53I3, CDKN1A, NFKBIA, CASP1, and ATF3 were obviously increased (Figure 4D). In addition, the results of western blot also found that the protein expression levels of BCL2, CDC42EP3, EZR, GDAP1, RDM1, and STC1 were significant decreased (Figure 4E). Then, we knockdown the expression of these proteins and found that the RCC cell proliferation was significantly inhibited after STC1 knockdown (Figure 4F), Thus, STC1 was selected as a candidate downstream gene, and the interaction of POLE2 and STC1 was detected using Co-IP method. As shown in Figure 4G, POLE2 protein interacted with STC1 protein in ACHN cells. Then, the differential expression of STC1 in RCC tissue was verified from clinical tissue samples. The results revealed that STC1 was highly expressed in RCC tissues compared with the adjacent normal tissues (Figure 4H), clarifying that POLE2-STC1 might play a role in promoting the occurrence and development of RCC.
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FIGURE 4. POLE2 interacts with STC1. (A) The volcano map of DEGs between normal ACHN cells and knock-down POLE2 ACHN cells. (B) Classic pathway enrichment analysis. (C) Ingenuity Pathway Analysis (IPA)-identified interaction network between POLE2 and the pathways p53 Signaling, B Cell Receptor Signaling, and HGF Signaling. (D,E) The expression levels of downstream genes related to POLE2 were detected by (D) qRT-PCR and (E) Western blot. (F) The cell proliferation activity of ACHN cells infected with shCtrl, sh CDC42EP3, shEZR, shGDAP1, shRDM1 or shSTC1 lentivirus was detected by HCS Cell Proliferation Assay. (G) The interaction of POLE2 and STC1 in ACHN cells were examined by Co-IP experiment. (H) Representative immunohistochemical staining for STC1 in RCC and adjacent normal tissues. *P < 0.05, **P < 0.01, ***P < 0.001.




POLE2 Promotes RCC Cell Proliferation and Migration by Regulating STC1

Furthermore, the upstream and downstream relationship of POLE2-STC1 and their effect on RCC was determined by downstream gene function rescue test. We constructed overexpressing POLE2 ACHN cells and knockdown STC1 with overexpressing POLE2 ACHN cells, then detected changes in their biological functions. The results showed that overexpression of POLE2 promoted the proliferation of ACHN cells and inhibited the apoptosis (Figures 5A,E), while knockdown of STC1 in overexpressing POLE2 ACHN cells inhibited the proliferation and migration of ACHN cells, and promoted their apoptosis (Figures 5A–E).
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FIGURE 5. POLE2 promotes RCC cell proliferation and migration by regulating STC1. (A) The cell proliferation activity of control, POLE2, NC(OE + KD), POLE2 + shSTC1 groups was detected by HCS Cell Proliferation Assay. (B) The clone formation ability of NC(OE + KD) and POLE2 + shSTC1 groups was detected by clone formation assays. (C,D) The migration ability of NC(OE + KD) and POLE2 + shSTC1 groups was evaluated by (C) Transwell assays and (D) wound-healing assay. (E) The apoptosis rate of control, POLE2, NC(OE + KD), POLE2 + shSTC1 group was measured using flow cytometry. **P < 0.01, ***P < 0.001.




The Underlying Mechanism of POLE2 on Apoptosis of A498 Cells

Then, the human apoptosis antibody array and western blot was applied to explore the potential mechanism of POLE2 on RCC apoptosis. The results pointed out that knockdown of POLE2 significantly upregulated the expression levels of Bad and p21 while the expression levels of HSP70, IGF-I, IGF-II, survivin, and sTNF-R1 were significantly down (Figures 6A–C). Western blot analysis also showed that knockdown of POLE2 inhibited the expression levels of cancer-related pathway proteins including p-Akt, CCND1, and PIK3CA, while the expression of MAPK9 was promoted (Figure 6D).
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FIGURE 6. The underlying mechanism of POLE2 on apoptosis of A498 cells. (A) The apoptosis relative proteins were detected by human apoptosis antibody array in A498 cells with or without POLE2 knockdown. (B) Differences in human apoptotic antibody array were analyzed in A498 cells with or without POLE2 knockdown. (C) The gray values of differentially expressed proteins in A498 cells with or without POLE2 knockdown. (D) Cancer-related pathway proteins were confirmed by western blot in A498 cells with or without POLE2 knockdown, GAPDH served as loading control. *P < 0.05, **P < 0.01.




DISCUSSION

POLE2 is a gene involved in DNA replication process, which can repair errors in the DNA replication process and reduce the occurrence of gene mutations (Burgers, 1998). Previous studies showed that POLE2 is overexpressed in many cancers, such as lung adenocarcinoma, breast cancer, colorectal cancer and esophageal squamous cell carcinoma (ESCC), and it can promote tumor development (Spier et al., 2015;Li et al., 2018; Pearlman et al., 2019; Zhu et al., 2020). In the present study, POLE2 was also high expressed in RCC and associated with tumor poor prognosis of RCC patients, which was confirmed in TCGA, ICGC, and clinical RCC specimens. Besides, we found that knockdown of POLE2 inhibited RCC cell proliferation, migration and promoted apoptosis in vitro, as well as had a negative effect on tumor occurrence and development in vivo, which was consistent with other research results (Su et al., 2020). Therefore, POLE2 may by served as a therapeutic target and potential prognostic factor for the treatment of RCC.

Then, we further investigated the underlying mechanisms of functions of POLE2 in RCC. By sequencing and analysis of gene expression profiles, the gene STC1 was screened and its protein expression was verified in the RCC specimens. STC1 is a known oncogene that plays a role in many cancers. It was pointed out in the literature that STC1 affected the occurrence and development of ovarian cancer (Zhang et al., 2019), and could activate phosphorylation of Akt thereby affecting epithelial-mesenchymal transition (EMT) (Yang et al., 2019). Besides, STC1 could affect the metastasis of glioma through the TGF-β/SMAD4 pathway (Xiong and Wang, 2019), and affect the metastasis of liver cancer through the JNK pathway (Chan et al., 2017). Some studied found that exogenous STC-1 could promote the RCC proliferation by reducing the levels of HIF-1α and Ca2+ (Zhu et al., 2014; Yang Q. et al., 2015). Additionally, Ma et al. (2015) pointed out that the expression of STC1 in clear cell renal cell carcinoma (ccRCC) was significantly upregulated, especially in metastatic ccRCC, meanwhile knockdown of STC1 expression inhibited cell proliferation, migration and invasion, as well as damage EMT of ccRCC, which was consistent with our results. The co-IP experiment in this study determined that there was protein interaction between POLE-STC1. Besides, it was verified through rescue experiment that STC1 was downstream of POLE2, and it also had an impact on cell function, which was similar to POLE2. Therefore, we concluded that POLE2 regulated STC1 to promote the occurrence and development of RCC (Figure 7).
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FIGURE 7. The mechanism diagram of POLE2 involved in the biological function of RCC.


Furthermore, the human apoptosis antibody array was used to explore the mechanism of POLE2 regulating cell apoptosis. The results demonstrated that the expression levels of related genes in the human apoptosis signaling pathway such as Bad and p21 were significantly upregulated, while the expression levels of HSP70, IGF-I, IGF-II, Survivin, and sTNF-R1 were downregulated. Bad is a member of Bcl-2 family and is an important regulatory component of the intrinsic cell death machinery (Schürmann et al., 2000). p21 combined with p53 can regulate the cell apoptosis and invasion by targeting Bcl-2 proteins (Kim et al., 2017). HSP70 is usually overexpressed in RCC, which is involved in apoptotic cell death and regulation of cell proliferation (Atkins et al., 2005). IGF-I, IGF-II, Survivin, and sTNF-R1 are all antiapoptotic factors and participate in the occurrence and progression of RCC (Rosendahl et al., 2008; Sánchez-Lázaro et al., 2012; Carew et al., 2015; Solarek et al., 2019). Thus, we suggested that POLE2 involved in RCC cell apoptosis by regulating various apoptosis-related factors. Zhu et al. (2020) also confirmed that POLE2 was participated in ESCC apoptosis induction via upregulating pro-apoptotic proteins (Bax, Caspase3, CD40L, FasL, IGFBP-5, and P21) and downregulating anti-apoptotic proteins (CLAP-2, IGF-I, and sTNF-R2). Besides, they found that the expression of Akt, p-Akt, Cyclin D1, and PIK3CA were decreased, while the expression of MAPK9 was increased after POLE2 knockdown in ESCC, which was similar to our results. However, different from the study of Zhu et al. (2020), the downregulation of POLE2 in this study only inhibited the phosphorylation of Akt, but had no significant effect on the expression of Akt. The PI3K/Akt signaling pathway is dysregulated in a wide range of tumors. This pathway regulates cell proliferation and survival, and is closely related to tumor invasion and metastasis. Activated Akt can activate or inhibit downstream target proteins Bad and p21, thereby regulating cell proliferation, apoptosis and migration. Guo et al. (2015) claimed that the PI3K/AKT pathway was modestly mutated but highly activated in RCC, which may be a promising drug target for RCC treatment. CCND1, a G1 phase related protein, was found to be upregulated in RCC and was a good biomarker and therapeutic target for RCC tumor progression (Karim et al., 2016). PIK3CA is a common mutation in ccRCC and predicts a poor prognosis in RCC (Bodnar et al., 2015; D’Avella et al., 2020). MAPK9 can effectively promote cancer cell apoptosis and hinder cancer cell invasion and metastasis. The study found that RCC patients with positive MAPK9 expression have a better local prognosis and longer overall survival time after sorafenib treatment (Yang P. et al., 2015). Taken these together, it was suggested that knockdown of POLE2 might attenuate proliferation and migration via inducing apoptosis by regulating various apoptosis-associated factors and PI3K/AKT, CCND1 signal pathway (Figure 7).



CONCLUSION

Knockdown of POLE2 inhibits RCC cell proliferation and migration via regulating STC1, which may serve as a potential target for RCC therapy.
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